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APPENDIX A:
Adaptive Outdoor Lighting
Adaptive outdoor lighting is defined as lighting that’s provided where and when it is needed
based on actual conditions present in the illuminated space. In the outdoor environment, light
levels may be adapted based on a variety of conditions such as vehicle or pedestrian speed,
traffic volume, traffic composition, the potential for pedestrian conflict, recommended ambient
luminance and weather.
Today, few installed outdoor luminaires include advanced controls to adjust light output to
appropriate recommended levels, based on actual environmental conditions. Traditional
outdoor lighting design practice is limited to constant light output based on “worst case”
conditions. This approach over-illuminates exterior areas much of the time while wasting
energy by providing maximum light output regardless of real-time requirements. Real-time
requirements are dependent on the state of the space which varies over time. For instance, if the
space is vacant the illuminance levels required for this space would be based on the system
owner’s security and safety requirements only, and not recommended light levels based on
occupied use of the space.
From a policy perspective, adaptive lighting requirements are greatly affected by recent
standards and legislation. Within California, the legislature has mandated a reduction in
lighting energy use in the commercial and residential building sectors per Assembly Bill 1109,
the California Lighting Efficiency and Toxins Reduction Act (AB 1109, Huffman, Chapter 534,
Statutes of 2007). Per AB 1109, California must reduce its lighting energy use between 2007 and
2018 by 25% for commercial outdoor lighting. At the federal level, the goals of AB 1109 align
well with the U.S. Environmental Protection Agency (EPA) greenhouse gas reduction goals
(EPA-2009 GHG goals1). Executive Order (EO) 13514, “Federal Leadership in Environmental,
Energy, and Economic Performance,” introduces new greenhouse gas (GHG) emissions
management requirements, expands water reduction requirements for federal agencies, and
addresses waste diversion, local planning, sustainable buildings, environmental management,
and electronics stewardship. Optimized lighting achieved through the use of next generation
adaptive outdoor luminaires have the potential to help reduce California outdoor lighting
energy use as required by AB1109 and also lower overall GHG emissions as mandated by EO
13514.

High-efficiency Bi-Level Smart Wall Packs
Most commercial and industrial buildings utilize exterior, wall-mounted fixtures, often called
wall packs, for outdoor common area and security lighting. The most common light source used
with these fixtures is high-pressure sodium (HPS), which has poor color rendering and is
1

http://www.epa.gov/oaintrnt/practices/eo13514.htm
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limited for use with lighting controls. In addition, with most wall packs, their typical optical
system (lenses, refractors and reflectors), distributes light sideways and upwards, creating more
light pollution and glare, than effective illumination. Such deficiencies, combined with extended
nighttime operating hours, make wall packs a good choice for retrofit with emerging, highefficiency alternatives combined with advanced lighting controls. Alternatives such as LED and
induction technology can offer greater efficiency, improved color rendering and controllability,
both optically and in combination with dimming, occupancy and photo controls.
DOE categorizes wall pack luminaires as “step, path, and porch lighting”. A 2008 niche report 2
states the market penetration of LEDs in step, path, and porch lights to be close to zero percent –
an assumption that is not true today, as LED luminaires have become more widely available.
The estimates stated in the report are still of interest, since step, path, and porch lighting
consumed 22.0 TWh in 2007, with potential electricity savings of 12.6 TWh/yr. If all of the 217.9
million incandescent and halogen outdoor step, path, and porch lights were replaced with LED
products with an average luminaire efficacy of 22.5 lm/W (DOE, 2008c, 2007c). These potential
electricity savings are equivalent to a primary energy savings of 136.3 TBtu/yr. The maximum
energy savings of LEDs in step, path and porch lighting is equivalent to the annual output of
two large (1000 MW) electric power plants or the annual electricity consumption of one million
households.
As of July 2014, according to the DOE LED Lighting Facts database 3, LED wall packs show
average, mean luminous efficacy levels of approximately 70 lm/W, a significantly higher
efficacy compared to the 2007 anticipated values. Trends indicate further increases in efficacy
will continue. The outdoor sector is therefore a significant potential market for LED technology
and controls implementation. It represents significant untapped potential for energy savings
and underscores the importance of developing next generation, LED outdoor lighting that can
capture the full potential of this savings opportunity by using advanced sources, efficient
fixture design, and advanced controls.
Due to the commercial availability of many existing wall packs, this project sought to evaluate a
cross-section of those products to better understand their electrical and photometric
performance, then select the best performing units for further development to enhance
performance through optimization of fixture design and inclusion of advanced lighting
controls.

Existing Products
CLTC conducted a review and evaluation of existing wall pack luminaires (status of 2010-Q4)
with the goal of identifying a significant cross section of products that represented the
commercial market offering. Seven wall pack luminaires were selected and procured for

2 http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/nichefinalreport_october2008.pdf
3 http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/snapshot2014_outdoor-area.pdf
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evaluation. Selections were made based on researcher’s existing knowledge of the lighting
industry and an initial market survey conducted as part of a previous CLTC study.
Selected wall packs included a variety of light source types including Metal Halide (MH)),
Induction, Compact Fluorescent (CFL), and Light Emitting Diode (LED). For selected products,
the average lumen output was 2,920 lumens with a range from 1730 lm to 5900 lm. Average
CCT was 4,600 K, with a range from 4000 K to 6500 K. Average luminaire efficacy was 55.0
lumens per watt, with a range from 38 to 78 lm/W. Average efficacy fell 20% short of the
proposed Energy Star standard 4 of 70 LPW. The average lifetime was 71,000 hours, with three
out of seven wall packs claiming lifetimes well above the average. Table contains information
on each of the products selected.

4 Draft Energy Star Program, Requirements for Luminaires, Eligibility Criteria (DRAFT) - Version 1.0, Draft 1.
Values are the same regardless of technology

3

Table 1. Manufacturer's data for select, commercially available wall pack luminaires.
Baseline Technology: Manufacturer’s Data
Manufacturer &
Model

CRI

Lamp Type

Input
Power
[WAC]

CCT
[K]

Delivered
Lumens 5

Fixture
Efficacy
[lm/WAC]

Rated
Life
[Hrs.]

End of Life
Criteria

1

Philips:
Day-Brite, MH,
WLB070M

Pulse Start
MH 70W (6)

70

65

4200

3600(7)

51

15,00010,000(8)

Lamp
Burn Out

2

Philips:
Day-Brite, VLS36CF

CFL
42W

48

82

4100

3200

66

50,000

L70 (9)

3

Everlast: EOFC-ED70W

Induction
70W

75

83

5000

5900

78

100,000

L70

4

Guth Sundowner
SND14-B-20L-S-UDim

LED

35

75

4000

1730

49

60,000

L70

5

Gardco
121-MR-WT-35LACW

LED

35

75

6500

2376

50

120,000

L70

6

Beta LED THE
EDGE®
3M-350-4300

LED

37

>70

4300

1950

53

105,000

L70

7

Philips: Day-Brite
LED, WTM60WLUMC3-FGS

LED

62

>70

4100

2367

38

>60,000

L70

Electrical Performance
For each selected product, electrical testing was performed to validate manufacturer data for
use in future project analysis and determine early estimates of expected annual energy use
under standard operating conditions. Power tests were conducted with a Yokogowa PZ4000
two- channel power analyzer for both AC (grid) input power and ballast/driver output power.
The average, measured, system input power was 52 W with a range of 35 W to 75 W. The
5 Values obtained from manufacturer supplied luminaire IES file information unless otherwise noted.
6 Metal halide lamp is MH70/ED17/U/4K
7 Mean lumens obtained from manufacturer’s specifications.
8 15,000 hours for vertical orientation and 10,000 hours for horizontal orientation.
9 L70 is the lifetime in hours until the luminaire output is 70 percent of the initial output.
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average electrical efficiency was 85% with a range from 78% to 91% for individual products. For
annual energy use, dusk till dawn functionality was assumed and an average nighttime
operating period of 12 hours was applied, resulting in an average, annual consumption of 229
kWh. Annual consumption for individual products ranged from 117 kWh to 353 kWh. A
summary of the power, estimated annual energy use and electrical efficiencies of all tested
products is shown in Table 2.
Table 2. Power, yearly energy requirements and efficiency for selected wall packs.
Baseline Technology: Power and Energy Requirements
Manufacturer &
Model

Manufacturer’s Data

Laboratory Measurements

Power
[WAC]

Fixture
Efficacy
[lm/WAC]

Power 10
[WAC]

Yearly Energy
Requirements
[kWh/yr.]

Electrical
Efficiency

1

Philips:
Day-Brite, MH

70

51

70

307

0.97

2

Philips:
Day-Brite, CFL

48

66

42.6

186

0.91

3

Everlast: EOFC

75

78

80.7

353

0.91

4

Guth Sundowner
SND14

35

49

63.9

279

0.78

5

Gardco 121

35

50

36.5

159

0.87

6

Beta LED THE EDGE®

37

53

26.8

117

0.83

7

Philips: Day-Brite LED,

62

38

64.0

280

0.84

Source: CLTC

Light Distribution
For a wall pack system, high total efficiency is not solely dependent on the electrical conversion
efficiency or the lamp; it also depends on the optical efficiency of the fixture and its resulting
light distribution pattern. The optical attributes of the seven samples were assessed to precisely
determine each product’s light distribution pattern and its distribution uniformity. This
information was used to better understand each product’s potential contribution to light
pollution, identify high performing products, and document areas for further performance
improvements.
Light pollution is best defined using the BUG system as presented by the International Dark
Sky Association. The acronym BUG stands for “Backlight”, “Uplight”, and “Glare.” In the case
of wall packs, backlight is light focused back toward the building. Uplight is light that is
10 AC grid power to the fixture
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focused up into the sky, which can cause light pollution locally for adjacent buildings and afar
for aircrafts and observatories. Glare is light from a luminaire that is more intense at a particular
angle, particularly closer to the horizon where it is easily viewed.
Figure 1 shows an Illuminating Engineering Society (IES) standard candela distribution plot for
one of the tested products. This type of plot shows a luminaire’s light distribution pattern from
an elevation view. Here the dark-red plot shows the candela distribution that is in a plane
normal (or perpendicular) to the mounting wall. The faint-red candela distribution plot
describes the candela distribution that is parallel to the wall. For all candela plots, it is critical to
have cut-off angles which fall below the horizon (90 degrees) in order to prevent uplight and
meet dark sky requirements, if necessary. The majority of the selected wall packs (with the
exception of model #2) have candela distributions with a so-called “full cut-off” angle below 80
degrees, for profile and frontal views. Most wall packs have a symmetrical frontal (light red)
distribution, which provides better horizontal Illuminance. Table 3 contains information on all
selected products.
Figure 1: Wall pack IES candela distribution plot

Source: CLTC

For an additional assessment was conducted to understand each luminaire’s optical distribution
properties and their effects on light reaching an intended target. Figure 2 shows the
Illuminating Engineering Society (IES) specifications for the various types of luminaire isoilluminance light distribution patterns. Here, the “Type” I through V refers to the vertical
aspects of the light distribution shape while short and long describes the horizontal aspect of
the distribution.
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Figure 2: IES typical outdoor light distribution pattern types

Source: IES, RP-33-99

For this analysis, lighting simulation software was used in conjunction with the individual wall
pack .IES candela distribution information to evaluate each luminaire’s delivered, horizontal
illuminance at grade, when installed under typical conditions. Figure 3 shows a rendering of a
simulated wall pack installation at the manufacturer recommended mounting height, and the
correlated horizontal illuminance grid values shown in Figure 4. The number-grid illuminance
values at grade are at a spacing of five feet. The contours denote constant horizontal
illuminance values of 1.0 – 2.0 foot-candles (fc) in green, 0.5 fc in orange and 0.1 fc in red.
Contours of green enclose areas where horizontal illuminance levels meet IES recommended
maintained Illuminance levels for pedestrian walkways (1.0 fc or greater) 11. Minimum values of
0.1 were noted and used to assess the lighting uniformity of each wall pack distribution.
Results show that wall packs with asymmetrical distributions, such as #3, have less symmetrical
distributions, particularly parallel to the wall. Wall pack models #4, #5, and #7 have better, more
symmetrical distributions. Shorter distances between contour lines are indicative for tighter,
more concentrated light distribution. Results for all simulations are shown below in Table 4.
Figure 3: Sample wall pack simulation rendering

11 IESNA RP-33-99, page 39, Table 6
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Table 3. Light distribution data for selected wall packs
Manufacturer’s Data
Manufacturer &
Model #

1

2

3

Wall Pack Fixture

IES Candela Distribution Plots

Philips:
Day-Brite,
Metal Halide,
WLB070M

Cut-off
Angle

75

Philips:
Day-Brite,
VLS36CF

90

Everlast:
EOFC-ED70W

80

Guth
Sundowner
SND14-B20L-S-U-Dim
4

65

8

5

Gardco
121-MR-WT35LA-CW

70

6

Beta LED
THE EDGE®
3M-350-4300

80

7

Philips: DayBrite LED,
WTM60WLUMC3-FGS

70

9

Figure 4: Sample wall pack AGi32 iso-Illuminance plane grid with Illuminance contours

Wall

Wall Pack

2-1.0 fc

0.5 fc

0.1 fc

Source: CLTC

Table 4. AGi32 iso-Illuminance plot results, single wall pack, recommended mounting height
Manufacturer &
Model

Iso-Illuminance Plot,
5ft grid measure points

IES Pattern
Type (I,II,III)

Philips:
Day-Brite,
1

Metal Halide,

II, Very Short

WLB070M

10

Philips:
2

Day-Brite,

III, Short

VLS36CF

Everlast:
3

EOFC-ED-70W

I, Very Short

Guth
4

Sundowner

III, Medium

SND14-B-20LS-U-Dim

Gardco
5

121-MR-WT-

III, Short

35LA-CW

11

Beta LED THE
6

EDGE®

III, Very Short

3M-350-4300

Philips: Day7

Brite LED,

II, Very Short

WTM60WLUMC3-FGS

Lighting Uniformity
An additional aspect of the wall pack light distribution analysis was evaluation of light
uniformity. IES recommended practice, RP-33-99, specifies maximum to minimum uniformity
ratios 12 not to exceed 10:1 for commercial walkways during regular occupancy and during an
emergency as a path of egress. 13 In this study, CLTC examined the maximum distance from the
wall pack (source) to the illuminance isoline of 0.1 fc (labeled X0) and to the distance were the
uniformity ratio of 10:1 is reached (labeled X1). In the example shown in Figure 5, distances are
defined as “along the wall” (X) and “away from the wall” (Y). The greatest distance to X1
(distance to 10:1 uniformity boundary) correlates to the maximum X values of the purple 0.28 fc
contour line. In general it is safe to assume, the shorter the distance between maximum and
minimum Illuminance values equates to shorter the spacing between luminaires.

12 Values between the highest to lowest light value (0.1 fc in this study).
13 The IESNA Lighting Handbook, 9th Edition, Section 29-2, Emergency, Safety, and Security Lighting
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Figure 5: Wall pack AGi32 iso-Illuminance plot with uniformity relationship definitions

Source: CLTC

All uniformity analysis results are shown in Table 5. The X-distance, which directly correlates to
wall pack spacing, is of greatest importance. The larger the spacing, the less quantity of
luminaires are needed to achieve desired light levels. The wall pack with the largest X value for
the required uniformity of 10:1 (as shown with red values) would be a best fit for evaluation of
spacing and illuminance uniformity. The samples #4 and #6 have the greatest distances while
still maintaining a minimum uniformity of 10:1. However, the wall packs with lower uniformity
ratios at the illuminance level of 0.1 fc (samples #4, #2 and #6) would provide a more even
distribution of light at the specific mounting height.
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Table 5: Uniformity analysis of single wall packs at specific mounting height

Manufacturer &
Model

Distance to 0.1 fc
[ft.]

Simulation
Mounting
Height [ft.]

X0

Y0

15

26

32

Philips:
Day-Brite, VLS36CF

10

22

3

Everlast: EOFC-ED-70W

15

4

Guth Sundowner SND14

5

Gardco
121

1

Philips:
Day-Brite, Metal Halide,
WLB070M

2

6

7

Beta LED THE EDGE®

Philips: Day-Brite LED

Uniformity
at 0.1 fc

Distance at
Uniformity of 10:1
[ft.]
X1

Y1

41:1

28

21

27

15:1

18

24

30

39

67:1

18

23

15

33

18

11:1

33

18

10

30

28

31:1

25

24

10

35

25

15:1

30

24

15

32

36

28:1

26

28

Source: CLTC

Application Design
In addition to basic electrical and photometric evaluations, a sample wall pack application
design was developed to allow for full evaluation of each selected product under typical
conditions. The modeled space was adjacent to a tall structure such as a warehouse or multistory commercial building. The goal of simulations were to illuminate a region three to ten feet
from the structure, according to the following criteria:
∞

Uniformity ratio less than 10:1

∞

Minimum horizontal illuminance of 1.0 fc

∞

Recommended mounting height of the wall pack.

By iteratively adjusting the luminaire spacing distance in the model, an ideal spacing was
obtained (value “S”) to maintain a 10:1 uniformity or better. A rendering of the space is shown
in Figure 6.
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Figure 6: Sample application design set-up

10:1 ratio with 1fc and optimized spacing

For each of the seven sample products, once the uniformity of 10:1 was achieved, the wall pack
spacing value “S” was noted and used to determine the linear, lighting power density (watts
per foot (W/ft.)) applicable to that luminaire. This allowed for calculation of expected, annual
energy consumption estimates, correlated to the length of this particular application/pathway.
The resulting spacing, total power, linear lighting power density and estimated, annual energy
use intensity are shown in Table 6 for each of the seven the wall pack systems.
Table 6: Sample wall pack application results

Manufacturer &
Model

1

Philips:
Day-Brite, Metal
Halide, WLB070M

2

Philips:
Day-Brite, VLS36CF

3
4
5

Everlast: EOFC-ED70W
Guth Sundowner
SND14-B-20L-S-UDim
Gardco
121-MR-WT-35LACW

Simulation
Mounting
Height (H)
[ft.]

Spacing (S)
to Maintain
10:1
Uniformity
[ft.]

Measured
Fixture
Power
[WAC]

Linear
Power
Density
[W/ft.]

Annual
Energy-Use
Intensity
[kWh/ft./yr.]

15

35

51

1.43

6.4

10

45

42.6

0.57

4.1

15

40

80.7

2.03

8.8

15

45

63.9

0.53

6.2

10

50

36.5

0.74

3.2

6

Beta LED THE
EDGE®
3M-350-4300

10

40

26.8

0.68

2.9

7

Philips: Day-Brite
LED, WTM60WLUMC3-FGS

15

45

64.0

1.42

6.2
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Product Development
From an efficiency perspective, wall pack systems that had lower power requirements and
higher electrical efficiencies were ideal. Specifically, wall pack luminaire efficiencies should
reach 85-90 percent, while under full load. Wall pack energy requirements were a function of
each unit’s power, which could be reduced by changing the amount of time the luminaire is
operating at full power through trimming and scheduling, or through zonal occupancy based
bi- or multi-level dimming controls either per group or at each wall pack via a wireless control
network.
Cut-off angle and glare where assessed by using the IES candela distribution plots from the
manufacturer for each wall pack. Cut-off angles that were 80 degrees and below were preferred
to prevent uplight and glare. Even light distributions were preferred to further minimize glare.
In the iso-Illuminance plots of light distribution in AGi32, generally the distribution types of
type II, III, and IV were preferred because of their distribution shape for the surface mount wall
pack application.
From a photometric perspective, wall packs that could deliver greater wall pack mounting
distances (while maintaining minimum horizontal Illuminance and uniformity specifications)
provided the best results. Distances in the X direction along the wall in the illuminance plane
were on average 25 feet from the wall pack (Table 5). Distances of 25 feet and above are
preferred to allow for effective light distribution while maintaining uniformity. For X distances
to achieve a minimum illuminance level of 0.1 fc, spacing was found to be at 30 feet on average,
while maintaining a uniformity ratio as close to 10:1 as possible. Not all of the seven wall pack
samples were able to keep the uniformity ratios up, and specific luminaires based on their welldesigned optics excelled over other designs. A summary of recommended wall pack
performance specifications based on above outlined tests is presented in Table 7.
Table 7. Wall pack performance recommendations
Specification

Recommended Value

Wall pack lifetime

>70,000 hours

System Efficacy

56-70+ LPW

Electrical Efficiency

85-90%+

Maximum Cut-off Angle

< 80 degrees

Horizontal Distance for 10:1 Uniformity

25 feet

Distance to 0.1 fc

30 feet

Controls

Bi-level occupancy controlled dimming
Source: CLTC

Based on the previous recommended specification parameters, wall pack #7, Philips, Day-Brite
LED, WTM60WLU-MC3-FGS was selected for further development. While the luminaire
consumed more electricity than some other products, it included a multi-step dimmable LED
light source and the high quality optical performance that could be levered to significantly
reduce overall annual energy use through the introduction of advanced controls. The
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luminaires were fully cast and sealed for rugged, long lasting outdoor use (per UL1598, wet
location & 40C ambient). The internal Philips Advance Xitanium driver included 0-10V
dimming technology and universal input voltage from 120 to 277 VAC in.
To recapture all previously relevant parameters for the selected luminaire:
∞ reasonable good lifetime of up to 60,000 hours
∞ calculated 38 lm/W the lowest efficacy of all fixtures in the test
∞ electrical efficiency of 84%
∞ 70° cutoff
∞ Reasonably good field uniformity distance and pathway spacing requirements
∞ Required energy per foot per year [kWh/ft./year] ratio of 6.2 ranked 4 of 7
∞ Very good distribution range and throw for effective light distribution while
maintaining uniformity in the illuminated area
Another important factor, previously not considered with the other wall pack models, was the
housing for the selected product included ample room to accommodate any desired technology
additions such as sensors, network controls and energy logging equipment necessary for future
M&V activities. Additional sample luminaires were provided by Day-Brite and tested to
confirm space existed for modifications (Figure 7).
Figure 7: Day-Brite type WTM case open, with dimensions (LED panel door removed)

Photo credit: CLTC

Most commercially available wall packs are equipped with photo controls that provide basic
functionality that extinguishes lights during the day. To further reduce energy use, newly
developed products should include occupancy-based and other dimming control strategies.
Adaptive control is an important step to avoid wasted energy on illumination of vacant spaces,
but having a one light - one sensor approach can lead to dark areas adjacent to travelers.
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Typical recommended mounting height for a PIR sensor is approximately eight feet above
ground. As the wall pack spacing analysis revealed, ideal mounting heights for wall packs are
between 10 and 15 ft. Ideal spacing along the path ranged from 25 ft. to 30 ft. Since PIR sensors
have a limited radial coverage range, a traveler may only trigger the light they are immediately
close to. This may lead to delays in lights coming up to full brightness in advance of the
traveler moving down the path. By creating a network among outdoor luminaires, the sensor
signal from one suitably equipped luminaire could trigger nearby luminaires to brighten in a
more intuitive manner.
After initial review of various network solutions that included power line carrier (PLC), direct
wired and some proprietary wireless radio frequency (RF) systems, CLTC elected to work with
a wireless control provider offering solutions that used a long range RF-system, based on an
IEEE 802.15.4 14 control protocol.
In combination with this control system, and considering the planned exclusive exterior use of
the planned wall packs, CLTC selected a suitable outdoor occupancy sensor for bi-level control ,
the WattStopper EW-205-24W PIR sensor. The sensor is outdoor rated, readily available,
affordable and has a 5 year warranty. Additionally it may be easily customized to fit the chosen
wall pack application. Using this sensor, the wireless network control platform from
Lumewave, and the LED wall pack offered by Philips Day-Brite, a series of three different PIRadapter-brackets were designed to accommodate the selected equipment. One option was
selected, and one PIR-module was mounted and test-fitted on one wall pack (WTM60WL) to
confirm the overall design (Figure 8). The PIR sensor board needed minor electrical adjustment
to be useable with the wireless Lumewave nodes (Figure 9).
Figure 8: CAD designed sensor adapter; NC-milled part

Photo credit: CLTC

14 Institute of Electrical and Electronics Engineers (IEEE),
http://standards.ieee.org/findstds/standard/802.15.4-2006.html

18

Figure 9: preparing sensor wiring for T900 and modified occupancy sensors (right)

Source: CLTC

While in the process of machining, a secondary AL-bracket was prepared for a related
prototype for IA2.8 (painted in black) and is seen in relation to the original white swivel
housing and the gray painted IA2.6 wall pack-bracket. The Prototype assembly was tested for
IP (Ingress Protection) conformity to be water tight. Following this work, the sensors were
commissioned with the LumeStar software, and installed into the wall packs housing cavity
(Figure 10). Finally all parts were wired, tested, and prepared for schedule programming and
installation at the test bed site.
Figure 10: commissioning Lumewave sensor; preparing sensor wiring, installation into case

Source: CLTC

Luminaires in Test Location (UCD-TES)
The RF control system from Lumewave went through a series of development steps and an
important feature called “Direction of Travel” (DOT) was added to the key functions of the
software. DOT can anticipate the path of travel a person is likely to choose and bring a
19

predefined number of close-by luminaires from low to high mode to light up areas before the
person is entering dark spaces, thus increasing safety and amenity while keeping light trespass
and energy waste at a minimum. This new feature requires dedicated location of the nodes
relative to each other. The chosen test site, TES-Building on UC Davis campus, was recreated in
CAD to show installers the location of fixtures on the wall correlating with the ID-numbers
marked on the fixtures (Figure 11) The same CAD-model floor plan was used with photometric
modeling software to estimate expected illuminance levels of the new systems.
Figure 11: CAD-layout of building and installation site with Google maps overlay

Source: CLTC

Once prepared, the prototype wall packs and control system was installed by at a secure test site
(Figure 12). General functionality of all ten LED wall packs were confirmed, the RF-control and
PIR sensor were tested to operate according to the settings in the Lumestar software. Figure 13
shows the new luminaires tested at full output at dusk.
Figure 12: UCD electrician team installing new wall packs at test site

Photo Credit: CLTC
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Figure 13: South side, fixture #01 to #03; NE-corner and N-side, #06 to #10

Photo Credit: CLTC

System Components Upgrades
Over the duration of the project several updates have been made to the system components.
Lumewave developed several revisions of the Lumestar software and the Top900 firmware
versions. At one point the older RF nodes were no longer compatible with the new features
added to the system, and those units were replaced with latest models. Enhanced features
included luminaire diagnostics and revenue grade energy logging functions with accuracy of
better than 2%. In contrast to the previous customization, the new nodes now were chosen to be
installed on the outside of the fixture with a custom developed NEMA-twist lock receptacle.
Figure 14: first installation of node inside; upgraded Top900 node and new sensor on outside

Photo credit: CLTC

The PIR-sensors have also undergone design revisions; WattStopper now offers a Lumewave
compatible factory version (EW-205-12-LU in black) with an enhanced outdoor rated housing
and mounting bolts.
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Prototype luminaire performance analysis
CLTC replaced ten (10) incumbent wall pack luminaires at the UC Davis campus test site (UCDTES building) with new, adaptive LED solutions. The incumbent luminaires consisted of eight
Lithonia Hi-Tek, type TWP-50S-277 (below referred as TWP, Figure 29A) with high pressure
sodium (HPS) lamps; and two Lithonia, type TWL-50S-277-PE-LPI (below referred as TWL,
Figure 29B), also with high pressure sodium (HPS) lamps. New luminaires consisted of ten (10)
wall packs from Philips Day-Brite, type WTM60WLU-FWT-DIM (below referred as WTM,
Figure 30) with LED engines. All new fixtures were customized to include one occupancy
sensor per fixture and one RF-node for the wireless control system.
Figure 15: Incumbent Wall-Pack, type “TWP” (Left), Incumbent Wall-Pack, type “TWL” (Right)

Photo credit: CLTC

Figure 16: New LED Wall-Pack, type “WTR”, with RF system and PIR sensor

Photo credit: CLTC

One sample of each of the three luminaires (two incumbent, one new) was evaluated in the
laboratory for power consumption, light output and controls operation. The collected data was
used to compare the incumbent to the new luminaires and to quantify the difference in
performance.
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Evaluation of the incumbent luminaire samples (TWP and TWL) required three test
configurations to quantify the contribution of the different light loss factors (LLF). These
configurations are noted as A, B and C. The new LED luminaire (WTM) was tested according to
a different set of configurations, noted at D100 and D025.
Configuration A:

LLF as found in-situ, no cleaning or replacement of optical
components, use of the existing lamp with unknown number of
operating hours

Configuration B:

LLF as found in-situ, no cleaning or replacement of optical
components; new, 100 hours seasoned HPS lamp

Configuration C:

optical surfaces cleaned but no replacement of components; new,
100 hours seasoned HPS lamp

Configuration D100:

optical surfaces are factory new and clean; new, 100 hours
seasoned LED engine components; static 100% power output

Configuration D025:

optical surfaces are factory new and clean; new, 100 hours
seasoned LED engine components; static 25% power output

The electrical test equipment included a calibrated power supply unit, California Instruments
model 2253ix; two power analyzer, Yokogawa PZ4000 and Xitron 2802 for power
measurements. Harmonic distortion (THD) measurements were taken with the PZ4000’s
harmonics mode. Photometric measurements were made with a SMS-500 Spectrometer in a 2
meter integrating sphere with LabSphere software. Auxiliary correction was applied for fixture
self-absorptions.
Test parameters for each luminaire sample type included:
∞

power percentage % (100% for the HPS, 5% multi-step for the LED)

∞

power rating (Watt)

∞

Power factor (PF)

∞

Voltage (Volt)

∞

Current (Ampere)

∞

Harmonic distortion (UTHD% and ITHD %)

∞

one chromaticity diagram (CIE 1931, 2degree, with an overview and zoom compared to
7- and 4-step MacAdam Ellipse equivalent)

∞

spectral power distribution (SPD) between 350nm and 800nm

∞

correlated luminous flux (lumen)

∞

CCT (Kelvin)

∞

CRI (Ra of R1 to R14)

∞

resulting efficacy (lumen/W)
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Since there was no possibility to retrieve an .IES file for the incumbent lamps TWP and TWL,
CLTC used its own Goniophotometer for measuring intensity over angle and generating .IES
files for photometric modeling. A model of the TES-building site was also built for use in
simulations and used to analyze incident flux modeling; minimum to maximum contrast ratios
and average horizontal illuminance.
Power Consumption
Table 8 shows the wall packs power consumption in relation to the luminaire type and test
configuration. For the LED wall pack, the full ON and dimmed state is shown. Values for
Configuration A have been omitted, since the state change from A to B was merely cleaning of
the optical components and therefore does not affect power values.
Table 8: Power Consumption Data

Source: CLTC

Light Distribution
The 2-Meter Integrating Sphere was used to collect photometric values and prepare
Chromaticity Diagrams and Spectral Power Distribution (SPD) graphs. Figure 17 shows the
Chromaticity Diagram CIE1931 color space allocation of the TWP fixture. The values are within
the field coordinates 0.525 < X < 0.550 and 0.400 < Y < 0.425. Figure 18 shows the SPD intensity
within the visible range from 350 nm to 800 nm for the TWP fixture under all three test
configurations. Figure 19 shows the Chromaticity Diagram CIE1931 color space allocation of the
TWL fixture. The values are within the field coordinates 0.525 < X < 0.550 and 0.400 < Y < 0.425.
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Figure 17: Chromaticity mapping for luminaire type TWP, Configurations A, B and C; zoom

Source: CLTC

Figure 18: SPD for luminaire TWP in Configuration A, B, and C
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Figure 19: Chromaticity mapping for luminaire type TWL, Configurations A, B and C

Source: CLTC

Figure 20: SPD for luminaire TWL in Configuration A, B, and C

Source: CLTC

The photometric evaluation for the WTM model resulted in a more complex chromaticity
diagram and SPD graphs since the new LED technology offered seamless dimming capabilities.
For the following chromaticity and SPD evaluation, 5% dimming steps were chosen to collect
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photometric values, even though 1% steps are possible. It is important to differentiate between
the % dimming value and actual % power draw correlated to the dimming curve. As Figure 7
below shows, the driver’s lowest dimming setting is at 12.5 W (or roughly 20% total power
draw) and stays at this power level until 10% dimming level is reached and then rises linear to
the maximum of 64.8 W (=100% Power) at 75% dimming level. No significant power draw
change is seen from 75% to 100% dimming level. This dimming curve is inherent to the specific
driver used for this luminaire (Philips Advance LED-INTA-0024V-30-D-LO) - other drivers will
have different curves. Because of the flat “tabletop” after 75% dimming level, the collected
values for Configuration D shown in Figure 22 range from 5% to 100% dimming level in 5%
steps in one combined graph, excluding values 75% to 95%.
Figure 21: Power (W) vs. Dimming (1%) graph, 100%

Source: CLTC
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Figure 22: Chromaticity map, type WTM, Configuration D, 5% step dim, overview

Source: CLTC

The LED luminaire WTM was compared to the standardized chromaticity quadrangles of the 7step Mac-Adam Ellipse color space (ANSI/NEMA/ANSLG C78.377-2011) as shown in Figure 23.
The values are along the top edge of the green 4000K quadrant line. Figure 24 shows the SPD
within the visible range from 350 nm to 800 nm of the WTM fixture for Configuration D with
dimming steps of 5% dimming signal.
Figure 23: Chromaticity map, type WTM, Configuration D, 5% dim steps, zoom view

Source: CLTC
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Figure 24: SPD graph, type WTM, Configuration D, 5% step, 5% to 100% dimming level

Source: CLTC

CCT and CRI values were also collected for all three luminaires and values are shown in Table
9. Values are presented by fixture type and in relation to the configuration setting. Luminaire
efficacies (lm/W) are calculated values based on laboratory measurements. The LED fixture
shows a significant increase in efficacy. At a dimming level of 25% (equals approximately 35%
power) the efficacy reaches the systems maximum of 52.8 lm/W.
Table 9: Power, Flux, CCT, CRI and Efficacy for types TWP, TWL, WTM for selected configurations

Source: CLTC

Test Site Analysis
The test site was virtually modeled in order to prepare a comparative analysis of pre- and postretrofit illuminance levels. The configuration C and D100 were utilized to compare best case
incumbent to new luminaire values. Distribution plot resolution for the incumbent TWL and
TWP was 5° Vertical and 30° Horizontal. Distribution plot resolution for the WTM was 2.5°
Vertical and 10° Horizontal. The plane and cone view graphs of the resulting .IES files are
shown in Figure 25.
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Figure 25 A, B, C: .IES distribution plot of TWP (left) and TWL (middle) in Configuration C; WTM in
Configuration D100

Source: CLTC

The test site’s building and luminaire positions were CAD modeled based on measurements
taken at the site. With the previously prepared .IES files the Illuminance values were compiled.
Figure 26 shows a typical 3D view of the CAD model in AGI32.
Figure 26: AGI32, typical 3D view

Source: CLTC

An illuminance grid was placed around the building to collect average, minimum and
maximum values in the area of interest. The Configuration C, D100 and D025 scenarios were
simulated and the new luminaires showed increased light output at 100% power and lower
illuminance levels compared to the incumbent light sources when set to 25% power.
Table 10 shows the average, minimum and maximum illuminance for the three scenarios. At
full load the maximum values increased from 7.3fc to 9.5 fc. The average within the area of
interest doubled from 1.5 fc to 3.0 fc. In low mode, the illuminance values have an average of 0.8
fc just slightly under the IES recommended 1fc, and a maximum of 2.4fc.
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Table 10: reference Power, Flux, Efficacy compared to Illuminance values in AGI

Controls Operation
The incumbent luminaires (TWP and TWL) had a simple photocell controller build into each
fixture leaving the luminaires ON at 100% output from dusk to dawn throughout the year.
The new LED system utilizes the Lumewave RF system and WattStopper PIR sensor.
In unoccupied mode, the luminaire is set to dim to 25% power (approximately at 25%
dimming); in occupied mode it switches to 100% power. The RF system enables additional
features like revenue grade energy metering, occupancy logging, scheduling for specific events
throughout the week or specific days, curfew controls and override functions. Maintenance
alerts can be digitally sent to UCD staff members when the system senses irregular values
indicating outages or other issues. If different illumination levels for low or high mode are
required, the system can be adjusted accordingly to the site’s needs.
The cummulative savings of a site using this new adaptive technology is dependent on the
incumbent light sources and the new luminaires, scheduling, high and low settings, timeout of
a trigger event and local occupancy rate. For the TES building an occupancy rate below 10% is
anticipated – it is an enclosed area and access at night is only necessary if normal operation is
interuppted. Even though no energy logging equipment was used for this project, similar larger
installations, with occupancy levels at 20%, showed significant energy savings of up to 89%
compared to the incumbent baseline.

Discussion
The resulting performance levels of the high-efficiency, smart wall packs indicate a successful
design compared to the incumbent wall pack systems. Through manufacturer provided
specification sheet analysis and electrical analysis of physical samples, important specification
parameters were identified such as minimum projected system lifetime (per L70 method),
system efficacy, electrical efficacy, cut-off angle, and uniformity values per IES. Analysis of light
pollution, light distribution, light uniformity analysis and resulting luminaire spacing
requirements were determined through modeling. New, previously not considered factors such
as form factor and size for implementation of RF nodes and optimized sensor adoption were
found to play important roles in the optimization of new luminaires to include advanced bilevel control hardware and therefore achieve high energy savings for unoccupied spaces.
The selection of the prototype base (WTM model) and the development of physical prototype
solutions led to installation at the test site and subsequent upgrade of the new system
components due to major development progression. Photometric analysis and comparison of
the incumbent and new physical samples, as well as CAD analysis of the test site light levels
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show higher efficacies, better light quality, better light distribution and indicate significant
energy savings.
The native efficacy with the WTM model at 44.6 lm/W is relatively low, but it is noteworthy that
the efficacy increases up to 52.8 lm/W at 25% power in “low” mode. Newer LED generations are
indicating ongoing development for increased efficacy beyond 100lm/W and to higher quality
of color rendering levels (CRI).
Production Cost and Production Level Improvements
Following details are specific to the developed Philips Day Brite WRM/WTM product family
and may differ from other, now available bi-level wall pack luminaires on the market that were
designed from the start with bi-level functionality and occupancy sensor integration in mind.
Under normal circumstances production costs are not easily obtained by manufacturers because
of confidentiality agreements and IP requirements. In this case, the involvement of CLTC in the
prototype development process, offers the advantage of having a trace of the prototyping
materials and processes used, and an ability to project overall development costs towards
normal production cost in small or larger batches.
While the prototype manufacturing process involved several pricier customization steps such as
machining operations on NC and CNC milling machines (Figure 1A), the resulting final sensor
mounting adapter was possible to be reduced to an angle cut and powder coated aluminum
profile with assumed pricing below $5 per piece in larger production runs. This was mainly
made possible due to the fact that the sensor manufacturer WattStopper updated their outdoor
sensor EW-205-LU. The latest sensor revision is waterproofed, useable with the Lumewave RF
system, has a step geometry matching the mounting adapter and includes threaded bolts
integrated to the sensor assembly for simple mounting to various luminaire casings or remote
mounting locations (Figure 27).
Figure 27: NC milled sensor adapters; prototype (silver) and production (black) sensor and
adapter CAD model

Source: CLTC

The Day-Brite wall pack casing can be ordered with factory prepared twist lock cutout for the
photocell (or RF node receptacle if applicable), and mounting holes for the sensors control wires
and mounting bolts.
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Figure 28: WTM wall pack mounting hole for ANSI 136.xx receptacle socket and PIR-sensor
mounting holes

Source: CLTC

The biggest upcharge compared to the original non-adaptive model variation, to achieve bilevel dimming capability, are the sensor with approximately $40 upcharge; and the RF node,
depending on the specific system provider can be between $100 to beyond $200. Lumewave
charges $158 per Top900 unit for small quantity orders as of June 2013.
Day Brite commercially offers the WTM as 40W and 60W/2600lm version and the WTL as
90W/5000lm version each for $853 per unit, including the PIR-sensor but excluding a RF-node.
This price is considered to be at the upper end of the price scale; newer bi-level LED
developments from other manufacturers with integrated PIR sensors are aiming towards $500
to $800 per unit depending on lumen output and other features, but may have no RF-node
integration capability due to small case form factors.
Purchase and Installation Cost
For early LED products, the small case form factors of replacement presented manufacturing
challenges which led to very high first costs. LED lamp prices are expected to decrease
significantly over time and much more than luminaires. LED luminaires are more materialintensive and are more expensive on a first cost per kilo-lumen basis. The average cost for an
outdoor LED luminaire is projected to fall from $55 per kilo-lumen in 2013 to $11 in 2030 15.
LEDs will continue to improve in price, efficiency and service life. LED lighting sales (based on
lumen-hours) are projected to increase from about 3% in 2013 to 48% in 2020 and 84% by 2030.
That rapid growth between today and 2020 is large due to newly enacted efficiency standards
and LEDs costs reaching highly-competitive levels. In the outdoor market sector, LEDs are
expected to grow from about 9% in 2013 to 75% in 2020 and 99% by 2030; the submarket of
building exterior lighting is expected to grow from currently 7% to 71% in 2020 and 99% in
2030.
15 Energy Savings Forecast of Solid-State Lighting in General Illumination Applications, Prepared for
U.S. D.O.E. by Navigant Consulting, Inc., August 2014 – page 51
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Competitive improvement in efficacy, service life and price is expected to drive growing
demand for LED general lighting. In 2010, LED lamps typically had reported lifetimes of 25,000
hours, while early LED luminaires had longer lifetimes of 50,000 hours. By 2030, these values
are projected to increase to 50,000 hours for lamps and 100,000 for luminaires 16.
Market Barriers
Because of the high efficacy and increasing penetration of LED products, significant energy
savings are predicted for the outdoor sector, with a 36% decrease in energy consumption
compared to a no-LED scenario by 20308. The biggest barrier for widespread use of LED wall
packs are the associated high cost per luminaire and the resulting time interval to recover the
cost through annual savings depending on the local energy prices. When adding a RF
controlled system to the adaptive luminaire, the price of the components adds a significant
amount of 10-30% to the luminaire price. In depth financial analysis of the gained energy
savings through advanced scheduling, logging, maintenance and facility management
amenities is necessary to gauge validity of the added system components on a case by case
basis.
Key drivers behind the sales of more energy-efficient lighting and control systems have been
utility rebates, incentives and standards mandated by national and state energy codes such as
Title 24, Part 6 17 when adding, conducting alterations or retrofitting certain percentages of
luminaires at a site installation. In case of specific sensor use such as directional, long range or
specialty occupancy sensors, and when using RF system components, retailers and specifier are
the go to professionals to help implementing ideal solutions for the specific site application.
Studies have shown that when implementing multi-level adaptive controls with wall pack
luminaires, as much as 89% energy savings have been achieved, depending on the differences of
incumbent and new luminaires, area of use and occupancy levels in the space. Longer light
source lifetime and less maintenance are additional factors that help to reduce associated costs.
Incentives and rebate programs will help early adopters in regards of financing and to lower the
payback time.
Lighting systems can be expensive to update and some utility companies offer rebates or
incentives. For instance, Pacific Gas and Electric Co. offer specific rebates related to energy
brackets 18. Under the replacement lamp incentives, consumers earn instant rebates from
participating lighting distributors when they purchase and install qualifying replacement

16 Energy Savings Forecast of Solid-State Lighting in General Illumination Applications, Prepared for
U.S. D.O.E. by Navigant Consulting, Inc., August 2014,
http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/energysavingsforecast14.pdf
17http://www.energy.ca.gov/2012publications/CEC-400-2012-004/CEC-400-2012-004-CMF-REV2.pdf
18
http://www.pge.com/includes/docs/pdfs/mybusiness/energysavingsrebates/incentivesbyindustry/ee_busi
ness_rebate_app_final.pdf
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lamps 19. The replacement fixture and retrofit kit incentives are designed to help cover the
installation costs of qualifying fixtures or kits. For instance, SMUD has a list of participating
retailers in Sacramento County that offer discounted LED lights.
The prototypes were developed to comply with the outdoor lighting requirements under Title
24, Part 6 for luminaire efficacy classification, cutoff and lighting controls. Future developments
of code updates will be closely monitored and future developments steered to fulfill new
requirements as applicable.

Conclusions and Recommendations
The concept of adaptive, dark-sky friendly, outdoor wall pack lighting emerged on the
commercial scene as a result of the research conducted under this project. Over the past several
years, manufacturers moved towards providing “full-solution” luminaires to include integrated
dimmable LEDs, photo sensors, and occupancy sensors. Recent developments show parallel
industry efforts for socket-based, LED, replacement lamp kits 20 for simple exchange of light
sources in existing exterior wall packs. While this approach offers instant energy savings,
simplicity of installation, and possibly lower upfront cost due to reuse of the old fixtures, the
approach does have drawbacks. The total efficacy with old fixtures and optics may deliver
significantly lower savings, may lead to light trespass due to non-optimized optical light
control, and possibly the inability to incorporate sensors for bi-level control. In addition, the
capability to freely rotate the replacement lamp around the socket axis may be undesirable for
dark-sky friendly applications since the LED lamp may be misdirected on installation or
otherwise cause unwanted uplight.
CLTC researchers actively supported luminaire manufacturers interested in incorporating new
bi-level wall pack developments into their existing product lines and sales strategies. While
much research has been accomplished, and the availability of quality products with integrated
sensors and prepared controls on the commercial market is growing, CLTC sees some gaps that
remain to be explored in order to improve product performance and cost-effectiveness. CLTC
expects continued interest in this research topic over the next several years, especially in regards
to occupancy sensors and control system integration. To support this interest and ensure
continued research and development in this topic area, CLTC has prepared an archive of project
information that may be easily tapped during the post-contract support period as future
opportunities arise.
Manufacturer Adoption and Deployment Requirements
Manufacturers interested in development of a High Efficiency Bi-level Smart Wall Packs should
consider and include the following elements / options in their product lines:

19
http://www.pge.com/includes/docs/pdfs/mybusiness/energysavingsrebates/incentivesbyindustry/lighting
_catalog_final.pdf
20 for instance the DLC listed replacement lamp from Green Inova
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1. Offer wall pack luminaires that utilize dimmable, high-efficacy sources. Product lines
should consider offering a variety of historical-themed aesthetics or styles, as required,
to allow specifiers to match with the historic appearance of other outdoor luminaires,
building features or site elements.
2. Wall packs should allow for outdoor-rated, occupancy sensors or network control
components to be mounted on or, ideally, integrated in the fixture for control of the
luminaire. When used with local sensors, sensor detection range shall cover the
anticipated area of use. When used in networked (may have non-local sensors)
applications, the fixture shall provide sufficient access and cavity space for integrating
the networked system hardware, or allow for additional mounting of networked
communication components without obstructing light output or sensor detection zones.
3. Identify and provide a sensor and controls suite that can be preconfigured and provided
along with the luminaire. Controls shall be occupancy-based controls that reduce
luminaire power consumption by at least 40% to 80% during vacant hours 21. Reductions
may occur through continuous or stepped dimming control systems. Occupancy-based
controls may be included in each fixture or located remotely. If remotely located, control
signals shall be transmitted via a networked control system. In addition, luminaires shall
be controlled by a photo control or astronomical time switch that extinguishes the
luminaire during daytime hours. Additional lighting control requirements shall be in
accordance with 2013 Title 24, Part 6, Section 141.0, as applicable to lighting addition or
alteration projects, and Section 130.2 for new construction projects. Sensors are not
required for luminaires mounted above 24 ft. from grade, but strongly recommended if
sensing range is capable of covering the area of use (microwave or video sensing
applications).
4. Provide dimming drivers compatible with sensors, controls package, and luminaire
(continuous or stepped dimming). The drivers’ complete dimming/output curve and
related power factor shall be provided by the driver manufacturer to be able to correlate
dimming level settings to light output and energy use.
5. Provide luminaires that emit minimal uplight - light above 90° (typically 0% to 5%).
Luminaires shall provide a light distribution pattern (Type I-V) appropriate for the
application that minimizes stray light outside the target illumination zone. Luminaire
uplight shall be in accordance with Title 24, Part 6, Section 130.2.
6. Develop and provide product specification sheets and other marketing materials to
support sales.
Future Research, Development & Demonstration Opportunities:
While much research has been accomplished, and a wide range of product elements are now
available on the commercial market, gaps remain that must be addressed in order to improve
product performance and quality, ease of use and cost-effectiveness. Areas for future research
include:
21 per 2013 Title 24, Part 6, Section 130.2(c)3
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1. For retrofit of static LED wall packs to bi-level LED solutions, develop and promote
universal sensor and control adaptors that will be compatible across manufacturer’s
product lines. Adaptors are currently custom fabricated based on each order and are
only compatible with certain styles/types of sensors and luminaires.
2. Utilize the ANSI C136.41-2013 twist lock socket standard 22 for widespread compatibility.
3. Develop standard lighting control scenarios for standalone luminaires that may be
preprogrammed by manufacturers prior to product shipment. Most current controls
scenarios are programmed and commissioned in the field, which is time consuming and
expensive.
4. Develop a way to include remote control applications to make shipping/packaging
easier. Current designs must be custom packed to avoid damage to components.

22 ANSI C136.41-2013: “American National Standard for Roadway and Area Lighting Equipment–
Dimming Control Between an External Locking Type Photo control and Ballast or Driver”
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Smart Post Top Luminaires
Many California communities have outdoor luminaires that fit within the cultural design
contexts of their downtown areas or historic neighborhoods. These luminaires are often
optically inefficient, and a large part of their luminous flux is typically directed up into the
night sky. In addition, these luminaires most often utilize high-pressure sodium lamps, which
are characterized by poor color rendering and relatively short life. CLTC, in collaboration with
industry partners, developed new LED outdoor luminaries that maintain the overall
appearance of decorative luminaries, but use improved optics, sensors and controls to
maximize energy-efficiency and reduce light pollution. Resulting Smart, Dark-Sky Friendly,
Historically Accurate induction and LED retrofits demonstrated energy savings of
approximately 50 to 90% as compared to static, HID post-top luminaires when installed at pilot
test sites throughout California.

Product Development
The primary objective of this research was to develop and demonstrate Smart, Dark-Sky
Friendly, Historically Accurate retrofits to traditional HID post-top luminaires. CLTC addressed
three key components during product development: the lighting control system necessary to
enable smart, adaptive control; the optical design necessary to achieve a dark-sky friendly
solution, and the light source to ensure an overall, energy-efficient luminaire.
Lighting Controls
CLTC conducted a market assessment of commercially available lighting controls compatible
with post-top luminaires. Existing controls consisted only of photocontrols, which are used to
turn off luminaires during daytime hours. No dimming or occupancy-based solutions were
commercially available at the time of the assessment. A lack of commercially available solutions
presented CLTC with an opportunity to design, build and test occupancy-based lighting
controls suitable for retrofit with existing poles and its new dark sky-friendly, LED retrofit
luminaires.
The basic product concept consists of using a post-mounted collar equipped with appropriate
motion sensors, sensor controllers and communication devices. The design considered sensor
placement on the collar and sensor coverage. In addition, the prototype collar needed to be
sturdy and weather proof, but also easy to couple with various post-top tenons, including
common three-inch or four-inch models.
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Figure 29: LED Retrofit with Post-Top Collar and Controls at UC Davis Main Campus

LED post-top luminaire with control collar on the UC Davis campus in Davis, California.
Photo Credit: CLTC/UC Davis

CLTC developed three post-top collar prototypes that met these design constraints. The first
collar design incorporated dual, passive infrared (PIR) sensors and a power pack offered by
WattStopper (FS-305). This design was intended to provide occupancy-based dimming for the
equipped luminaire only. A second collar design incorporated two, improved, PIR occupancy
sensors and communication equipment that allowed equipped luminaires to control zones of
fixtures, as opposed to the single luminaire to which it was attached. The second approach was
achieved with two WattStopper EW-205-24-W sensors and Lumewave wireless controllers and
an antenna. This second design was presented to Philips Lumec, an affiliate partner of CLTC.
They suggested modifying one of their photocell collars to accept the control, antenna and
sensors. This partnership resulted in a the third design that included a Philips Lumec housing
modified to fit a new radio frequency controller from Lumewave, as well as the WattStopper
EW-205-24-LU sensors and an antenna. This collar was used at the UC Davis campus to retrofit
their entire existing CANDS2 post-top inventory (see Figure 1).
Collar Prototype – Concept 1
The first collar prototype was fabricated with aluminum stock and housed two infrared
WattStopper FS-305 occupancy sensors for 360-degree sensing coverage, along with a
WattStopper BZ-50 power pack. Figure 30 illustrates the concept and provides prototype
dimensions (in inches) on the left, as well as views of the collar from above and below (right).
Figure 31 shows the various collar components used for the first concept, as well as the
assembled, finished collar prototype.
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Figure 30: Illustrations of Collar Prototype – Concept 1

The first collar prototype with dimensions in inches.
Figure 31: Photographs of Collar Prototype – Concept 1

Collar components (left) for the first collar prototype and the finished collar (right).
Photo Credit: CLTC/UC Davis

Collar Prototype – Concept 2
The second version of the collar used the WattStopper EW-205-24-W occupancy sensor in place
of the WattStopper FS-305 occupancy sensors. The primary benefit of the EW-205 over the FS305 is its longer trigger range. The EW-205 has a horizontal trigger range of 52.5 feet when
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mounted at a height of 8 to 10 feet while the FS-305 has a horizontal trigger range of just 24 feet
when mounted at a height of 8 feet.
While most of the collar design remained the same in Concept 2, the two rectangular extrusions
that housed the FS-305 sensors were replaced with smaller and more aesthetically pleasing
mounts for the EW-205 sensors. Concept 2 also included the option of using one sensor to
deliver 180 degrees of coverage or two sensors to deliver 360 degrees of coverage, depending on
the path of travel available to occupants. Figure 6 shows the Prototype Collar – Concept 2 with
the dimensions (inches) for the two types of sensing options.
Figure 32: Prototype Collar – Concept 2

Source: CLTC/UC Davis

CLTC also incorporated wireless controls into the collar that would allow each sensor to
communicate with and control nearby luminaires. The Lumewave Top900 control module was
used to provide the wireless communication. To make sure the casting did not interfere with the
antenna, CLTC modified the Lumewave Top900 control module to include an antenna that
could be mounted outside of the casting. Figure 7, below, shows the original Top900 module
and the Top900 modified to include the external antenna.
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Figure 33: Lumewave Top900 Modules

CLTC modified the original Lumewave Top 900 module (left) to include an antenna that could be
mounted outside of the casting (right).
Photo Credit: CLTC/UC Davis

Once the Top900 was modified to allow the antenna to be mounted outside the casting, CLTC
finalized the modeling of the Collar Prototype – Concept 2. Figure 8, below, shows the Concept
2 model.
Figure 34: Collar Prototype Design – Concept 2 with Wireless Controls

Model of the Collar Prototype – Concept 2 design with two WattStopper EW-205-24-W occupancy
sensors for 360-degree coverage.
Source: CLTC/UC Davis

After modeling was finalized, CLTC fabricated the Concept 2 prototype for testing. Concept 2
was based on the Philips Lumec CANDS2 post-top, the existing post-top luminaire at the UC
Davis campus. The prototype was presented to Philips Lumec, and they suggested that CLTC
evaluate the existing photocell collar for the Lumec CANDS2 post-top to determine if it could
be modified to accommodate the new control system. This evaluation resulted in the third and
final collar prototype.

42

Figure 35: Collar Prototype – Concept 2 with Philips Lumec CANDS2 Post-Top Luminaire

Collar Prototype – Concept 2 installed on a Philips Lumec CANDS2 post-top luminaire in the lab at
CLTC. The CANDS2 is the same type of luminaire installed on the UC Davis campus.
Photo Credit: CLTC/UC Davis

Collar Prototype – Concept 3
Following an evaluation of the existing Lumec photocell collar, CLTC created a model of the
Collar Prototype – Concept 3 that included the existing photocell collar with the modified
Lumewave Top900 control module and two WattStopper EW-205 occupancy sensors. Figure 10
shows the model of Concept 3.
Figure 36: Model of Collar Prototype – Concept 3

Model of Collar Prototype – Concept 3 with two WattStopper EW-205-24-W occupancy sensors and
the Lumec CANDS2 photocell collar with modified Lumewave Top900 control module.

No modifications were needed for the Lumec photocell collar in order to accommodate the
communication controller, as the interior cavity of the collar had sufficient space to house the
control device. The completed collar prototype was returned to the manufacturer for finishing.
The final Lumec photocell collar included a through hole to mount the Lumewave Top900
antenna and mounting points for the WattStopper EW-205 sensors. Figure 11 shows the final
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Lumec collar with the Lumewave Top900 Control Module and two WattStopper EW-205
occupancy sensors.
Figure 37: Collar Prototype - Concept 3 with Wireless Controls

Completed Collar Prototype – Concept 3 with Lumec photocell collar (left) and the Lumewave
Top900 Control Module housed inside (right).
Photo Credit: CLTC/UC Davis

CLTC tested the commercialized Concept 3 collar prior to its installation on the UC Davis
campus. Sensor testing was completed to ensure the sensors worked with the fully
programmed controllers (see Figure 12). CLTC conducted an occupied and a vacant test to
ensure equipped luminaires dimmed appropriately and returned to full light output when
motion was sensed. The final lighting control collar is compatible with any 0–10 volt dimming
driver or ballast.
Figure 38: Sensor Testing at CLTC Laboratory

Lab tests at CLTC indicated that the Concept 3 collar would function appropriately in field testing.
Photo Credit: CLTC/UC Davis
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Optical Design
LEDs are highly directional light sources and, when combined with appropriate optics, can
minimize or even eliminate uplight, thereby preserving the night sky. During the optics design
process for dark sky-friendly, historically accurate LED luminaires, CLTC focused on the
outdoor lighting requirements of spaces typically served by post-top luminaires, as well as the
expectations of end users for their performance. Requirements and expectations are met
through the proper intensity and distribution of light. CLTC examined two performance
attributes associated with the light distribution of outdoor luminaires. These attributes are
captured in the outdoor luminaires’ BUG rating and light distribution type.
The acronym “BUG” stands for Backlight, Uplight and Glare. The BUG rating system was
adopted by the Illuminating Engineering Society (IES) in 2005 and is now a standard means of
characterizing luminaire light distribution in the lighting industry. The BUG system is used to
classify outdoor luminaires based on the amount of light they emit in certain directions, in three
dimensions. Backlight is the light directed towards the “back” of the luminaire mounting pole.
Uplight is the light directed above the horizontal plane through the luminaire. Glare refers to
the amount of light emitted at directions that can cause glare. BUG ratings are based on zonal
lumen calculations for secondary solid angles defined in the IES TM-15-07, Luminaire
Classification System for Outdoor Luminaires (see Figure 13).
Figure 13: Illustration of Secondary Solid Angles for the BUG Ratings for Outdoor Luminaires

Secondary solid angles used to assess the uplight, backlight and glare ratings for outdoor
luminaires under the BUG rating system.
Source: IES TM 15-07

An outdoor luminaire’s BUG rating is expressed as an alpha-numeric value. BUG values are
published by luminaire manufacturers to inform consumers how a certain luminaire distributes
its light output. BUG ratings may help consumers determine if a fixture is dark sky-friendly.
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Dark sky-friendly luminaires help to reduce light pollution by focusing light only where it’s
immediately needed while minimizing light distribution in unwanted directions, especially
towards the sky.
In addition to the BUG rating, there are five different types of light distribution patterns
recognized by the IES (see Figure 14). These 2-dimensional patterns show the illuminated
ground area, allowing end-users to select luminaires with distribution patterns suited to an
intended area. A typical distribution type for post-top luminaires is Type V. Type V luminaires
have a symmetric, roughly circular, distribution pattern. Type V post-top luminaires are usually
placed in the center of an outdoor space, where light needs to be distributed evenly around the
luminaire. Type IV luminaires are also often used for roads and pathways, where the luminaire
is placed to the side of the area.
Figure 14: Light Distribution Patterns

Source: IESNA RP-33-99: Lighting for Exterior Environments

Historically, post-top luminaires have been omnidirectional, distributing light in all directions,
including uplight. Prior to development of optics for dark sky-friendly luminaires, CLTC
examined the requirements for luminaires typically installed in the outdoor environment, with
specific focus on pathways and sidewalks, which are the two areas where post-top luminaires
are prevalent. For these spaces, a Type V light distribution pattern is typical. Many of these
luminaires utilize metal halide or high-pressure sodium lamps, which provide omnidirectional
illumination. These sources, coupled with unshielded or globe-style luminaires, usually allow a
significant portion of light to be delivered outside the intended area. To mitigate this light
trespass, and reduce stray light from being directed into the night sky or surrounding areas,
CLTC focused on the development of optically efficient LED retrofit kits for traditional post-top
luminaires.
During preliminary optics development activities, the lighting industry introduced several
commercial LED retrofit kits with optics that appeared to fit CLTC’s project needs. Sylvania was
the first with the D6 Area Light LED Retrofit Kit (see Figure 15). Philips Lumec followed with
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the EcoSwap LED retrofit kit, formerly known as the RotoLED (see Figure 16). Both of these
units provide Type V light distribution.
Figure 15: Sylvania D6 Area Light LED Retrofit Kit

Source: Sylvania

Figure 16: Philips Lumec EcoSwap LED Retrofit Kit

Source: Philips Lumec

Companies such as Beacon, IntenCity, and GE also released LED retrofit kits with various
optical options. All of these kits had the necessary attributes of Type V distribution (see Figures
17–20). With respect to these commercial units, dark sky-friendly choices all had the LED source
and optic located below the LED heatsink. The heatsink served as a shield that eliminated light
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emission upward towards the sky. As an example, the BUG diagram for Beacon’s retrofit unit
(Figure 17) shows that there is no uplight component, with zero light emitted between 90º and
180º. All light is directed toward the roadway or pathway, i.e., between 0º and 90º.
Figure 17: Beacon Post-top Retrofit Kit and BUG Diagram

Source:

Beacon LED

The Evolve LED Area Lighting retrofit kit manufactured by General Electric provides another
example of a zero-uplight design, with emissions limited between 0º and 90º (see Figure 18).

Figure 18: GE Evolve LED Post-top and BUG Diagram

Source: GE
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IntenCity’s LED units are designed for an urban environment where a glow at the top of the
dome fixture is welcomed, instead of a dark void. As such, these source kits deliver a small
percentage of light upward, and thus are not considered dark sky-friendly luminaires. Still, as
the BUG diagrams provided for IntenCity kits indicate, their uplight emissions are minimal
compared to traditional post-top luminaires utilizing MH or HPS lamps (see Figures 19 and 20).

Figure 19: IntenCity PTLK LED Post-top Retrofit Kit and BUG Diagram

Source: IntenCity and CLTC (right)

Figure 20: IntenCity PTLK LED Acorn Post-Top Retrofit Kit and BUG Diagram

Source: IntenCity and CLTC (right)
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Based on the prevalence of commercial LED retrofit kits with minimal uplight and either Type
V or IV optics, CLTC determined internal optics development for LED retrofit kits was not
necessary. An added benefit of using the commercial kits was that these kits are often
dimmable. Many commercially available kits include 0–10 volt dimming drivers that could
easily couple with lighting controls and sensors to maximize energy savings.

Product Demonstration
CLTC surveyed multiple potential sites in order to select demonstration partners for this
project. Potential partner sites included sites that requested source retrofits to achieve energy
savings but required that existing fixtures remain intact, or replacement fixtures look very
similar to the existing aesthetic. CLTC selected four partner sites for inclusion in the project.
Selections were made based on accessibility to the site and its post-top fixtures, the novel nature
of the potential retrofit solutions, and cost-effectiveness.
The selected test sites included sites at the University of California, Irvine, Los Angeles Trade
Technical College (LATTC), the California State Railroad Museum in Old Sacramento, and the
University of California, Davis. Three sites provided fixture samples to use at CLTC to develop
suitable retrofit packages. At the fourth site, the fixture was replaced with an LED unit of
similar aesthetic design. Proposed retrofit solutions included source replacements,
modifications to optics and lensing, and associated electrical retrofits. Descriptions of the
historic fixtures slated for retrofit at each site are provided below.
University of California, Irvine
UC Irvine was looking for a cost-effective retrofit for its historic birdcage-style, post-top fixtures
(Figure 21). The existing fixtures utilized a 200-watt Sylvania high-pressure sodium (HPS) lamp
with a CCT of 2100K. Its color rendering index (CRI) is 22 with an average life of 24,000 hours. It
has a Type V light distribution and the mounting height was around 10-12 feet.
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Figure 21: Historic Birdcage-style Post Top at UC Irvine

Photo Credit: CLTC

For the UC Irvine campus, the original lamp that was in their historic birdcage-style post-top
luminaire was a 200W Sylvania HPS lamp with a correlated color temperature (CCT) of 2100
Kelvin (K). Its color rendering index (CRI) was 22, and its average life was rated at 24,000 hours.
The HPS lamp also required time to warm up before achieving full brightness.
CLTC retrofitted this fixture with a 100W induction lamp from Everlast. The induction fixture
has a CCT of 5000K with a CRI of 82–85. Its rated life is 100,000 hours. The induction fixture is
an instant-on fixture, which means there is no warm-up time for the lamp to reach full
brightness. The fixture was also wired with two WattStopper FS305 occupancy sensors for 360degree coverage and bi-level dimming based on occupancy/vacancy. The fixture draws 40 watts
when dimmed. Both the original and the retrofit fixtures provide Type V light distribution.
When comparing the two lamps, the induction has better CRI and CCT. The induction lamp
also uses 50% less energy at full power and uses 80% less energy when dimmed. The induction
lamp is rated for a life of 100,000 hours; this is 76,000 hours longer than the HPS lamp, and
because the induction lamp is dimmable, it should last even longer than its rated life. The
induction retrofit also makes this an instant-on fixture, meaning there is no warm-up time
required and the fixture does not have to be turned on before dusk.
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Figure 23: Everlast 100W Induction Lamp

Table 1: Photometric and Electrical Performance Data on Everlast 100W Induction Lamp
Full Output
(100% power)

Dimmed
(40% power)

8889

1748

4943K

4618K

Color Rendering (CRI)

79.6

84.2

Line-in Power (Watts)

125.4

46.7

Efficacy (lm/W)

70.89

37.43

Power Factor

0.982

0.914

Lamp Power (Watts)

117.8

40.2

Lamp Lumens per Watt

75.46

43.48

Dimmer Setting
Light Output (Lumens)
Color Temperature (CCT)

Source: CLTC/UC Davis
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Figure 24: Pre-retrofit HPS and Post-retrofit Induction Lamps

A side-by-side comparison of high-pressure sodium (left) and induction (right) sources
shows the difference in correlated color temperature of each source type.
Photo Credit: CLTC/UC Davis

Los Angeles Trade Technical College
Los Angeles Trade Technical College was undergoing major renovations at the time of its
inclusion in this project. The campus utilized a variety of post-top fixtures, but it wanted to
maintain the look of its “top-hat” design near the performing arts building. This fixture has a
Type V light distribution and a mounting height of 12–14 feet.
Post-top luminaires at Los Angeles Trade Technical College originally used 150W high-pressure
sodium (HPS) lamps. This information was provided by the contractors working with the
fixture at the time (CLTC never received the original fixture or lamp). Similar 150W HPS lamps
have a CCT of 2000–2100K and a CRI of 22. Rated life for high-pressure sodium lamps is around
24,000 hours.
The fixtures were retrofitted with Philips Hadco LumiLock CL52 LED retrofit kits. The LED
source has a CCT of 4000K and a CRI of 70. Rated life of this unit is 60,000 hours. Along with the
unit, CLTC developed a sensor collar to facilitate bi-level dimming for added energy savings
(see Figure 26). The collar holds two Watt Stopper FS305 PIR sensors with a Watt Stopper BZ50
power pack, enabling the fixture to dim to about 50% of full power. Testing at CLTC showed
the fixture drawing 94 watts at full power and 43 watts when dimmed.

53

Figure 26: Philips Hadco LumiLock LED Module and Complete Unit with Sensor Collar

Photo Credit: CLTC/UC Davis

The LumiLock LED kit was rewired by CLTC engineers so that all the LED bars would dim
rather than having one of the two bars turn off; this was done so that all the LEDs would burn
in equally. The fixture provides Type-V light distribution.
Figure 27: Pre-retrofit and Post-retrofit Fixtures on the LATTC Campus

Photo Credit: CLTC/UC Davis

The retrofit kit has a better CRI and CCT, and it uses 34% less energy at full power than the HPS
technology it replaced. When dimmed, the fixture uses about 71% less energy. Given the low
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nighttime occupancy rates measured through field research on similar campuses, the fixtures
are expected to operate in dimmed mode for most hours of most nights. The LED retrofit kits
will also last 36,000 hours longer than the HPS lamps, with no maintenance required for the life
of the LED unit, and unlike the HPS lamps they replaced, the new LED sources turn on
instantly, requiring no warm-up time.
California State Railroad Museum
The California State Railroad Museum is located in a historic district of the state capital, called
Old Sacramento. The existing carriage-style, post-top fixtures utilize HPS lamps; the museum
wanted to replace these HPS lamps with an LED or induction alternative to save energy (Figure
28). The fixture style could not be changed due to the requirements of the historic area.
The sample fixture arrived at CLTC without a lamp or ballast, so the original power of the
fixture is unknown; however, museum staff indicated that the lamps used emitted light that
was yellow in color, indicating HPS. HPS lamps have a CCT of 2000-2100K with a CRI of 22.
Rated life for HPS lamps is around 24,000 hours. It has a Type V light distribution. Mounting
height was 10–12 feet.
Figure 28: Carriage-style Post-top Fixture at the California State Railroad Museum in Old
Sacramento

Photo Credit:

The sample post-top fixture was retrofitted with a 55W Sylvania D6 Area Light LED retrofit kit.
The D6 has a Type-V Medium light distribution, like that of the original lamp, providing the
desired distribution for the space. The CCT of the D6 is 5000K; its CRI is 79. The rated life of the
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Sylvania D6 is 50,000 hours. CLTC was asked to maintain the period aesthetic of the fixture and
refrain from making any physical modifications, such as adding the sensor collar; for this
reason, CLTC was unable to incorporate any other controls into this fixture.
Figure 29: Sylvania D6 Area Light LED Retrofit Kit

Photo Credit:

Table 2: Photometric and Electrical Performance Data on Sylvania D6 Area Light LED Retrofit Kit
Full (100%)
Output
Light Output
(Lumens)

3831

Color
Temperature
(CCT)

5029K

Color Rendering
(CRI)

77.6

System Power
(Watts)

58.9

System Efficacy
(lm/W)

65.0

LED Power
(Watts)

46.3

LED & Optics
Efficacy

82.7

Source: CLTC/UC Davis
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Table 3: CRI Measurements for the Sylvania D6 Area Light LED Retrofit Kit at 100% Output

CRI: 77.6
R1

76.6

R2

81.6

R3

83.1

R4

78.1

R5

76.4

R6

73.3

R7

84.7

R8

67.2

R9

3.6

R10

54.1

R11

74.7

R12

50.6

R13

77.1

R14

90.2

Source: CLTC/UC Davis

Although the exact power use of the original HPS luminaire is uncertain, it is likely more than
the replacement D6. The D6 uses less energy, has a better CCT and CRI, and has a longer rated
life. There is also the added benefit of no warm up time for the D6 unit. The cutoff angle of the
D6 also makes the fixture more dark-sky friendly. The only drawback to this retrofit is that the
D6 looks too modern, and the historic aesthetic of the lamp is lost.
University of California, Davis
UC Davis, as part of its Strategic Lighting Initiative (SLI), requested a cost-effective, energyefficient retrofit for its historic CAND2 post-top luminaires. In July 2012, CLTC and UC Davis
collaborated to retrofit 85 metal halide post-top luminaires on the UC Davis campus with LED
light engines and lighting controls. Controls included WattStopper occupancy sensors and
radio frequency (RF) lighting control modules for the campus-wide Lumewave network control
system.
After the retrofit, CLTC verified that the data collected by the fixture modules was accurate
(within 1–2%) and could thus serve as a basis for accurate evaluation of occupancy rates and
energy savings. Preliminary monitoring indicated energy savings of 66% (based on an
occupancy rate of 34%) to 86% (based on an occupancy rate of 10%). CLTC also measured the
light distribution and output of the new LED luminaires.
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Figure 31: UC Davis CAND2 Post-top Luminaire

Static metal halide post-top luminaires (left) previously installed on the UC Davis campus were
retrofitted with LED light engines, occupancy sensors and network control modules (right and
bottom).
Photo Credit: CLTC/UC Davis
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CLTC did not receive a sample of the metal halide lamp previously installed in the post tops on
campus, but the ballast, designed to operate a 175W metal halide (MH) lamp, was provided.
There are many manufacturers of 175W metal halide lamps, but Venture Lighting’s Enclosed
Rated 175W Uniform Pulse Start Lamp represents the average of best and worst 175W MH
lamps on the market. It has a CCT of 4000K with a CRI of 68. Rated life for this lamp is 15,000
hours. It has a Type V light distribution, and its mounting height is around 12–15 feet.
The Philips Lumec EcoSwap post-top retrofit kit was selected for installation on the UC Davis
campus. The unit’s system power is 45 watts. It has a CCT of 3700K with a CRI of 76. Rated life
for this product is around 50,000 hours. As part of the retrofit, a Philips Lumec SFPH4 fixture
collar was also added to each post-top fixture. Each collar had two WattStopper EW-205-12-LU
PIR occupancy sensors affixed to it, wired in line with the Top 900 Lumewave RF control unit,
which was housed inside the fixture collar.
The Lumewave Top 900 control units allowed the post-top fixtures to be incorporated into the
campus-wide lighting control system adopted by the UC Davis campus. This retrofit was done
as part of the UC Davis Smart Lighting Initiative, an effort that incorporated nearly all exterior
light fixtures on the campus into an RF mesh network, enabling connectivity between light
points, data collection and relay back to a central location, and centralized control of all lighting
in the network. The Top 900 unit and the EcoSwap’s 0–10V dimming capability allow lights to
be dimmed to any level required for a given space.
The EcoSwap and the metal halide sources both have very similar CCT measurements, but the
EcoSwap has a better CRI. Compared to the MH source, the LED EcoSwap uses 74% less energy
at full lighting power and 94% less energy when dimmed to its lowest light level, and the
EcoSwap needs no warm-up time. With the added controls, the EcoSwap is also a much
“smarter” fixture, meaning it can be pre-set to operate in various modes for the given
application or location, and it can respond to motion sensor input, versus simple on/off
operation.
Baseline measurements for the static 100W MH fixtures were not collected for the test site. For
the purpose of this report, it is assumed that the post-top fixtures on campus were on all night
prior to the retrofit, since a photocell provided the only lighting control for these fixtures. The
photocell would control the substation that powers the lights on at sunset and off at sunrise.
The post tops were equipped with motion sensors during the retrofit and programmed to
operate at 100% of full lighting power when occupants were detected and at 20% of full lighting
power when no occupants were detected. The Lumewave units installed with the new LED
post-top fixtures provided monitoring. After the retrofit, data from a Lumewave Top 900 unit
was collected for evaluation.
Preliminary monitoring was done on the post-top luminaires on the UC Davis Quad,
immediately after the retrofitted post-top luminaires were installed in July 2012. At that time,
the occupancy rate measured was approximately 10%, producing energy savings of roughly
86% when compared to the static 100W MH luminaires installed before the retrofit. This
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occupancy rate is derived from power measurements taken from the Lumewave unit, as highmode operation of the luminaires indicates occupied periods.
Figure 32 shows the energy consumption, in watts, of post-top fixture C113 on March 15–16,
2014. The data indicates an occupancy rate of 34%. This post top is located on the UC Davis
Quad, just outside of the Memorial Union, on a high-traffic area of the campus (see Figure 33).
Based on the occupancy rate for these days, the LED system yields energy savings of 66% when
compared to the original HID fixtures. More data will be collected throughout the school year to
provide a broader picture of campus occupancy patterns and energy savings.
Figure 32: Post Top Energy Consumption at 34% Occupancy

Source: CLTC/UC Davis

Figure 33: Location of Pole from Which Occupancy Data Was Collected

Source: CLTC/UC Davis

60

To verify the accuracy of data from the Lumewave Top900 unit, CLTC tested the unit and
compared its performance with that of a Yokogawa PZ4000 power analyzer. Figures 35 and 36
compare power measurements from Top900 units with those of the PZ4000. The Top900 units
are from a wall pack and a roadway light fixture installed on the UC Davis campus. Based on
this data comparison, the Top900 units provide power measurements within 1–1.5% of those
measured with the PZ4000, across 1–10V dimming (see Figures 34 and 35).
Figure 34: Comparison of Power Analyzer and Top900 Unit from a Wall Pack Fixture

Source: CLTC/UC Davis

Figure 35: Comparison of Power Analyzer and Top900 Unit from a Roadway Fixture

Source: CLTC/UC Davis
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The Lumec EcoSwap LED light engine selected for the post-top retrofit was measured in the
integrating sphere at CLTC for light output, color temperature, color rendering, and efficacy
(see Table 4). The fixture was tested at three different dimmer settings: full, mid-range and
lowest. Figure 37 provides the IES photometric data from Lumec for the EcoSwap LED kit.
Table 4: Photometric and Electrical Data on Philips Lumec EcoSwap LED Light Engine
Full Output
100% power

Mid-Range
50% power

Lowest
20% power

Light Output
(Lumens)

4376

2171

866

Color Temperature
(CCT)

3734K

3712K

3703K

Color Rendering
(CRI)

76.4

76.5

76.7

System Power
(Watts)

45.0

22.6

10.4

System Efficacy
(lm/W)

97.2

96.1

83.3

Source: CLTC/UC Davis

Figure 36: IES Photometric Data for EcoSwap

Source: Philips Lumec

CLTC engineers also gathered illuminance values for select post-top fixtures on campus.
Illuminance measurements were taken with a Minolta T10 illuminance meter. The meter was
attached to a measuring wheel, a grid was set up, and data was collected from points on the
grid.
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CLTC took illuminance measurements, in foot-candles (fc), for two areas on the UC Davis
Quad: a pathway through the quad and a roadway running parallel to the quad. CLTC also
measured illuminance values from a single post-top fixture on the quad. The top reflectors for
the post tops on the quad are mounted at a height of 14 feet, 8 inches. Post top luminaires are
installed in a staggered diagonal pattern along either side of the walkway. Using the 12-footwide centennial walkway as a guide, path illuminance was measured at points between three
post tops, along the center of the path and along either side. Average illuminance values from
these measurements are presented in Table 5.
Table 5: Pathway Illuminance Measurements (fc) on the UC Davis Quad
Average

0.61

Maximum

0.88

Minimum

0.3

Average/Minimum

2.01

Maximum/Minimum

2.93

Source: CLTC/UC Davis

Illuminance measurements were taken on the roadway between four post tops (see Figure 38).
The single post top was set to high while surrounding post-top fixtures were turned off;
however, other lights on the quad were still on. Illuminance measurements for the single posttop luminaire are presented in Table 6.
Figure 37: Roadway Illuminance Measurements (fc) along the UC Davis Quad
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Table 6: Illuminance Measurements for a Single Post-top on the UC Davis Quad (fc)
Average

0.25

Maximum

0.67

Minimum

0.06

Average/Minimum

4.19

Maximum/Minimum

11.17

Source: CLTC/UC Davis

The average illumination level recommended for sidewalks is 0.2 fc, according to the IES’s RP33-99: “Lighting for Exterior Environments.” Foot-candle measurements taken for both the
walkway and the roadway on the UC Davis campus exceeded this recommended illumination
level.

Product / Performance Specification
Based on the research conducted under this project, CLTC developed a product specification for
lighting manufacturers, commercial building owners, and other stakeholders interesting in
developing or deploying adaptive LED lighting for existing post-top fixtures. The goal of this
product specification is to provide general information on luminaire construction and control
features that should be incorporated into adaptive LED post-top product development and
lighting retrofit projects. This specification is intended to supplement standard product
specifications for outdoor, post-top luminaires, and provide additional information to ensure
post-top luminaires incorporate adaptive control features consistent with the research and
development conducted under Project 2.8 of this agreement.
Luminaire
Post-top luminaires shall utilize high-efficacy sources such as LED or electronic HID only. New
luminaires shall retain the general aesthetic or style, as required, to ensure a match with the
historic appearance of other outdoor luminaires, building features or site elements. Retrofit of
existing fixtures with new sources is acceptable.
Post-top Collar
Poles shall utilize a post-top collar that allows for outdoor-rated passive infrared or microwave
occupancy sensors or network control components to be mounted to the pole for control of the
luminaire. When used with local sensors, collars should provide mounting for up to two
sensors per pole. When used in networked applications, which may have non-local sensors, the
collar shall provide sufficient access and cavity space (internal to the pole/collar) for mounting
of network communication components. Collars shall be of the same finish and color as the
fixture pole, or as specified by project requirements. See section below for details on networked
lighting control systems. An example of a suitable post-top collar is the Philips Lumec SFPH4
collar (Figure 39).
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Figure 38: Post-top Collar for Use with Smart, Dark Sky-friendly, Historically Accurate Lighting
(Philips Lumec SFPH4 Post-top Collar)

Source: CLTC/UC Davis

Fixture Optics
To mitigate light trespass, and reduce stray light from being directed into the night sky or
surrounding areas, luminaires shall emit minimal uplight—light above 90° (typically 0% to 5%).
Luminaires shall provide a light distribution pattern (Type I-V) that is appropriate for the
application and minimizes stray light outside the target illumination zone. For luminaires rated
at 150W or greater, total zonal lumens shall be in accordance with Title 24, Part 6, Table 130.2, as
applicable per code requirements. The Beacon LRK-3D LED retrofit kit is an example of a
suitable light engine.
Lighting Controls
Post-top luminaires shall be controlled by occupancy-based controls that reduce luminaire
power consumption by at least 50% during vacant hours. Reductions may occur through
continuous or stepped dimming control systems. Occupancy-based controls may be mounted at
each light pole or located remotely. If remotely located, control signals shall be transmitted via a
networked control system. In addition, luminaires shall be controlled by a photosensor or
astronomical time switch that extinguishes the luminaire during daytime hours.
Additional lighting control requirements shall be in accordance with Title 24, Part 6, Section
141.0, as applicable to lighting addition or alteration projects, and Section 130.2 for new
construction projects.
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Figure 39: LED Light Engine for Use with Smart, Dark Sky-friendly, Historically Accurate Lighting
(Beacon LRK-3D)

Source: CLTC/UC Davis

Market Adoption and Support Activities
CLTC conducted a variety of outreach and education activities targeted at lighting and lighting
controls manufacturers, building owners, lighting design professionals, and standards-setting
bodies. These activities were designed to inform these key stakeholders on the potential for
energy savings and associated market opportunities available from adaptive controls when
used in outdoor applications, including applications with historic or aesthetically sensitive
design requirements.
Outreach to Manufacturers
Activities with manufacturers focused on providing technical assistance and a business case for
their adoption of control solutions and components into existing post-top and similar outdoor
lighting product lines. CLTC partnered with a variety of manufacturers, including Philips
Hadco, Philips Lumec, WattStopper, Lumewave, and Kenall Lighting to incorporate occupancybased control solutions into existing product lines. As a result of these efforts, several
commercial products are now available for this market sector:
∞ Sensor collars from Philips Lumec: SFPH4
∞ Occupancy controls from WattStopper (see specification sheet attached):
http://www.lumewave.com/products/motion_detectors/OEMEW-205-12-LU_2-2012.pdf
∞ Integration of wireless control and communication components from WattStopper and
Lumewave (see specification sheet attached):
http://www.lumewave.com/products/motion_detectors/OEMFS-305-LU.pdf
∞ Fixture-integrated occupancy controls for post-top luminaires by Kenall Lighting (see
specification sheet attached)
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∞ Fixture-integrated occupancy controls for post-top luminaires by Kim Lighting (see
specification sheet attached)
Other Market Connection Highlights
Outdoor lighting control strategies, as developed under this project, have been included in
lighting materials and programs outside of California. Specifically, the U.S. Department of
Energy has included information on the technology developed under this project in a guidance
document on exterior lighting controls (see document attached). In addition, research
conducted under this project has been incorporated into industry-standard education outlets
such as the Lighting Controls Association: http://lightingcontrolsassociation.org/exteriorlighting-control-strategies/.
Building Codes and Appliance Standards
The most notable success of the research conducted under this project was the development and
adoption of expanded outdoor shut-off controls requirements to include the requirement of
occupancy-based controls for luminaires mounted at a height of 24 feet or less above grade. By
developing and demonstrating that post-top luminaires can accommodate both local occupancy
controls and communication components for zoned/non-local occupancy control, codes and
standards enhancement stakeholders were able to demonstrate the reasonableness and
accessibility of occupancy controls for most outdoor applications. This research supplied
valuable evidence to support this requirement and demonstrated that dark sky-friendly,
adaptive solutions could be provided that meet the aesthetic needs of historic districts and other
aesthetically sensitive outdoor spaces. More information on Title 24, Part 6 building energyefficiency requirements may be found at http://www.energy.ca.gov/title24/2013standards/.

Conclusions and Recommendations
The concept of adaptive, dark sky-friendly outdoor lighting emerged on the commercial scene
as a result of the research conducted under this project. CLTC researchers actively supported
luminaire and control manufacturers interested in incorporating the technology into their
existing product lines and sales strategies. CLTC expects continued interest in this research
topic over the next several years.

Future Research, Development & Demonstration Opportunities
While much research has been accomplished and quality products are now commercially
available, progress can still be made to improve product performance, ease of installation and
cost effectiveness. Future research might include the following tasks:
5. Develop and promote a universal collar design that will l be compatible across
manufacturers’ product lines. Collars are currently custom-fabricated, based on each
order, and are only compatible with certain styles or types of sensors and controls.
6. Develop standard lighting control scenarios that may be preprogrammed by
manufacturers prior to product shipment. Most current control scenarios are
programmed in the field, which is time consuming and expensive.
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7. Develop a more rugged communication antenna design and mounting location to make
packaging and shipping easier. Current designs must be custom packed to avoid
damage to components.
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Next-Generation, Adaptive, Exterior Luminaires
Recent efforts are beginning to address the use of adaptive control systems in roadway
applications and multiple stakeholder groups are working on system development to meet
these goals. In addition, both domestic and international standards are moving towards
adoption of new LED sources for their high efficacy, even illumination and ability to
accommodate adaptive control strategies. Due to these developments, commercialized
technologies are now available to support networked, adaptive, outdoor lighting systems.

Project Approach
Industry sources, lighting standards and best-practice lighting guides indicate adaptive lighting
is increasing in use for outdoor area applications, parking and roadway. Roadway and parking
area lighting account for approximately 87 percent of the energy use in outdoor stationary
lighting in the United States. In 2010, the roadway sector used 51 TWh per year and the parking
sector used 52 TWh per year. Building exterior, airfield, billboard, railway, stadium, and traffic
signal lighting accounted for the remaining 13 percent of the energy use in outdoor stationary
lighting 23; however, these six subsectors of the outdoor stationary lighting market were not
considered by this project because they provide limited opportunity for savings.
Roadway lighting offers a good opportunity for successful deployment of outdoor adaptive
lighting achieved through the use of Next-Generation Adaptive Exterior Luminaires.
A recent market characterization based on 2010 data showed that roadway and parking lighting
accounted for approximately 14.7 percent of the national lighting energy used, with an
estimated 97 million lamps total 24. Calculations suggest that by implementing advanced
controls to dimmable exterior fixtures, approximately 40 to 60 percent energy savings could be
achieved in the roadway sector, and between approximately 50 and 70 percent energy savings
could be achieved in the general area lighting applications 25.
While the data indicates nearly equal market share for both roadway and general outdoor area
lighting energy use, municipality and state ownership trends in California show that roadway
fixture ownership is far less distributed than general outdoor area lighting. This potentially
allows new recommended roadway practices to affect faster change by addressing a larger
number of outdoor fixtures through fewer system owners. For this reason, systems appropriate
for the roadway application were prioritized during the development and implementation
Next-Generation Adaptive Exterior Luminaires.

Navigant Consulting, Inc. “2010 U.S. Lighting Market Characterization.”
http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/2010-lmc-final-jan-2012.pdf
23

Navigant Consulting, Inc. “2010 U.S. Lighting Market Characterization.”
http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/2010-lmc-final-jan-2012.pdf
24

Graeber, Nicole. “In Support of Max Tech and Beyond.”
http://cltc.ucdavis.edu/sites/default/files/files/publication/2011_lbnl_max_tech_beyond.pdf

25
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The U.S. Department of Energy publishes regular overviews of the outdoor lighting market
developments through their “Caliper” reports. Reports from July 2014 indicates a significant
increase of dimmable LED products for area and roadway lighting solutions since 2009 (Figure
39). These reports also indicate that LED luminaires continue to increase in system efficacy,
color rendering, and power factor for all reported luminaire drivers.
Figure 39: U.S. DoE, “Caliper snapshot” for outdoor lighting products, history

Source: U.S. Department of Energy

In light of such rapid technology progress and product diversity, a system performance
specification is needed to capture the best-in-class performance metrics necessary for
development of a next-generation product. The project approach, therefore, began with
development of an overarching system definition to focus research, development, system
integration and field deployment of Next-Generation Adaptive Exterior Luminaires.

System Specification
Current commercial exterior luminaires are marketed for use in a variety of different
applications. Each product is suited for a specific deployment scenario or environment based on
the intended user’s needs and installation location. These needs are addressed by selecting
luminaires with specific optical distribution properties, color rendering properties and product
durability characteristics.
The research team employed a two-fold approach to develop its system specification for nextgeneration, adaptive, outdoor lighting. To best address product performance criteria, the
research team collaborated with industry partners who had varied expertise in outdoor lighting
technology and markets including partners with expertise in communication networks, LED
technology, advanced controls, and sensing fields. Through these partnerships, the research
team was able to accelerate the iterative development of optimized system designs with
targeted product performance attributes. Major industry collaborators included Everlast
Lighting, Philips Lighting; Cree Inc./BetaLED; Leotek; Lumewave Inc./Echelon; and
LeGrand/WattStopper.
To address lighting design practice, the research team identified existing lighting standards and
emerging trends in order to ensure that products development as part of this effort could meet
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the performance goals required by end-users. A summary of domestic and international
outdoor lighting standards is provided below, followed by a description of development
activities conducted in partnership with outdoor lighting and controls manufacturers.
This combined approach was vital in the successful specification and development of outdoor
lighting products that could meet the performance and application demands for the nextgeneration of consumers.
Current Standards in Outdoor Roadway and Area Lighting
Industry sources, lighting standards and best practice guides indicate adaptive lighting is
increasing in use for outdoor parking and area applications. While most existing recommended
practices do not sufficiently address the use of adaptive controls in roadway applications,
industry efforts are underway to better understand the requirements and implications
associated with the use of adaptive controls for this application. As such, multiple stakeholder
groups are working on development of systems to meet the needs of the roadway market.
A range of sources have been reviewed for this report in order to assess current best practice for
roadway lighting and develop sector-appropriate, adaptive, control strategies. Reviewed
sources ranged from international 26 reports to specific city 27 guides. One reviewed report was
especially noteworthy for its compilation of additional relevant sources, even though with main
focus on overall highway lighting evaluation, the “Caltrans Division of Research and
Innovation (DRI), Highway Lighting Practices and Policies”; (CTC & Associates LLC, Revised
October 17, 2013). Other reviewed sources include state Department of Transportation agencies
(DOT of Colorado, Delaware, Florida, Illinois, Minnesota, NY State, Oregon, New Jersey,
Pennsylvania, Texas and Washington), NTCIP, TAC – “Guide for the Design of Roadway Lighting”,
2006, as well as several public research centers and associated research publications.

Control Strategies
Today, few installed outdoor lighting systems include advanced controls to adjust light output
to appropriate recommended levels based on sensed environmental conditions. Traditional
outdoor lighting design practice is limited to constant light output based on “worst case”
conditions. This approach often over-illuminates outdoor areas, which wastes energy by
providing maximum light output regardless of real-time requirements. In addition, lighting
tends to be overdesigned to account for future light losses over time. In contrast, real-time
lighting requirements are dependent on the state of the outdoor space, which can vary
significantly through the day and year.
Two major design approaches exist for characterization of roadway spaces and formulation of
adaptive control strategies: planning with a fixed goal in mind, or planning specifically for
adaptive parameters. In addition, a hybrid of these two approaches has emerged. Regardless of
CIE - 115, 2010, Lighting of Roads for Motor and Pedestrian Traffic;
NEEA, “Technology and Market Assessment of Networked Outdoor Lighting Controls;
E-street Project Report 05_157, Intelligent Road & Street lighting in Europe”; 2006-2008
26

27

City of San José, Public Streetlight Design Guide
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the design approach, appropriate sensors, transmission of signals and control hardware are
necessary and described in the “Networked Lighting Control Systems” and the “Environmental
Sensor” sections of this report.
Goal – Push – Outcome
The standard, lighting control system design approach considers light levels for the worst case
scenarios of an outdoor space. This approach is called the Goal-Push-Outcome approach. This
approach focuses on the desired outcome, which is a characterization based on how the outdoor
space should or needs to be used in the most extreme case. Typical Goal-Push-Outcome strategies
consider safety, environment, or other primary goals first, and then push lighting to achieve a
desired outcome.
Design for visibility and perception of safety
Visual performance can be achieved by designing for visibility (minimum of 0.05 fc for basic
visual orientation or above 0.2 fc for visibility coverage, Rea & Ouellette, 1991), or designing for
perception of safety (minimum of 1 fc, Leslie & Rodgers, 1996; Boyce et al. 2000). For roadway
lighting, the plan is to accurately design systems with increased safety as the primary driver.
This approach seeks to minimize vehicle crashes and pedestrian conflict issues at all times 28.
Curfew support
Lighting control systems may be utilized to support neighborhood, city or county dark sky
curfew ordinances. In some areas, dark sky compliance requires lighting controls to achieve set
goals. For example, Fairfax County, Virginia passed a zoning ordinance in 2003 that requires
nonresidential parking area light levels is lowered by at least 50%, no later than 30 minutes after
close of business. The ordnance also applies to sport field lighting 29. Lighting control systems
may be designed to deliver dark sky compliance, regardless of other lighting needs.
Crime analysis
Use of dynamically controlled light levels may support crime analysis and law enforcement.
Advanced control systems can facilitate light level adjustments, which can be compared to
crime rate statistics, and results used by law enforcement to improve public safety in outdoor
areas.
Input – Pull – Adapt
The second characterization approach controls light levels based on how the space is actually
being used, by pulling information from the immediate environment. This approach is called
Input – Pull – Adapt. Lighting control systems are designed to respond to environmental data
pulled from the environment, adapting light levels to meet the actual needs of the outdoor
illuminated space. This strategy considers and may include the following elements.
28More

information on these concepts and other general consideration for dynamic outdoor lighting are
detailed by the National Lighting Product Information Program (NLPIP)
http://www.lrc.rpi.edu/programs/nlpip/lightingAnswers/dynamicOutdoor/03-select.asp, 2010
Zoning Ordinance Sec. 32-250.200. Outdoor Lighting,
http://www.fairfaxcounty.gov/dpz/zoning/lightingbrochure.pdf

29
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Scheduling
Dusk-dawn controls via photocell or time clock, weekday versus weekend and seasonal
changes are important basic building blocks for any adaptive control system.
Occupancy
Area occupancy and density of pedestrians and/or vehicles can drive light level adaptation to
meet occupancy needs. Reducing light levels in “non-conflict” zones or areas that change
during the night to non-conflict zones due to lack of pedestrians may be most easily achieved
with adaptive lighting control systems.
Local weather
Weather such as precipitation, snow and fog can affect visual acuity and light level needs of an
outdoor space. Smog, smoke, sandstorms or other suspended particles need to be considered
with hysteresis (lag) control of input signals compared to the desired effect and correlated light
levels.
Monitor road conditions
Road conditions can be monitored, in some regards, through measurement of surface
reflectance. Increased reflectance may indicate wet surfaces, spills on the roadway or other
conditions that can cause the road surface to become more slippery and unsafe. In addition,
road construction can have significant effects on the road conditions, and construction
schedules may be programmed into a roadway lighting control system to deliver higher light
levels, when applicable.
Local Occupant Preferences
Local occupant preferences can be addressed with advanced, adaptive lighting control systems
and light levels can be locally adjusted to minimize any negative effects such as light trespass or
glare. This creates lighting zones customized to the needs of local occupants.
Data Analytics
Recent developments towards the “Internet of things” and “Smart City” communications to
monitor traffic related events in real time and collect data for large scale analysis are being
discussed in recent publications (Navigant) and the Industry seem to be pushing toward this
scenario (Qualcomm, Philips, Echelon, Google for, instance).
Hybrid Approach
In addition to the two different characterization groups previously outlined, with new
luminaire control systems, there exists a hybrid zone between the outcome-oriented and
adaptive-lighting strategies. This approach may utilize control systems that offer enhanced
features. Examples are provided below.
Tuning
Light level adjustments, utilizing trim values for lumen maintenance over the life time of the
luminaire can reduce over-designed light levels and accommodate light loss factors (LLF).
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Electricity Time-of-Use Scheduling
Scheduling, based on time-of-use rates, may become a reality for roadway lighting. Advanced
control systems will be necessary to accommodate these rate schedules. Scheduling can be done
with either a fixed imposed set of rules or related to automate demand response (ADR) events.
Advanced dimming profiles
Dimming profiles can support live events, emergency scenarios, and help prevent power
outages during periods of peak demand or reduced generation capacity.
Metering capabilities
Advanced lighting control systems can deliver high resolution metered data. Metering each
light pole individually may be a valuable feature in the wake of upcoming widespread use of
electric vehicles and deployment of necessary charging stations.

Technologies
A variety of lighting and controls technologies are available for use in development of a nextgeneration, adaptive, exterior lighting system. When multiple solutions are integrated into a
single control solution and combined with energy-efficient, dimmable luminaires, the full
energy-savings potential of these individual components is realized. In order to determine an
optimized suite of components, CLTC review many individual solutions available in the
commercial market. Each solution is described below, including justification for inclusion in
project research and development, where applicable.
Networked Lighting Control Systems
A networked, outdoor lighting control system consists of four primary components:
∞ Luminaire with control/communication node
∞ Environmental sensor(s)
∞ Communication gateway
∞ Central Management System (CMS)
Figure 40 shows the hardware involved in a networked lighting control system, from fixturelevel field devices back to the CMS. These systems can greatly reduce energy consumption
through automated, light-level adjustments based on the environmental conditions.
In a networked control system, environmental sensor data, meter data, and control commands
are passed among the components, often using radio frequency (RF) signals. The use of RF
communication may be the single most important development in the advance of outdoor
lighting control systems. Wireless, RF solutions can deliver increased and reliable amenity at a
lower cost than other control platforms. The following chapter outlines the individual hardware
and software components of an RF, networked, lighting control system, and provides several
specific product examples taken from the Lumewave RF control system product line. This
information is followed by sensor considerations, zoning considerations and commissioning
strategies. Specification documents for all hardware items are included in the appendix.
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Figure 40. Major components of a networked outdoor lighting control system

Source: CLTC

Commercialized exterior networked lighting control systems offer end users a number of
performance options, including a variety of communication platforms. The research team
surveyed available systems in late 2012 to inform a broad market characterization of the
technology.
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Table 11 allows for comparison of five of the control systems surveyed, with a cross-section of
critical criteria listed: control center protocol, control gateway protocol, frequency, maximum
nodes per gateway, gateway communication range, communication network topology, network
security, external sensor integration and metering accuracy.
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Table 11. Commercialized Networked Control Systems for Outdoor Lighting
Lumewave

Acuity ROAM

Ripley/Telensa

Control Center
WiFi/GSM/GPR
ADSL/GSM/GPRS
GSM or GPRS
Protocol
S/CDMA

Owlet

Philips
StarSense

ADSL/GSM
(3G)/GPRS

Ethernet

Control
Gateway
Protocol

802.15.4g
Custom

2.4
GHz/802.15.4

802.15.4g WiFi

802.15.4g
Zigbee/ModBus

802.15.4

Frequency

902-985 MHz

2.4 GHz

900 MHz

2.4 GHz

906-924 MHz

Max Nodes/
Gateway

Geography
dependent

2,000

10,000

150

4,000

2mW (400 ft.)
10mW (5,000 ft.)
50mW (2 miles)

50 meters

Gateway
Range

5-10 miles

1,000 ft.

1-2 mile urban
3-6 mile rural

Topology

Mesh

Mesh

Mesh

Mesh

Mesh

Security

128 bit

128 bit

128 bit

128 bit, VPN

128 bit

Integrates
External
Sensors into
Network

Yes

In Development

Yes

Yes

In Development

Metering
Accuracy

+/- 1%

+/- 2%

+/- 2%

+/- 2%

+/- 5%

Minimum performance requirements for current networked control systems were identified
using the results of the commercialized control system survey described above, as well as the
MSSLC “Model Specification for Networked Outdoor Lighting Control Systems” 30 and the NEEA
“Technology and Market Assessment of Networked Outdoor Lighting Control” 31 reports. Data from
this combination of sources served as a basis for the controls partner identification process.

MSSLC Lighting Control Task Force; PNNL-SA-102389; "Model Specification for Networked Outdoor
Lighting Control Systems, Version 2.0"; April 28, 2014
http://energy.gov/eere/ssl/model-specification-networked-outdoor-lighting-control-systems

30

Northwest Energy Efficiency Alliance (NEEA); Report #40265, “Technology and Market Assessment of
Networked Outdoor Lighting Controls"; June 30, 2011
http://www1.eere.energy.gov/buildings/ssl/news_detail.html?news_id=21566
31
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Based on a request from the Municipal Solid-state Street Light Consortium (MSSLC) that
utilities transition roadway and area lighting to a metered load, a limiting criterion for control
systems is the data reporting accuracy of the system. For utilities to consider data collected by
the control systems as ‘billable’, the data reporting accuracy must be+/- 2%, as defined by the
California Public Utility Commission (CPUC).
The second limiting criterion for this evaluation is the ability to integrate external occupancy
sensors into the control system, with the intention of using the additional environmental
information to identify periods of time when the applicable roadway or area is vacant. This
capability allows for additional energy savings during vacant periods. Systems that did not
allow for the integration of external occupancy sensors were not considered for the project.
Of the three systems that did allow for the integration of external occupancy sensors,
Lumewave provided the most accurate metering chip. For this reason the Lumewave system
was selected as a partner in the field evaluations.
Environmental Sensors
Many types of environmental sensors can utilized to make control decisions for outdoor
lighting. Occupancy sensors, in particular, are becoming an important part of many outdoor
lighting control strategies. Occupancy sensors, often called motion sensors when used in the
outdoor space, play a critical role in automatically adapting lighting to designated levels when
needed. These sensors detect occupancy using one of several methods, including roadway
induction loops, infrared (IR, passive IR and active IR), ultrasonic, microwave, camera and
dual- or multi- technology hybrids. Any electrical signal from a sensor is manipulated and
transferred via control circuitry to control the output level of the luminaire, to activate
associated groups of luminaires and send messages to the head end RF system.
Induction Loops
Induction loops work for detection of larger vehicles (car and bigger) but are not sufficient for
smaller vehicles such as motorcycles or bicycles. Induction loop sensors will not detect
pedestrians. In roadway applications, they could be used for a dual or multi-hybrid occupancy
sensor approach where high percentage of larger vehicles is expected.
Ultrasonic Sensors
Although more sensitive than PIR and able to sense around objects, ultrasonic (US) is typically
not used in outdoor applications because they can be falsely triggered by various acoustical
sources. In addition, Ultrasonic sensors are not appropriate for outdoor applications because
often the required area of coverage is much larger than the sensor can accommodate to sense
and outdoor spaces often lack walls or other enclosures to reflect a sonic signal.
Infrared sensors
Infrared (IR) sensors identify movement by detecting differences in infrared radiation using a
pyro electric sensor chip. An Active Infrared (AIR) sensor uses an infrared source that reflects of
the detection area or creates a trigger barrier to a second, remote sensor, for instance mounted
on a second pole. Passive Infrared (PIR) sensors are single or multi-pyro chip sensors and they
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detect motion through the additional use of a collimator multi-facet Fresnel lens (or a set of
lenses) that directs energy toward the sensor from a wide field of view. These PIR sensors are
reading the emitted infrared radiation from the source itself. Most commercial PIR sensors are
calibrated to detect human body heat, with the pyro electric element creating a voltage signal
when triggered by a change of the calibrated temperature range. The plastic lens protects the
sensor from weather influences, and provides optical focus to the infrared radiation. The
segments of the Fresnel lens create distinct radial zones of detection, resulting in a
discontinuous field of view. When the infrared signature of an occupant crosses from one lens
segment to the next, the PIR sensor detects occupancy. All IR-sensors are restricted to line-ofsight detection only; they cannot function if an obstruction between the sensor and occupant is
present.
Figure 41: RF-system field devices - PIR sensor

Left: WattStopper FS-305-LU with mounting hardware and lenses (L3W, white and L4W, grey)
Right: PIR coverage pattern overview for different interchangeable lenses
Source: CLTC, WattStopper

Most commonly, PIR sensors are used in outdoor and parking structure applications. They are
generally a favored approach because of simple operation and installation, low cost per unit
and relatively low power requirement.
Microwave sensors
Microwave-based occupancy sensors emit a low-power standing wave into the coverage area
and detect changes in the reflection pattern caused by motion. The signal bandwidth for
commercial microwave sensors ranges from 5.8 GHz (C-band) over 10.5GHz (X-band) to 26.5
GHz (K-band). In the past years MW-sensors have been used in indoor scenarios as standalone
sensors 32 or as hybrid in combination with a PIR sensor 33.
32

For instance the WattStopper Legrand, FM-105, 5.8GHz occupancy sensor

33

For instance the Optex, DX-Series, DX-40-FA77EW
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Lumewave Inc., which was acquired by Echelon in 2014, recently developed exterior rated MWsensors (X-band) for the American market that are advertised to significantly increase the
detection range for vehicular and pedestrian traffic. Figure 42 shows the range of a
commercially used PIR sensor (in grey) compared to the advertised sensing range of the
Lumewave microwave sensor MWX-180 for four types of occupants such as pedestrians,
motorcycles, cars and large vehicles like trucks or buses.
Figure 42: Advertised MWX sensor detection range based on occupant type, range in feet

Source: Lumewave

Depending on the type of microwave sensor used, either one direction or both directions along
a roadway can be covered. In the past, if the feature was available, sensors had to be adjusted
for range and sensitivity with physical dial potentiometers of dip-switches, making the
commissioning process cumbersome, time intensive and costly. The newly developed
Lumewave MW-sensor utilizes Bluetooth-4.0 technology to remotely configure settings wireless
over distance. Detection range and selective activation of the sensing side of the sensor can be
done with a Bluetooth enabled device, for instance via appropriate smartphone and application
software (Figure 43, minimum requirements: Bluetooth 4.0, iOS 7.1+).
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Figure 43: Lumewave - early Bluetooth user interface example

Source: Lumewave

Camera (video)
Several manufacturers 34 recently began exploring camera-based occupancy sensors. These
devices capture multiple images of the coverage area per second, and can distinguish and detect
various occupant classes using complex algorithms. Potential advantages include reduction of
false positives from objects such as branches, pole sway or other elements in the field of view.
Further, these sensors have the ability to digitally mask and eliminate sections of the camera’s
field of view from the sensing area and therefore enabling refined coverage patterns and
specifically selected detection areas, for instance the edges of a specific walkway.
Several systems are in development for pathway and parking applications, yet no large scale
video systems specific for roadway lighting have been identified. Ongoing industry efforts are
being monitored closely by the CLTC with the goal to utilize advancing sensor technology with
reasonable price points for more reliable sensing capabilities and resulting optimized adaptive
lighting use.

Project Outcomes
During the early stages of this research, multi-step LED drivers and bi-level ballasts were an
emerging technology in the exterior luminaire market. As such, early research focused on
development of bi-level induction and LED luminaires with fixture-integrated occupancy and
photosensors. Such solutions provided a relatively simple, adaptive outdoor lighting solution
with localized light-level control. As wireless communication and control technology became
more readily available for applications-based development, research transitioned from local,
single-luminaire control solutions, to zones of controls and advanced control designs enabled
by networked control systems. Project outcomes for all levels of research, development and
demonstration (RD&D) are provided below.
34

Steinel HPD1 Human Presence Detection; Philips Lumimotion; Lighting Science Group; Totus;
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Environmental Sensors for Outdoor Applications
Regardless of the control platform, research on development and application of improved
environmental sensors for the outdoor environment was completed to compliment solutions
and provide maximum control system coverage and performance. The research team worked
with a variety of sensor types including passive infrared (PIR) and microwave occupancy
sensors.
PIR Motion Sensors
Coverage patterns for PIR sensors presents a series of fan-shaped coverage cone zones; common
patterns are based on 180 to 270 degree truncated detection cones or 360 degree cones. These
sensors are more sensitive to lateral motion (across zones) than to central motion (to and from
the sensor). Small gaps between the coverage zones become wider as the distance from the
sensor increases, diminishing the sensitivity to motion with increased distance. Market
available exterior PIR sensors are sensitive to full body movement up to about 50 feet and hand
movement up to about 25 feet under ideal conditions. Latest models ate rated for a maximum of
60 under ideal conditions.
The coverage pattern is affected by the mounting height (typically 8 to 40 feet for PIR sensors).
For this reason, it is important to consider the maximum mounting height for the sensors. For
example, a given PIR sensor mounted at eight feet may provide a relative large coverage up to
50 feet with a shallow cone angle, while another sensor mounted at 40 ft. will need a steeper
cone angle through the Fresnel lens to accommodate for the maximum major motion detection
range. Some sensors are not capable of exchanging the lens optics or adjusting the detection
angle, which limits usability in certain applications. Knowledge about these limitations is
extremely important when planning a site installation to insure proper occupancy detection.
The coverage pattern is also related to pole spacing. Ideally, it will closely match the light
distribution pattern of the luminaire to avoid significant coverage gaps between luminaires. In
street and roadway lighting this is an important and limiting factor for standalone PIR sensor
use without the use of additional intelligent control strategies through the RF system.
PIR sensors require a clear line of sight for detection, which provides the ability to restrict the
field of view if required by the application, but also pose challenges. In exterior applications,
sensitivity is limited not only by the relative short detection distance on larger poles, but
structural, utility, natural elements, or large parked vehicles can block the line of sight on a
permanent (predictable) or transitory (unpredictable) basis to not be able to sense occupants. All
these factors require knowledgeable planners and careful design.
To confirm PIR sensor usability in a roadway application, researchers conducted applicationbased testing to determine if PIR sensors would be function appropriately in roadway
applications. Researchers selected the FS-305 with an L4W lens from WattStopper, which, at the
time, offered the most appropriate claimed performance for roadway applications.
Researchers created a four-foot by four-foot grid in a commercial parking lot to correspond to a
quarter of the anticipated sensor’s coverage range of 25 ft. radius (see Figure 44). The sensor
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was mounted on a six-foot tenon at a height of 28 feet to duplicate conditions at the
demonstration roadway site.
Figure 44: WattStopper Coverage Pattern of L4W Lens (left);
sensor test scenario at 28 ft. away from grade (right)

Source: Wattstopper, CLTC

The grid, shown in , was created to define the space and divide it into zones that correspond
with similar roadway settings at possible demonstration sites. The symbol in cell A2 of the test
grid diagram in ( ), represents the location of the sensor. The sensor remained in the same
location for each occupancy detection test. Test zones, each four feet wide, are designated by
letters in the diagram presented in , and in Figure 47 to Slower automobile speeds correlated to
greater detection distances, with a velocity of 20 mph being detected in zone C, a velocity of 25
mph being detected in zone B and velocities of 30 mph being detected in zone A.
Figure 50. Lanes 1, 2 and 5 are representing Sidewalk and Bicycle lanes, were four feet wide.
Lanes 3 and 4, which represent vehicular traffic lanes, were each eight feet wide.
Figure 45: Occupancy Sensor Test Grid (Left) and Test Grid Diagram (Right)
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Source: CLTC

The FS-305 sensor with L4W lens was configured to operate on the Lumewave network
established for the test bed. The Lumestar software was used to track occupancy triggers for
four types of occupants: pedestrians, bicyclists, motorcyclists, and automobile traffic, as shown
in Figure 46.
Figure 46: Occupancy sensor tests in response to four occupant type

Source: CLTC

For each occupant type and zone location, 20 passes through the grid were conducted at typical
velocities. Testing took place between 8:30 p.m. and 11:00 p.m. in February 2013. The ambient
temperature ranged from 56 degrees Fahrenheit to 63 degrees Fahrenheit over the course of the
testing period.
Pedestrian detection validation was conducted in Lane 1 of the grid to simulate occupancy on
the sidewalk at the demonstration site. The pedestrian occupant walked through the space 20
times with a stride of approximately three feet, approaching the sensor from Zone H and
moving towards Zone A (see Figure 47). The occupant was dressed in a long-sleeved sweatshirt,
long pants and tennis shoes. For the first 10 tests, the occupant had no head covering. The
occupant wore a sweatshirt hood for the second 10 tests. The occupant was detected 100 percent
of the time. The distribution of detection points for these tests can be seen in Figure 47.
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Figure 47: Detection Results for Pedestrian Occupant

Source: CLTC

65 percent of the pedestrian triggers occurred in grid cell E1, between 16 and 20 feet from the
sensor. Manufacturer claims cite a detection distance of approximately 23 feet at this mounting
height in indoor high bay applications for pedestrian detection.
Validation of bicyclist detection was conducted in Zones 2 and 5 to simulate occupancy in bike
lanes on either side of the street as designated for the demonstration project. Due to test bed
restrictions, the test subject rode the bicycle in the same direction, approaching the sensor from
Zone H and moving towards Zone A (see Figure 48) to allow for typical velocities:
Figure 48: Detection Results for Bicycle Occupant

Source: CLTC

The bicyclist traveled 20 times through each lane, dressed in a long-sleeved sweatshirt, long
pants and tennis shoes. For the first 10 tests the occupant had no head covering. The occupant
wore a hood for the second 10 tests. The cyclist was detected 100 percent of the time. Detection
occurred after the occupant had passed the sensor in approximately 25 percent of the tests in
zone 2; these detection points fall in Zones -A and -B (see Figure 48).
Motorcyclist detection validation was conducted in Lane 3 and Lane 4 to simulate occupancy in
each direction along traffic lanes. The motorcyclist rode through each lane 20 times at 20–25
miles per hour, approaching the sensor from Zone E and moving towards Zone A in Lane 4 and
approaching the sensor from Zone -E, moving towards Zone -A, in Lane 3. The occupant was
dressed in a long-sleeved safety jacket, long pants, gloves, boots, and a motorcycle helmet. The
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motorcyclist was detected 100% of the time. Figure 49, shows the distribution of detection
points for these tests.
Figure 49: Detection Results for Motorcyclist Occupant

Source: CLTC

Automobile detection validation was conducted in Lanes 3 and 4. Due to space constraints in
the area approaching the test grid, the vehicle had to be driven in the same direction in each
lane, approaching the sensor from Zone H, and moving towards Zone A. This variation from
actual traffic patterns was necessary to maintain safety precautions while still allowing for
detection testing at the same distance from the sensor. The vehicle was driven 20 times through
each lane at 20–30 mph. The test vehicle was a convertible, allowing for 10 tests in each lane to
be conducted with the roof up and 10 tests conducted with the roof down. The vehicle was
detected 100% of the time; the distribution of detection points is shown in Figure 50.
Slower automobile speeds correlated to greater detection distances, with a velocity of 20 mph
being detected in zone C, a velocity of 25 mph being detected in zone B and velocities of 30 mph
being detected in zone A.
Figure 50: Detection Results for Automobile Occupant

Source: CLTC

Additional occupancy sensor inputs were evaluated for possible integration. A market survey
of readily available occupancy sensing technologies in early 2012 revealed a variety of detection
technologies being used in the traffic sector 35. These include road tube (surface mount),
35

For instance through the U.S.DoT “Freeway Management & Operations Handbook” (Sept.2003)
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induction loops (surface mount and embedded), laser scanner, image-based, active infrared,
LED, vehicle magnetic imaging/infrared combination, passive acoustic and Doppler
radar/microwave as well as ultrasound/passive infrared/radar combination sensors.
Almost none of above mentioned technologies reviewed in 2012 were market ready solutions
specifically for integration with outdoor lighting in area and roadway applications.
In addition to occupancy sensing solutions, sensing technologies for environmental conditions
were reviewed for market readiness. Planning also began for potential control collaborators for
both radio weather mapping and in situ sensors. Main efforts were directed towards a new long
range Microwave sensor development in cooperation with Lumewave Inc.
Microwave Sensors
Microwave sensors are still a rare technology for widespread adoption in area, street and
roadway applications. So far no dedicated test procedures have been identified and the WD72011 test procedure seems to be insufficient for this new sensor group. These sensors are more
sensitive to central motion (to and from the sensor) than to lateral motion (across zones) and are
expected to work well for normal street and roadway applications. CLTC investigated in new
procedures and test methods, based on WD7 and other roadway related sensor guides 36, to
confirm the claims of the sensor manufacturer Lumewave regarding long range sensing
functionality and reliability of the MWX sensor family.
Based on the PIR sensor test evaluation method previously described, a preliminary test was
commenced on a set of 27 Lumewave/Echelon microwave sensors of type MWX-180U, 3rd
generation. The preliminary test goal was to confirm general function of the sensor in regards to
the Bluetooth commissioning smartphone application; the three different detection ranges (low,
medium and high gain setting); and actual detection of various occupants such as pedestrians,
bicyclists and motorized vehicles. The test bed was located at the CLTC facilities in Davis, CA,
as seen in Figure 51 and Figure 52.
Figure 51: Test bed area – street view

Source: CLTC

MSSLC-“Model Specification for Adaptive Control and Remote Monitoring of LED Roadway
Luminaires”
36
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The top view in Google maps was used to outline the test bed area and to markup location of
sensor and maximum detection range based on the test area size. The top view is oriented with
the CLTC building in the north and the test area stretching from west to east. The test team
ensured to exclusively note sensor triggers based on the test occupant within the controlled area
and disregard any other unwanted or uncontrolled occupant triggers.
Figure 52: Test bed area - aerial view

Source: CLTC

As done previously with the PIR sensor evaluation, a scissor lift was used to bring each of the
MWX sensors to a height of 28ft above grade, with the active sensor array facing down the test
area towards west. For each sensor test the secondary sensor array facing the east was
deactivated for the test procedure via the Bluetooth commissioning smartphone application.
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Figure 53: Figure 15: 3rd generation MWX sensor mounted to scissor lift

Source: CLTC

The test setting plan is based on the U.S. DoT “Freeway Management & Operations Handbook”,
Section 15.2.6.3 "Microwave Radar" 37 best practice detection methodology.
Figure 54: Section 15.2.6.3, Microwave Radar

Source: U.S. Department of Transportation, “Freeway Management & Operations Handbook”

US.DOT “Freeway Management & Operations Handbook”, FHWA-OP-04-003 (Sept.2003), Section
15.2.6.3 "Microwave Radar";
http://ops.fhwa.dot.gov/freewaymgmt/publications/frwy_mgmt_handbook/chapter15_01.htm
37
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The schematic view of a newer revision of the 2003 handbook from the Federal Highway
Administration (FHWA) web page shows specifics of typical parameters to encounter when
working with Microwave Radar in occupancy controlled environments, such as angle of
incident and related range. Based on the DoT Handbook the test setting was planned in CAD
and commenced the angle of incident was 74 degrees, or 16 degrees elevation.
Figure 55: Microwave Radar

Source: U.S. DOT, Publication# FHWA-HRT-06-139, Figure 5-64 38

Figure 56: Test site dimensions (feet); live view at 28’

Source: CLTC

38

http://www.fhwa.dot.gov/publications/research/operations/its/06139/chapt5d.cfm
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A one-time test with a pedestrian and vehicle (car, two-door convertible) was commenced and
photos were collected with view from the sensor pole location towards the occupant, and out of
the occupants view towards the sensor. The results for this one-time test can be seen in Figure
57 and Figure 58. Trigger range values from this test were not used in the sensor analysis since
the car for the main test was changed to a different type and model (four door sedan).
Figure 57: one-time test with pedestrian

Source: CLTC

Figure 58: one-time test with car, two-door convertible

Source: CLTC
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Sensor testing was commenced with following specifications and parameters:
∞ All sensors have a dedicated 32-digit identifier code assigned, that can be read out via
the Bluetooth application software. These identifiers have been noted in correlation with
the trigger distances for repeatability and troubleshooting purposes.
∞ All tested sensor triggers were collected for the two occupants with their assigned
speeds of approximately ~2mph for pedestrian and ~15 mph for the car.
∞ Six selected sensors were tested with pedestrian and vehicle occupants on both sensing
arrays “A” and “B”, for detection range setting “LOW” gain.
∞ All 27 sensors were tested with pedestrian and vehicle occupants, on both sensing arrays
“A” and “B”, for detection range setting “MED” gain.
∞ Six selected sensors were tested with pedestrian and vehicle occupants, on both sensing
arrays “A” and “B”, for detection range setting “HIGH” gain.
The results were collected and analyzed in Excel as seen in Figure 59. The two graphs are for the
distinction between array “A” and array “B”. Only few outliers are responsible for out of the
ordinary low Min and large Max values; the red trend line is roughly based on the calculated
average of all measurements. Sensor trigger for all sensors had a 100 percent trigger rate with
no misses or false triggers. Two additional sensors provided by Lumewave each had issues with
one of the two arrays not functioning at all; these two sensors are scheduled for RMA
processing to receive replacement units.
It is noteworthy to point out that the test bed area at the CLTC facilities had a maximum range
of 140 ft., and the sensor detection for the “HIGH” gain basically triggered when the car came
around the South-West building corner. The results and associated trend line are expected to
change to higher Max values for the “HIGH” gain, based on longer distance testing in a
secondary controlled test bed with a straight range of beyond 300 ft.
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Figure 59. MWX test analysis, Min-Average-Max, Trend

Source: CLTC

Coverage pattern, field of view, sensitivity
Occupancy sensors cover an area that is determined by the sensors field of view and range,
resulting in a specific coverage pattern per sensor type and model. The coverage pattern
indicates its range (in feet or meter) and coverage area (in square feet or square meter). There
are many different coverage sizes and shapes for available sensors depending on the specific
sensor technology. The coverage pattern may indicate only the maximum range and coverage
area for major motions (full body movement) and rarely minor motion (hand movement)
according to NEMA-WD7-2000 and WD7-2011 39. The published rating is typically based on the
specific sensor’s maximum sensitivity setting under ideal situations advertised by the
manufacturer unless otherwise stated. Details based on occupancy sensor type PIR and
Microwave are described below.
Zoning
Zonal planning is a critical part of a control solution 40. A control zone is a lighting load assigned
to a single lighting controller or control strategy area. In the design process, control zones are
captured on a control zone plan, which visually maps loads to control devices on lighting plans
(Figure 60).

39

NEMA Guide Publication, Wiring Division, WD7-2000 and WD7-2011

40

PNNL-22695, DoE-EERE, “Exterior Lighting Control Guidance”, August 2013
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Figure 60: 2D-plan control zone plan

Source: City of Davis, CA

It is imperative to understand the sensing range of the used sensors and build an adaptive
control strategy based on the found results. Scaled 2D maps and CAD modelling can help to
anticipate sensor coverage range and possible areas of conflict or blind spots combined with
careful inspection(s) at the actual site. Figure 61 and Figure 62 show the detection range of
the WattStopper FS-305 with an L4W lens. Both pictures make clear to use 3D modelling with
precaution.
Figure 61: 3D CAD mockup of poles and PIR-sensor coverage cones along a roadway

Source: CLTC

Figure 62: CAD model top view, actual PIR-sensor coverage (25ft radius)

Source: CLTC
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While Figure 61 suggests the sensing cones overlap, Figure 62 shows clearly large gaps in the
coverage based on the pole spacing. For PIR sensors in such an application the DOT
functionality of the Lumestar system is mandatory to implement an adaptive control strategy
for all anticipated occupants from pedestrian up to fast moving vehicles.
Using the confirmed detection ranges for the MWX sensor in the same roadway application
model shows promising CAD results. The sensor detection reach is much further. For the LOW
gain setting the sensor detection ranges from two poles touch each other. The MED and HIGH
gain setting indicate the sensor detection range is overlapping.
Figure 63: MWX-sensor detection coverage for LOW (top), MED and HIGH (bottom) gain setting

Source: CLTC

Because of the overlap, with these settings it seems plausible to not need the DOT settings via
the Lumewave system. This will be especially valuable for applications where RF network
integration is deemed too expensive and the Microwave sensor could still be used for adaptive
lighting with reliable occupant detection along a roadway.
System Commissioning
As lighting control systems become increasingly sophisticated, commissioning takes on greater
importance to ensure that systems satisfy owner needs and the design intent. Commissioning is
a quality-oriented process for achieving, verifying, and documenting that the performance of
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systems and assemblies meet defined objectives and criteria. The ASHRAE Guideline 0-2005
“The Commissioning Process” outlines the process for building control systems. It can be used
as a general best practice for outdoor controls by adapting the four main phases of Pre-design,
Design, Construction and Occupancy/Operations to the specifics of outdoor installations. The
design guide DG-29-11, “The Commissioning Process Applied to Lighting and Control
Systems” was developed by the IESNA and should be considered a supplement to the ASHRAE
guideline 0-2005.
As an example, the commissioning procedure outlined below is the final step to integrate
system hardware, such as RF nodes and sensors, with the networked control software. For
example, at the time of this commissioning process evaluation, Lumewave offered three ways to
execute commissioning, with each appropriate for different installation situations.
All three commissioning procedures rely on LumeStar software, provided by Lumewave,
connected to the radio frequency network. This software allows the user to upload an existing
pole identification database, or to create a new database during the process if necessary. The
three options for commissioning are outlined below, with observed advantages and
disadvantages noted for each.
Option 1: Direct connect
the direct connect option uses a USB cable to connect the TOP900 module to the personal
computer (PC) hosting the Lumewave software. The pole designated for this node’s
deployment is selected or created in the pole identification database, and the node is
commissioned following the set of on-screen instructions. The module is then placed back in its
box for storage until deployment.
This method provides a quick data transfer rate, especially relevant during firmware updates,
and the modules are fully operational with the schedule when deployed. One drawback is the
team has to handle units more often; this can become especially tedious on large deployments.
Increased handling also increases the chances of modules being mislabeled, commissioned
incorrectly or damaged during storage.
Option 2: Scan and install later at site
Scan and install commissioning occurs through the radio frequency network. The node boxes
are equipped with a serial number, which is scanned with a provided barcode scanner. This can
be done without unpacking the unit from the box. The box is then marked with the pole
identification number that it was commissioned to control and stored until deployment.
The scan and install option allows for faster handling than is possible with the direct connect
option, but the data transfer rate is slower - a factor which is especially relevant for firmware
upgrades. Increased handling also increases chances of modules being mislabeled,
commissioned incorrectly or damaged during storage. Commissioning does not take effect until
the TOP900 control modules are connected to the radio frequency network and receive
operating commands, resulting in a loss of functionality and energy savings in the interim.
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Option 3: Install at site and scan later
Install and scan commissioning also occurs through the radio frequency network. The serial
number stickers are removed from the module boxes at the time of deployment and placed on
the pole identification sheet beside the pole ID where the unit was deployed. The sheet is given
to the system administrator after the modules are deployed, and the stickers are scanned into
the radio frequency network database.
This option allows for faster handling than the direct connect option, but provides a slower data
transfer rate than direct connect, especially important for firmware upgrades. There is a risk
that stickers might be placed incorrectly on the pole identification allocation sheet, and the
allocation sheet could be lost or damaged. Commissioning does not take effect until the TOP900
control modules are connected to the radio frequency network and receive operating
commands, resulting in a loss of functionality and energy savings in the interim.

Bi-level Luminaires: Induction Roadway and Area luminaire
Facility management of two universities approached CLTC with requests for specification and
customization help with their campus lighting and to investigate feasibility of bi-level control
integration with existing luminaires. The Everlast Smart Light Cobra head (ECHUS-EC-…custom) is an induction luminaire with dedicated optics and refined distribution pattern. The
outside shell is entirely made of a lightweight plastic housing; the bottom section is mounted to
an internal, rigid cast metal base that is used to mount to the pole tenon and carries all heavy
loads items such as ballast, wiring, reflector and light source.
Figure 64: Luminaire before customization; Bi-level ballast specifics and wiring diagram

Source CLTC

This luminaire included a bi-level ballast and photocell receptacle as standard options; it was
possible to outfit the fixture with a motion sensor and RF control module with minimal effort.
The sensor required a 1-1/8” hole in the bottom housing for mounting. Positioning was crucial
to match physical size of the sensor to the base cast pocket. Initially an EMB-900 internal RF
node was strapped inside the housing to the base metal cast.
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Figure 65: Preparing sensor installation; EMB-900 RF node installation inside of housing

Source CLTC

Details of the customization procedure have been shared with the manufacturer to enable
production design of future luminaires to include markings where to drill or have knock out
sections for easier sensor and node integration. Biggest issue for widespread adoption is the
ballast programmed five minute timeout to step back to low mode. To gain higher energy
savings, a time out of one minute would be ideal.
Figure 66: Everlast Cobra-head luminaire after customization with wireless networked controls

Source: CLTC
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Figure 67: Everlast Cobra-head in dark color with RF-node attached to top lid of housing

Source: CLTC

Bi-Level LED Area lighting
Researchers partnered with Gardco Lighting to retrofit one of their “shoe-box” style area
luminaire models “Form 10” 41 for bi-level, occupancy-based control. In the past, the same
fixture type was offered with a metal halide lamp and matching reflector. The new version was
outfitted by the manufacturer with a flat LED engine board with dedicated optics per LED die
and a bi-level driver kit, but it needed an occupancy sensor integration to utilize the bi-level
control capability. After a brief hands-on meeting, a matching sensor was identified for use with
the new LED prototype.
Figure 68: Fixture mounting arm before customization and FS-305 PIR occupancy sensor

Source: CLTC

A CAD model was developed to plan the necessary milling operation and to virtually confirm
clearance of the sensor and mounting bolts for later assembly. The assembled prototype was

41

Form 10, Model# EH-14-LD-370-LAN-W-UNIV-NP-SPR
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successfully tested for bi-level functionality and handed back to the Gardco team for production
run evaluation.
Figure 69: CAD model for sensor installation; technical drawing; actual milled piece with hardware

Source: CLTC

Figure 70: Installed sensor and test of bi-level function at CLTC

Source: CLTC

Networked Lighting Control Systems
CLTC examined several commercial networked lighting controls systems for inclusion in this
project, selecting a system by Lumewave, for further research and development. The
Lumewave system consists of a gateway and TOP900-TL wireless luminaire control modules;
these are designed to receive and relay input from motion sensors along an RF mesh network
controlled by LumeStar software.
At the time of the development work, Lumewave listed the following features for its system:
∞ IEEE 802.15.4 customized protocol stack
∞ Self-healing mesh network with repeater functions, 5 hops
∞ RF system specs: 900 MHz band spectrum
∞ Less crowded bandwidth
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∞ Partial propagation through solid objects
∞ 128 bit AES encryption
∞ Precise power metering within +/- 1%
∞ Basic ON / OFF operation with photo sensor capabilities
∞ Dimming controls, 0–10 V, bi-level, tri-level, multi-level with 1% steps
∞ Dusk till dawn feature based on pre-selected astronomical clock location
∞ GPS-based mapping of managed luminaires via Google Earth
∞ Scheduled maintenance reports, failure detection, energy and data logging
∞ Remote monitoring and control is possible via VPN-access
∞ Customer-hosted network software is possible with no recurring charge
∞ Lumen maintenance dimming available
∞ Additional sensor inputs are available for more sophisticated test settings
Control/Communication Nodes, Socket, Node Variations
Each individual light point communicates with the network through a control/communication
node, which is often mounted to the top of the luminaire, much like a photo sensor. Control
signals are transmitted among network devices via these nodes.
The integration of a control system with a luminaire is unique for each application and specific
to each luminaire/control combination. Most commercialized controls in the recent past were
based on a standardized platform specified by ANSI C136.10-2006, “American National Standard
for Roadway Lighting Equipment – Locking-Type Photo control Devices and Mating Receptacle Physical
and Electrical Interchangeability and Testing.” Up to 2014, control and luminaire manufacturers
provided necessary parts for integration per this standard.
The units shown in Figure 71 are offered by Lumewave. These components have connections on
the under-side of the node with three power connectors in the center to match the ANSI C136.10
twist lock socket. The units shown include a medium density neoprene ring that acts as barrier
to achieve an ingress protection IP66 rating. Each node typically has a unique address on the
network. The bar code sticker contains the specific associated number for the node, and can be
used for dedicated and easy commissioning via hand held scanners.
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Figure 71: RF-system nodes – TOP900-TN (left) and TL (middle).

Source: Lumewave, CLTC

In early 2014, NEMA published ANSI C136.41-2013, “American National Standard for Roadway
and Area Lighting Equipment – Dimming Control between an External Locking Type Photo control and
Ballast or Driver.” These new receptacles (Figure 72), with up to four additional low voltage
control wires, are now an industry standard item. RF-system manufacturers including
Lumewave are currently updating their nodes to use the sockets. The latest revision of the
MSSLC Model Specification for LED Roadway Luminaires (Version 2.0, July 2014) includes the
use of C136.41-2013 in their specification method tables.
Figure 72: ANSI C136.41-2013 socket with 3+2 or 3+4 connections

Source: TE connectors 42

42

TE document ENG_DS_1-1773278-9R5
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Other significant features of the Lumewave wireless control and communication modules are
∞ Power control to fixture and interfaces, On/Off control: 1000W/1000VA @ 100-277VAC,
50/60Hz
∞ 345J MOV surge protection (according to IEEE / ANSI C62.41.2 guidelines)
∞ Wireless standard IEEE 802.15.4, 902-928 MHz, +24dbm, FCC certified
Star-Mesh repeater hybrid
∞ 1 mile line of sight (LOS) from node to node, longer range from gateway to node
∞ Operating Temperature: -40C to +70C (Exceeds ANSI 136.10)
∞ Low power consumption, below 1W per node
∞ Revenue Grade Power Metering at < 2% accuracy
∞ Measure and records active power, RMS volt, RMS current, apparent power, power
factor
∞ Data logger to capture all output transitions including diming output levels
Nodes may also be installed inside of a luminaire or enclosure. In this case, antennas mounted
on the outside of the enclosure and connected via a length of suitable cable to the internal node
are used to maintain communication signal strength and range. Lumewave offers the EMB900,
shown in Figure 73, for this application. It has virtually the same features as the TOP900 except
for the photocell and IP rating. The antenna is attached via a calculated length shielded wire to
conduct the signal out of the enclosure and not affect the communication range.
Figure 73: RF-system field device - EMB900 schematic (left) and relative size (right)

Source: Lumewave (left), CLTC (right)

Networked systems often also include remote transmitters that send sensor or other control
signals to luminaires or the head-end software, but do not control luminaires directly.
Depending on the control strategy, transmitters may also evoke changes of the associated
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fixtures in the group or network level. Lumewave offers the EMB901 transmitter for this
purpose, which is a small radio unit that can be used as a supplement to transmit a range of
sensor inputs. Figure 5A shows the schematic of the EMB901 as CAD model (black box and
antenna), in this case with a WattStopper EW-205-LU PIR sensor attached on the front of an
aluminum channel combined to a standalone occupancy sensor. Other sensors could be utilized
with this remote transmitter solution.
Figure 74: Figure 37A: EMB-901 CAD plan (left) and developed physical sample (right)

Source: CLTC

Network Gateways and Antenna
A gateway is a device designed for interfacing between two communication networks that use
different protocols, and, at a minimum, serves as the interface between one or more nodes and a
Central Management System (CMS) 43. In the case of the Lumewave RF-system, antenna and
gateways are necessary to transmit the signals among nodes to request and report energy data,
update schedules or process maintenance alerts. Optimized cellular gateway communications
for remote locations are often available on request, but trigger recurring costs associated with
the cellular contract.
As an example, Lumewave provides a third party RF gateway (Figure 75A, B), which is
available as Ethernet version (Type MGE) to be attached to a local network or as USB version
(Type MGU) to directly attach to a personal computer. The kit has a standard antenna included
for short range communications (<100mW output) within one mile line of sight (LOS). For long
range communication needs, a high gain antenna can be ordered and used with the same
gateway (Figure 75C). All radio wave emitting items are FCC approved and rated safe for
normal use.

43

IES TM-23-11 and the MSSLC Model Specification for Networked Outdoor Lighting Control Systems
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Figure 75A: USB Gateway kit

B: Ethernet, low gain antenna

C: high gain antenna on mast

Source: CLTC

Central Management System
CMS allow the user to identify network devices, control the devices and administer the system.
Software gives users the ability to choose group assignments, control profiles and event
schedules. Adjustment of photocell thresholds, additional time of day functions, scheduling of
performance, failure reports, and work order notifications can be set up and managed.
Network, group or device level overrides are commanded through the software and gateway(s).
For some systems, the CMS also manages and stores system data, and can often provide
visualization tools to assess electricity use, understand occupancy patterns, and trouble shoot
maintenance issues. For example, captured accumulated energy data can be shown as bar
graphs per site or group level. This data can be used to understand the energy impacts of
changing schedule or timeout settings. More details are available per single node. For instance
energy use can be visualized in relation to occupancy triggers per fixture or pole (Error!
Reference source not found.). This way occupancy rates can be monitored and schedules can
be adjusted optimized to the volume and frequency of expected occupants. Mapping functions
are available to correlate pole GPS coordinates into a map to direct service personnel to
luminaires with service requests. Drag and drop functions to re-locate pole locations are
included.
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Figure 76: Energy logging and occupancy logging functions

Source: CLTC

Figure 77: Figure 39: Energy logging & occupancy logging functions

Source: CLTC
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Figure 78: Mapping of poles vie Google Maps for easy allocation and maintenance alerts

Source: CLTC, UC Davis

Figure 79 shows a screenshot of the LumeStar user interface (also called CMS software) offered
by Lumewave. The home screen is split into four main quadrants:

•
•
•
•

Top Left = Control tree with network site, groups and single devices
Top Right = Information for network/group or device selected
Bottom Left = profiles and schedules
Bottom Right = Information on selected schedule
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Figure 79: Lumestar software user interface, version 4.136

Source: Lumewave

Network System Communication Range Test
To confirm the basic communication functions of the Lumewave RF system, researchers
conducted a “line-of-sight” (LOS) test between one node and one gateway. Test results showed
that with no objects interfering, the system equipped with a normal gain antenna communicates
effectively for over half a mile between one node and the gateway. Under normal
circumstances, installations are expected to have a pole spacing less than this distance. The
mesh network hop communication allows for vast range extension at ideal conditions. As
additional control systems develop to meet the minimum requirements set forth by the system
definition, this communication limitation test is recommended for each. Figure 80 shows the
LOS-test bed in Davis, California.
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Figure 80: Line-of-Sight Communication Test Bed

Source: CLTC

Researchers also collaborated with Lumewave and the UC Davis Utilities Unit to confirm
network coverage in a campus application. Temporary antennae were deployed at potential
mounting locations, such as on top of a parking structure at UC Davis (see Figure 81). One
TOP900 unit was mounted on a car and driven to various locations on campus to receive signal
from the antenna atop the parking structure. Remote control of the Lumestar software via iPad
allowed the team to monitor the node’s activity in real time while carefully driving around
campus.
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Figure 81: Lumewave RF network coverage test, UC Davis

Source: CLTC

The results of this exercise are documented in Figure 82, with yellow points on the map
representing areas with no to very limited reception and green points identifying areas with
sufficient to best reception for the RF system to function consistently. It is noteworthy that the
test was done with considerable constraints such as a moving vehicle, with the antenna close to
the roof, six feet above the ground. Communication quality was expected to improve when
mounted to a static pole at 18 ft. or more above the ground.
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Figure 82: Map of Network Coverage for the Lumewave Wireless Control System, UC Davis

Source: CLTC
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As a secondary evaluation step, researchers conducted a portable 12 ft. pole mounted node. The
test node was powered by either a 12V car-outlet to test previously areas with limited range
results. A 12V starter battery pack was used for areas on UC Davis campus not easily reachable
by car.
Scheduling, system time out settings and direction of travel (DOT)
Some unique features are beginning to emerge for advanced outdoor lighting control systems.
For example, Lumewave has a unique experimental software feature called ‘Direction of Travel’
(DOT), meaning that when a motion sensor on the network is triggered, a defined number of
poles in the direction of the occupants movement relative of that pole will be switched to high
mode to illuminate the path ahead. The number of advance poles switched to high output is
depending on the software setting and can be currently adjusted from OFF (0) up to 9 nodes
ahead. Timeout settings regulate the duration of keeping the luminaire(s) in high mode and can
be adjusted from 1minute in minute intervals upwards. Schedules control the high and low
level dimming of the luminaires.
Anticipated occupants speed, required visibility ahead, the correlated pole spacing and
associated sense of safety and security need to be considered when setting the DOT pole
quantity and timeout. For instance, on a roadway with 30ft tall poles and spacing of 180ft, for a
pedestrian with normal walking speed of 3 mph (or ~4.5ft/s) a DOT of 1 (one luminaire ahead)
and 1min should be sufficient, while a DOT of 2 with 3min may be more desired to
accommodate longer range visibility for the pedestrian. Bicycles are traveling faster, therefore a
DOT setting of 2 to 3 is advised, while the timing can be reduced. Motorized vehicles are
traveling even faster, a DOT setting of 3 (540ft) and 1min timeout is expected to be sufficient.
It is important for these scenario considerations to understand that a mix of occupants within a
space will affect the mathematical subset to require the highest DOT spacing (for motorized
vehicles) and the highest timeout (for the slowest occupant) - these settings may lead to the
lowest adaptive saving potential of all adaptive settings with preselected (=fixed) DOT
parameters. Future developments could lead to a software addition that can adaptively change
the DOT spacing and timeout based on the sensed occupant type (pedestrian vs. motorized
vehicles) and also environmental changes that would affect the visibility.

Multilevel LED Roadway Luminaires
The lessons learned from the bi-level modifications were transferred to multilevel, LED
roadway luminaires. The following three fixture models are advertised as dedicated LED
roadway luminaires; however they are also sometimes used as area luminaires. Each luminaire
can be ordered with factory-equipped, 0-10V, dimmable drivers and specific optical IES
distribution patterns matched to the desired application. Researchers encountered challenges
with integration of the RF system and sensor kit in each luminaire type. Details are provided
below and product specification sheets are provided in the appendix.
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LED Roadway and Area - Prototype A
Researchers focused early efforts on customizing the LEDway product line by BetaLED for RF
and adaptive controls. The “STR” 44 luminaire family is designed to cover a wide range of
roadway applications. They are available with IES distribution pattern Type I, II, III, IV and V in
both short and medium throw variations. The power rating can be chosen from 20 LEDs (Type
I, 47 Watt, 4700 lm, 100 lm/W) up to 120 LEDs (Type V, 267W, 24,416 lm, 91 lm/W) with
universal ballast for 120/277 VAC up to 480 VAC. Even though the product is marketed
specifically for roadway applications, it is frequently used for area lighting.
Figure 83: original ANSI 136.10-2006 receptacle (left); Lumewave specific receptacle (right)

Source: CLTC

The luminaires original photocell socket was replaced with the custom Lumewave receptacle to
enable entry of the control wire strand into the wiring compartment. Pictures below show the
STR-LWY-3MB fixture type and the Lumewave receptacle with oblong hole for control wire
feed. In order for the T900 control wires (early version) to avoid pinching or damage by the
casting during installation, the cast housing was manually notched out and deburred.

44

STR-LWY-3MB-HT-06-C-UL-SV-DIM5
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Figure 84: early RF system node with control wires; notch cutout for the control wire pass

Source: CLTC

For prototype development, manual customizations are to be expected, but the procedure is too
time consuming for larger installations. Details of the customization procedure were shared
with the manufacturer to make the product design and engineer team aware of the issues
encountered and to possibly include knock-out sections in future luminaire development
castings. The new ANSI 136.41-2013 standard45 receptacles will alleviate the control wire strand
customization issue and help streamline factory integration as well as retrofit efforts.

American National Standard Institute, Inc. (2013). “ANSI 136.41-2013: American National
Standard For Roadway and Area Lighting Equipment - Dimming Control Between an External Locking
Type Photocontrol and Ballast or Driver.”, 2013
45
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Figure 85: latest RF system node with ANSI 136.41 4-pin control contacts

Source: Lumewave/Echelon

While customizing a new fixture in the workshop can range from easy to challenging, the same
procedure may not be economical or even safe on installed luminaires in the field. As a
secondary option for this luminaire type, the driver lid was customized to be able to swap with
lids of field deployed units. Based on a physical sample lid and a CAD model the location of the
RF node and sensor placement were optimized to not interfere with the sensors detection cone
on the outside and to ensure no cast, driver or other obstruction would prevent integration on
the inside.
Once the best positions for sensor and RF node were identified, researchers fabricated a small
series of lids as a proof of concept. Error! Reference source not found. shows parts of the
physical customization, assembly and testing process.
Figure 86: Lid customization plan for retro-fitting existing, installed luminaires

Source: CLTC
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Figure 87: lid testing procedure on a sample fixture to confirm function; lids ready for deployment

Source: CLTC

LED Roadway Prototype B
The second roadway and area luminaire type researchers addressed was the Philips Roadstar 46.
This model family is available with IES distribution pattern Type II, III and IV in two throw
variations each. The power rating can be chosen from 30 LEDs (45W, 3152 lm = 70 lm/W) up to
98 LEDs (180W, 12,543 lm = 69 lm/W) with universal ballast for 120/277VAC and up to 480VAC.
Similar to the BetaLED, the product is marketed specifically for roadway use, but is frequently
seen in area applications.
Figure 88: Philips Roadstar customization at CLTC (left). First bench test of prototype (right)

Source: CLTC

46

GPLS-90W49LED4K-LE2
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The standard steps for integration of the RF node and sensor hardware are similar to the
previous luminaire. The sensor location was not prepared by the manufacturer with a punch
out casting, but had to be carefully aligned to fit the sensor body into the cavity between the
driver and the tenon mounting bolts and bracket on the inside.
As part of CLTC’s ongoing efforts of outreach and promotion to potential manufacturing
partners and large end-use customers, the customized GPLS was submitted for the NGLDC –
Next Generation Lighting Design Competition 47 - outdoor adaptive lighting participation in
October 2012. Two fixtures were outfitted with the adaptive RF/Sensor combination and a
laptop using the most recent Lumewave software at the time was included. The judging for the
adaptive luminaire category were unfortunately postponed and finally abandoned.
Figure 89: NGL-2012 submission, Philips Roadstar with RF system and occupancy sensor

Source: CLTC

LED Roadway and Area – Prototype C
The third Roadway luminaire type customized by CLTC was the Cree XSP2. This model family
is only available with IES distribution pattern Type II and III. The only available power rating is
at 101 Watt. The standard output option is rated to deliver 7000 lm equal to ~70lm/W; the high
efficacy option is advertised to deliver 10680 lm equal to~106 lm/W. It is outfitted with a
universal dimming ballast for 120/277VAC and up to 480VAC. This product is specifically
optimized for roadway lighting and unlikely to be seen in area lighting applications.

47

http://www.ngldc.org/
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Figure 90: Cree XSP2 open fixture with installed shield; lid hinge broken in assembly

Source: CLTC

One initial mechanical issue researchers encountered was brought to the attention of the
manufacturer: Based on the casing geometry, the lid hinge can be sheared off when not
carefully closing the lid. The manufacturer received the information and used the design
recommendation in new developments. This luminaire type was used for the implementation at
a host site in UC Irvine to demonstrate the prototypes performance with respect to lighting
quality, control features and energy savings achieved through adaptive controls.

Multilevel LED Area Luminaires
Even though market research indicates focus on roadway lighting may yield the best results for
widespread adoption of adaptive systems, customization of area lighting was conducted as a
parallel effort when possible. Customization of different luminaire types of one manufacturer
may help to lead to industry wide acceptance under different manufacturers to help making
integration of control hardware easier. Once a prototype has been shown to function and
customers demand the new functionalities, the manufacturers are more likely to follow with
updated or new products. Affiliate requests, cooperation work with other California campuses
and selected additional projects gave the chance to work on few other luminaries such as
BetaLED-ARE, Cree-EDGE and Leotek-ARIETA, all of which fit well to this projects goals and
show the ongoing commitment of CLTC to achieve energy efficient solutions.
Area Lighting – Dimmable LED Luminaire
Based on the previous success of the customized LEDway and XSP2 models, the University of
California, San Francisco (UCSF) approached CLTC for help on a small proof of concept
installation. CLTC was involved outfitting six ARE-EDG type LED luminaires with motion
sensor and RF system for a test bed area. This particular model was challenging since both
castings, the side-cover for housing the senor as well as the top lid to mount the RF node on,
needed not just a hole punched but sophisticated CNC pocket milling operation because of the
cast parts unique geometries.
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Figure 91: Necessary custom milling operation to fit a motion sensor to the case side cover

Source: CLTC

The motion sensor needed a recessed pocket for the mounting nut to be able to engage to the
limited thread length of the sensor mounting collar. Findings like this were forwarded and well
received by the sensor manufacturer for future sensor improvements and developments.
Future sensors may include a longer mounting collar to accommodate thicker castings. The top
cast lid had to be CNC milled in order to mount the earlier stage RF node with the control-wire
strand and the matching custom NEMA socket.
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Figure 92: necessary custom milling operation to fit the custom NEMA socket for the RF system

Source: CLTC

Figure 93: finished multi-level prototypes ready for installation at UCSF parking lot

Source: CLTC

The six prototypes were finished and successfully installed at the test site in San Francisco.
Newer RF node models, for instance the T900-TN and T900-TLX are expected to be installed
with less effort and no milling necessary.
Area Lighting – Dimmable LED Floodlight
Specialty, high mast area applications, for instance to illuminate electrical sub-stations and other
premises that are normally unoccupied through the night, promise very high energy saving
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potential beyond 80% with a sensor controlled adaptive system. As an outlook for this
interesting new application, CLTC investigated the Cree Edge-120 and -240 for use with
adaptive lighting controls solutions. This luminaire was introduced by Cree in 2013. Two
samples of the Edge family provided by Cree have been reviewed and mocked up in CAD.
Figure 94: Cree Edge 120 (left side) and 240 (right side) samples for review

Source: CLTC

Figure 95: CAD model to evaluate clearance of an ANSI 136- socket with used driver in housing

Source: CLTC

The CAD model verified the fixture would be physically able to be customized with a sensor
and RF node without physical interference of hardware to permit flawless function.
The results were shared with the manufacturer, representative and possible customers.

Technology Transfer to Industry
A wide spectrum of events and exhibition efforts were conducted to support outreach and
information dissemination to industry. These efforts focused on promotion of adaptive
roadway lighting to potential manufacturing partners and large end-use customers. Efforts
have yielded increased awareness of adaptive controls technology for outdoor applications. For
example, the Leotek Arieta, customized by CLTC as part of a separately funded effort, was part
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of winning a national award 48 for its use with the Lumewave outdoor control system at a
hospital retrofit installation 49. The award was received at the IFMA Facility Fusion Conference
& Expo in Washington D.C. and resulting national recognition and increased interest in
advanced adaptive solutions.
LED Roadway & Area: Leotek Arieta
The Arieta model family is available with IES distribution pattern Type II, III, IV and V. The
power rating can be chosen from 6 high output LEDs (27 Watt, 2794 lm, 105 lm/W) up to 30
LEDs (246 Watt, 23,056 lm, 94 lm/W) with universal ballast for 120/277VAC and up to 480VAC.
This product is marketed specifically for area use but may be used for local roadway
applications. Leotek now offers the Arieta series with optional PIR sensor and ANSI 136.41-2013
standard receptacle factory prepared, due, primarily to the success of the development and
demonstration work conducted by CLTC.
Figure 96: Leotek Arieta sample with ample of room inside to accommodate control hardware

Source: CLTC

The Leotek Arieta was used to test and showcase the second generation microwave sensor at
the Vacaville test bed site. Ongoing marketing efforts based on case studies and newsletters
sparked additional interest from industry partners and end users.

48

http://www.leepcampaign.org/awards-and-results.html

http://cltc.ucdavis.edu/sites/default/files/files/publication/case-study-adaptive-exterior-lightinghealthcare-vacavalley-hospital.pdf
49
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Figure 97: Prepared Arieta fixture with RF node and 2nd generation microwave sensor

Source: CLTC

The Arieta fixture, RF system and a 3rd generation microwave sensor were showcased at the 25th
International Light Fair trade show in Las Vegas in July 2014. This was the official public release
of the sensor as commercial product.
Figure 98: Arieta sample used to promote enhanced adaptive exterior system technology

Source: CLTC
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On ongoing exhibition of new outdoor luminaires, sensors and RF systems is installed at CLTC
to promote adaptive exterior lighting. Tours are available for interested citizens, local school
groups, as well as for lighting professionals such as contractors, lighting representatives,
manufacturers, energy providers, international visitors and through open house events.
Figure 99: ongoing and expanding adaptive outdoor luminaire exhibition at CLTC

Source: CLTC
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Technology Demonstration
Fueled by successful outdoor lighting efficiency cooperation projects with CLTC and the
University of California in Davis, utilities managers of the University of California Irvine
expressed a strong desire to participate in this test of adaptive roadway lighting on their
campus.
Site Conditions
Streets for this test bed consist of two connected sections, the “West Peltason Drive” and the
“Academy Way”, west of the University’s center. Both two-lane streets together span
approximately 0.5 miles of length with bicycle lanes on both sides of the street and a total of 17
light poles. All poles have a height of 28 ft. from grade, a spacing of 135 ft. up to 175 ft. and the
majority of poles are located on the East-side of the streets.
Figure 100: Figure 64: Google maps, UCI-site overview, street sections marked in red

Source: Google, markup by CLTC

West Peltason Dr. is a 30 mph zone as of June 2013 (Google Maps from 2012 still shows a 35mph
zone). This section has nine street lights as marked on the Figure 101 map. The Academy Way
allows for 35mph with a total of eight street lights (Figure 102 map).
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Figure 101A: West Peltason Dr. overview Google Maps view at Pole#2, looking North

Source: Google (2012 maps), markup by CLTC

Figure 102: Academy Way overview; Google Maps view at Pole#7, looking South-East

Source: Google (2012 maps), markup by CLTC
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The incumbent luminaires in place where 100W rated Everlast Induction cobra head style
fixtures. Since this fixture type was only capable of bi-level control (100% or 50%) with a fixed
timeout of 5min, they needed to be replaced by adaptive fixtures allowing for finer control
capabilities. The Cree LED roadway luminaire type XSP was chosen for this test bed
installation. The XSP is outfitted with 0-10V controllable universal dimming ballast for 120/277
VAC, a power rating of 101 W, and an advertised efficacy rating of ~70 lm/W.
Demonstration Products
Since the Cree XSP product family has a range of choose able parameters such as lumen
packages and distribution types, it was necessary to evaluate and pick the best model out of the
family group for the intended test bed use before procuring the seventeen units for the field.
For review purposes an AGI32 CAD setting based on the test bed street layout, pole height and
spacing was prepared. The incumbent Everlast Induction cobra head was taken as baseline
(Figure 103).
Figure 103: AGI32 model results of incumbent Everlast Induction luminaire

Source: CLTC
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A total of twelve possible XSP iterations at full nominal output were tested in AGI32 and values
for Illuminance Maximum, Minimum and Average on the street were collected based on RP-82005 and compared. Out of the twelve tested from the XSP family, the “XSP2-Type2-BLS”(order
code “BXSPA022A”), with an IES distribution pattern Type II and back light shield (BLS) was
selected based on an average illumination close to the recommended practice value (RP: 0.6-0.7
fc) and a low Min/Max ratio of 1:13.
Figure 104: AGI32 results of chosen Cree XSP2-Type2-BLS, LED luminaire

Source: CLTC

Demonstration Prototype Development
As shown in Figure 105, 17 units of the Cree LED roadway luminaire type XSP2-Type2-BLS
(order code “BXSPA022A”), alongside with the same quantity of MWX-090 sensors, RF nodes,
one gateway, were procured and customized at CLTC facilities. The same amount of 2nd gen.
Microwave Sensor MWX-LVE-090U as well as required T900 nodes with one gateway and one
high gain antenna was purchased, functionality was tested and all items prepared for shipment
to the site.
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Figure 105: Hardware procurement and preparations at CLTC- facilities

Source: CLTC

Site Installation
The hardware was shipped to and installed on UC Irvine campus end of July 2013.
CLTC staff was on site for three days to support various installation steps, such as review of the
gateway and antenna location; support for the contractor installing all system hardware, ensure
proper wiring of RF-system and sensor components; commissioning and trouble shooting. The
cobra-head exchange and hardware installation took one contractor (with CLTC staff support)
two full work days to finish both street sections with 17 fixtures total, including minor trouble
shooting.
The preliminary commissioning of the RF system via Lumestar software including a functional
test was commenced by CLTC staff after each installation phase was finished and before the
installation contractor left for the day, to ensure full function of the system. After confirmed
function or trouble shooting, the energized breaker panels were turned off and returned back to
normal scheduling. After sunset a second review was commenced to confirm flawless function
with the system in programmed adaptive operation mode at night.
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st

Figure 106: 1 day; Gateway Antenna on nearby building roof; 74: Installation on West Peltason

Source: CLTC
nd

Figure 107: 2

day; West Peltason crossing to Academy Way with new Cree fixtures in place

Source: CLTC
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Figure 108: 1st night review of West Peltason Dr. in normal operation mode; MWX sensor trigger
by vehicle or bicyclist can be followed “live” when logged into software

Source: CLTC
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On the third day on-site, after installation of all luminaires was successfully finalized, the

Lumestar software was installed on a local personal computer and connected to the Gateway
shown in
The preliminary commissioning of the RF system via Lumestar software including a functional
test was commenced by CLTC staff after each installation phase was finished and before the
installation contractor left for the day, to ensure full function of the system. After confirmed
function or trouble shooting, the energized breaker panels were turned off and returned back to
normal scheduling. After sunset a second review was commenced to confirm flawless function
with the system in programmed adaptive operation mode at night.
Figure 106 via Ethernet cable. This PC is remotely accessible through VPN login; Collection of
energy logs, data logs as well as “live” occupancy monitoring and minor trouble shooting was
possible over the distance throughout the duration of this project.
Two groups were prepared, West Peltason, Pole-ID#1 to #9 (Figure 101A) and Academy Way,
Pole-ID# 1 to 8 (as seen in Figure 102A). Both groups were set to one control schedule. Preset
time-out for all luminaires was one minute. Direction of Travel (DOT) was enabled to one
fixture.
Figure 109: Lumestar software installed on UCI PC with sectioned groups and event schedule

Source: CLTC
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A brief description of the details and features shown in Figure 109 is provided below. This gives
information about the Lumestar software and main user interface, specifically the Top-Left
quadrant:
∞ Luminaires can be organized in Customer / Site / Network and Group level hierarchy.
One customer, one Site, one Network and two Groups are shown.
∞ Two Groups are responding to the DOT settings within their assigned schedule
∞ Every Pole ID# has the unique, eleven-digit T900 node-ID next to it for trouble shooting
∞ Any pole with an appendix “m” at the end (West Peltason #2, 5, 8; Academy Way #1, 4,
7) was monitored with additional M&V logging equipment described in the M&V
section
∞ Any pole marked in bold typeface is set as a repeater to extend RF range distance.
∞ Different timing and control schedules can be assigned per Group level.
For this installation the settings for “West Peltason” and “Academy Way”-Group were identical
for the duration of the test and M&V logging collection, therefore one schedule was used in the
lower left quadrant of the Lumestar main user interface (Control Profiles / 0-10V with Lamp
Power Control / Schedule1).
∞ This “Schedule1” has two “Event-” tabs at the top with only one active tab at a time:
o

weekday events that can include Monday till Sunday, with exclusion of single
days;

o

weekend events

∞ Per event-tab, it is possible to activate specific days and times with a grid of five cells
horizontally for one complete conditional set of rules and up to eight rows of
intermediate steps per schedule.
The conditional set of rules for this installation schedule spanned over six rows.
The first row is marked to activate a “Diagnostic Event” for all associated luminaires to test
proper function. This feature will help maintenance staff to track and identify outages on a daily
basis. The second row is marked to activate all associated luminaires with these rules once
energized:
∞ Row2-Cell1: T900 to check current “Astronomical Time” via head end software
∞ Row2-Cell2: timing is set to “0.5 hours” ”Before” “Sunset”
∞ Row2-Cell3: is greyed out, since “Time of Day” was not activated in Row2-Cell1
∞ Row2-Cell4: dimming level is set to 3.0V of 10.0V
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∞ Row2-Cell5: Since neither “Photocell” nor “Motion” is activated, none of the sensors
will affect the settings – the fixtures will remain at 3.0V dimming level until the next
schedule command occurs.
The third row changes the luminaires settings:
∞ Row3-Cell1: T900 to check current “Astronomical Time” via head end software
∞ Row3-Cell2: timing is set to “0.5 hours” ”After” “Sunset”
∞ Row3Cell3: is greyed out, since “Time of Day” was not activated in Row3-Cell1
∞ Row3-Cell4: dimming level is set to 6.0V of 10.0V
∞ Row3-Cell5: sensor setting is set to detect “Motion” - fixtures of the associated group(s)
will adjust to 10.0V diming control (=100% ON) when motion is detected, and return to
6.0V (=60%dimming level) after the preset time of 1minute.
Rows four through six are ruled after the same principle. The seventh row shows a checkmark
in the first cell under “Disable” with all following choices greyed out.
Once all settings where chosen and confirmed, the RF-system wirelessly sends the updates to
the T900 nodes. Figure 110 shows the nodes placed on a Google based GPS-map according to
the Pole ID# and the location identified/assigned in the field installation. Based on the daily
scheduled “Diagnostic Event” the GPS-map is capable to show outages (Red), limited
communications (Yellow), non-commissioned units (Blue) and normal functioning units (Green,
as seen below). The Gateways can also be displayed (Blue rectangular box with black antenna).
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Figure 110: Commissioned and confirmed communication with all nodes, as of Nov 24th 2014

Source: CLTC

Since the installed 2nd generation sensors were only capable of detecting one-way, the aim and
direction of these sensors in the field was of high importance. Based on local traffic pattern the
predominant direction of anticipated traffic was chosen. At entry points to the street sections for
instance in the North of Academy Way (Pole ID #8 and #7) the sensors needed to face towards
entering traffic. The other poles are aimed towards the anticipated main night-flow of staff and
students leaving from the center of campus driving outward. When using one-way sensors,
sensor orientation, grouping and DOT features are important factors in achieving maximum
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energy savings based on local peak and off-hour use of streets. Especially the importance of
proper grouping will become clear in the energy M&V section.
Figure 111: Plan view of site; location of Gateway and direction of MWX sensor aim

Source: CLTC
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Data Collection & Analysis
Parallel to the installation efforts, CLTC retrieved one of the incumbent Everlast ECHUS-EC100W induction fixtures from the site and kept one of the new and customized Cree, Type
BXSPA022A for a holistic performance analysis at CLTC facilities.
The two luminaire types were evaluated in the laboratory for power consumption, light output
and controls operation as outlined below. The collected data was used to compare the
incumbent to the new luminaire and to quantify the difference in performance.
The electrical test equipment included a calibrated power supply unit, California Instruments
model 2253ix; one power analyzer, Yokogawa PZ4000 for power measurements. Harmonic
distortion (THD) measurements were taken with the PZ4000’s harmonics mode. Photometric
measurements were made with a SMS-500 Spectrometer in a 2 meter integrating sphere with
LabSphere software. Auxiliary correction was applied for fixture self-absorptions.
Measurements are taken in accordance with LM-79. Standardized chromaticity quadrangles of
the 4-step and 7-step Mac-Adam Ellipse color space are accordance to ANSI/NEMA/ANSLG
C78.377-2011. Flicker data was collected with a filter rate of 200Hz. Normal procedure for
indoor dimming controls according to Title 20, Section 1605.3.l.F.2 was not utilized, since the
dimming was commenced through the Lumestar software. 50
Figure 112: Cree XSP2 in 2m integrating sphere

Source: CLTC

“Dimmer controls that can directly control lamps shall provide electrical outputs to lamps for reduced
flicker operation through the dimming range so that the light output has an amplitude modulation of less
than 30 percent for frequencies less than 200 Hz without causing premature lamp failure.”
50
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The ECHUS-EC-100W was tested for two settings, at 100% power and 50% bi-level low mode.
The XSP2 (BXSPA022A) was tested in 10% dimming steps of the 0 to 10V dimming control
voltage. Test parameters for each luminaire sample type included several electrical and
photometric details:
∞

0-10V control (for 0-10V control in %, 0% = 0V, 100% = 10V)

∞

power rating (Watt)

∞

correlated luminous flux (lumen)

∞

CCT (Kelvin)

∞

CRI (Ra of R1 to R14)

∞

resulting efficacy (lumen/W)

∞

Flicker (%) and Flicker Index

∞

Voltage (Volt)

∞

Current (Ampere)

∞

Power Factor (PF)

∞

Harmonic distortion for Voltage (UTHD %) and Current (ITHD %)

∞

one chromaticity diagram for CIE 1931, 2degree; with an overview and zoom compared
to 7- and 4-step MacAdam Ellipse equivalent

∞

one chromaticity diagram for CIE 1976 UCS; with an overview and zoom compared
to 7- and 4-step MacAdam Ellipse equivalent

∞

Spectral Power Distribution (SPD) between 350nm and 800nm, related to dimming

Results
Following tables and figures show the Everlast fixture’s electrical values, photometric
parameters, two chromaticity diagrams and SPD graph in relation to dimming values:
Figure 113: ECHUS-EC, Electrical, Photometric, CRI results
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Source CLTC
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Figure 114: ECHUS-EC, CIE-1931, 2 Degree Chromaticity mapping, overview

Source: CLTC

Figure 115: ECHUS-EC, CIE-1931, 2 Degree Chromaticity mapping, zoom

Source: CLTC
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Figure 116: ECHUS-EC, CIE-1976 UCS Chromaticity mapping, overview

Source: CLTC

Figure 117: ECHUS-EC, CIE-1976 UCD Chromaticity mapping, zoom

Source: CLTC
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Figure 118: ECHUS-EC, Spectral Power Distribution

Source: CLTC

Following tables and figures show the Cree LED fixture’s electrical values, photometric
parameters, two chromaticity diagrams and SPD graph in relation to dimming values:
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Table 12: Cree XSP2, Electrical, Photometric, CRI results

Source: CLTC
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Figure 119: Cree XSP2, CIE-1931, 2 Degree Chromaticity mapping, overview

Source: CLTC

Figure 120: Cree XSP2, CIE-1931, 2 Degree Chromaticity mapping, zoom

Source: CLTC
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Figure 121: Cree XSP2, CIE-1976 UCS Chromaticity mapping, overview

Source: CLTC

Figure 122: Cree XSP2, CIE-1976 UCS Chromaticity mapping, zoom

Source: CLTC
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Figure 123: Cree XSP2, Spectral Power Distribution

Source: CLTC
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Energy Savings
Both Groups used the same schedule, programmed for a sensor timeout of 1min;
a direction of travel (DOT) setting of 2 poles in advance; and with a schedule of
0.5h before sunset

set to 3.0V; unless motion is detected; in FIG93 referenced as [A]

0.5h after sunset

set to 6.0V; unless motion is detected; in FIG93 referenced as [B]

2.0h after sunset

set to 4.0V; unless motion is detected; in FIG93 referenced as [C]

4.0h after sunset

set to 2.0V; unless motion is detected; in FIG93 referenced as [D]

0.5h after sunrise

set to 0.0V; in FIG93 referenced as [E]

Figure 124: UC Irvine Lumestar schedule for both street sections

Source: CLTC

With the timeout setting of one minute an optimum of energy savings can be achieved. If the
sensor gets repeatedly triggered within the one minute, the timer will not start to count down.
The DOT of two was chosen to illuminate ahead of the occupants and specifically motorized
vehicles due to their faster speed compared to pedestrians, but not too far ahead in case the
vehicle would turn from the street at one of the adjacent junction points.
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The schedule timing was chosen to rely on the sunset and not on fixed timing. This way the
luminaires RF nodes will update over the full year according to the longer nights in the winter
time and shorter nights in the summer.
The stepped dimming approach (letter [A] to [E]) correlates to the luminaires 0-10.0V diming
values in Table 12 and was chosen for “low-mode to have higher illumination in the early
evening, moderate illumination in the later evening and lower illumination in the late night
hours till after sunrise, unless occupancy was detected. This was based on assumed higher
occupancy for the earlier evening as students and faculties leave from campus and lower
occupancy in the late night.
After some minor trouble shooting at the site was finalized, a preliminary report for the
stakeholders at UC Irvine was prepared for internal revision. The preliminary report consisted
of a brief luminaire comparison page, above stated RF system schedule, a one-day energy log
analysis graph from one pole of each of the two street sections from September 12th 2013 and
a 21 day long energy use analysis for both street sections. Energy logs were collected through
the Lumestar software (v4.98) from the Top900 nodes (firmware v3.01) with timing from
midnight to midnight. The stepped schedule can be identified through the letters [A] (sunset) to
[E] (sunrise). Figure 125 shows the one-day energy log analysis of West Peltason Drive Pole#9
logged through the Lumestar software. Figure 126 shows the one-day energy log analysis of
Academy Way Pole#8 logged through the Lumestar software. Figure 127 shows the 21-day
energy log analysis of West Peltason Drive section (9 poles).
Figure 125: West Peltason Drive, Pole#9, Energy log for one day

Source: CLTC
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Figure 126: Academy Way, Pole#8, Energy log for one day

Source: CLTC

Figure 127: West Peltason Drive Energy log for 2013, August 01-21

Source: CLTC

The baseline was assumed to be 1.1 kWh/day (10 hours*110W) per static induction luminaire in
August; the average energy use of this adaptive LED section calculated to 0.67 kWh per day,
with calculated 39.35% less energy use compared to the assumed baseline. Energy savings for
this section extrapolated for one year indicated to reach 177.47 kWh with current adaptive
settings. The extrapolation was not conclusive, since pole #1, #3 and #5 had been omitted due to
missing data or calibration errors of one of the nodes. The faulty node was exchanged. Figure
128 shows the 21-day energy log analysis of Academy Way section (8 poles).
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Figure 128: Academy Way Energy log for 2013, August 01-21

Source: CLTC

The baseline was again assumed to be 1.1 kWh/day (10h*110W) per static induction luminaire.
The average energy use of this adaptive LED section calculated to 0.54019 kWh per day, with
calculated 50.89% less energy use compared to the assumed baseline. Energy savings for this
section extrapolated for one year indicated to reach 229.6 kWh with current adaptive settings.
This preliminary analysis shows clearly how important a good understanding of adaptive
systems capabilities, the luminaire grouping and decisions on the DOT settings is. Pole #1, #2
and #3 had significantly higher energy use due to pole#1 being more often triggered by W.
Peltason Dr. traffic on the corner of pole #1 towards the campus core. The 2-pole DOT setup is
responsible for pole #2 and #3 to have the same high energy use, even though no occupant was
in the vicinity. Approximately 200Wh per day or 82 kWh per year more energy were assumed
could be saved by changes of one pole DOT-setting on that crossing point.
The stakeholders at the facility agreed to keep the schedule setup for the duration of the projects
test evaluation to have consistent settings correlating to the energy logging records
accumulated.
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After the preliminary energy logging through the Lumestar system was commenced, a
contractor was hired to collect energy logs from the site to confirm the validity of the energy
logging accuracy of the Top900 nodes and the Lumestar software. Third-party monitoring and
verification of the UC Irvine demonstration site was conducted by ADM Associates, Inc. of
Sacramento, California. Of the 17 poles retrofitted for the demonstration, six poles were
monitored by ADM as seen in Figure 129. The duration of logging was from 12/13/2013 till
2/14/2014, a total of 63 days.
Figure 129: contractor energy logging pole location along both street sections

Source: ADM
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To collect post-retrofit energy use data, the following equipment was deployed in each of the
six monitored poles. The logger equipment was bundled as a kit and mounted to the poles in a
remote enclosure as seen in Figure 130.
∞ Watt Node Meter (WNB-3Y-480-P): The Watt Node reports watt-hour data when
used with a current transformer. It has a power accuracy rating of +/- 0.5% when
measuring 5% to 100% of full scale.
∞ Current Transformer (“CT”): The current transformer used is a high-accuracy, split
core unit with a rated accuracy of +/- 0.5% when measuring 5% to 100% of full scale.
The CT used at each pole of this demonstration has a full-scale 5-amp primary
rating. 4 wire loops were used to gather higher counts due to the low wattage of
100W per pole.
∞ Pulse Logger (UX90-001M): The Watt Node data is transferred in a pulse format, and
stored in a pulse logger until retrieved from the site by the monitoring team. For this
demonstration, the data was collected at one-minute intervals to optimize memory
space and accuracy.
Figure 130: Logging equipment kit and mounting to pole

Source: ADM

After 63 days the logger equipment was collected and energy logs of the 63 days prepared.
The data was analyzed to show average daily energy use based on the staff calendar of UCI.
Since the 63 days were overlapping with the Christmas and New Year’s holidays, average
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values have been assembled in three different graph sets of interest: instruction day type, noclass day type and administrative recess day type, based on the online available UC Irvine
administrative schedule 51. Each of the three graphs shows all six monitored poles (FIG)
Figure 131: UCI average daily profile from 12/13/2013 to 02/14/2014, Instruction Day

Source: ADM

All produced graphs showed issues with two of the poles collected energy logs; Academy Way
#1 and West Peltason#5 showed average values close to 130W at the maximum, which is not
possible with a single 101W rated luminaire. Additionally West Peltason#5 showed an almost
consistent 40W energy draw over the day, even though the luminaire was confirmed off. All
logging equipment was checked and no error was found in the logging procedure or with the
used hardware. A One Time Measurement (OTM) was commenced at the site with no
indications why additional energy draw was logged or of other users on the same power wires
dedicated to the single poles. The review did not produce a conclusive explanation as of why
the two poles showed elevated energy use.
Looking at the remaining four of the six monitored poles, the difference in energy use shown in
the preliminary analysis (Figure 128) is confirmed. Academy Way pole #4 (green) and #7
(turquois blue) show consistent lower energy use than the West Peltason Drive in the early
evening till midnight. In the hours after midnight till sunrise the energy use of all poles are very
similar and show the same trend with lowest use around 4:00am.

51

www.reg.uci.edu/calendars/quarterly/2013-2014/quarterly13-14.html
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Figure 132: UCI average daily profile from 12/13/2013 to 02/14/2014, No Classes Day

Source: ADM

Academy Way pole #4 and #7A have significant energy use difference in all three graphs after
midnight till sunrise. This can be related to triggers caused by passing traffic at the North-West
end of the street merging with the adjacent California Avenue, a 45mph four lanes artery.
Energy logs through the Lumestar software had limitations to directly compare them to the logs
retrieved from ADM Associates. The energy logs through ADM were collected with fine
granularity 1min interval pulses; the Lumewave system is by default set up to collect all energy
logs as a one-day aggregate. Trouble shooting of the RF system prevented to retrieve the logs in
the same timeframe as ADM performed their study. The Lumestar software was in contrast to
the ADM loggers collecting energy logs since the trouble shooting in 2013 and it was possible to
log energy use for close to one full year, from 1/3/2014 till 12/21/2014. All values have been
computed for monthly average watt-hours per pole, as seen in Figure 133 and Figure 134.
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Figure 133: UC Irvine, West Peltason Drive, Lumewave logs over one year

Source: CLTC

Figure 134: UC Irvine, Academy Way, Lumewave logs over one year

Source: CLTC
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Both graphs show the red baseline with traditional best practice photocell (ON and OFF only)
use from dusk till dawn, and all adaptive luminaires actual energy use per pole throughout the
year 2014. The red baseline curve is based on night duration values provided through
Gaisma.com for Irvine, CA 52. The six logged poles through ADM (West Peltason #8, 5, 2;
Academy Way #7, 4, 1) are highlighted through thicker line weight and bold typeface.
Academy Way pole#1 shows a very similar energy use line chart as the majority of the West
Peltason poles. A significant dip in energy use can be identified in August, probably due to
summer recess. Another outlier in this analysis is West Peltason Dr. pole#5. The energy use for
this pole has gone down to about half of the other poles in the group, an indicator for technical
issues. Problems could be for instance one of the LED arrays is not working; the driver has
dimming issues; the T900 node has lost its calibration for energy logs or issues with translating
the correct dimming value to the driver; or the sensor does not register half of the occupants.
The concerns have been brought up to the site managers for review.
Concluding, the site showed consistent average energy savings throughout the year of
minimum 30% in the winter and maximum of 60% in the summer. Fine-tuning of the schedule
and careful pole grouping give the opportunity for increased energy savings. The Lumewave
software was set to conservative dimming values through the evening to midnight, more
aggressive settings would allow for significant additional savings.

Conclusions and Recommendations
Market viability for networked LED street lighting is dependent on both manufacturer offerings
and system owner expectations. At the time of this report, manufacturer offerings provide
potential system owners a broad cross-section of products with a variety of communication
protocols, integration/interoperability requirements, network topology, and the like.
However, feedback from system owners belonging to the Municipal Solid-State Street Lighting
Consortium (MSSLC), a national consortium funded by the Department of Energy (DOE),
shows that many owners are still delaying implementation of advanced controls because project
payback periods still exceed the typical ‘acceptable’ range, generally around seven years.
Utilities creating a dimmable street light tariff, however, would address this issue by allowing
system owners to benefit monetarily from the dimmable capabilities enabled by advanced
controls. Financial incentives and tools to support implementation of new systems can be
instrumental for early dissemination of new systems and will help to synergize development
processes for better sensors and controls. Payment systems that are not based on a flat tariff but
tailored towards metered and logged actual energy use will incentivize use of the new
technologies. This will help lower system loads with a high level of demand control and benefit
from maintenance alerts with opportunity to prevent system outages.
To maximize market penetration of networked lighting control systems, the lighting industry
must recognize the needs of system owners, such as interoperability between system

52

http://www.gaisma.com/en/location/irvine-california.html
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components from all manufacturers. For example, municipalities have requested that if
hardware components from various manufacturers are installed in their city, the components
should be able to be incorporated into one user interface provided by the system owner’s
manufacturer of choice – as opposed to being required to control the lights via multiple
interfaces. The components do need to be interchangeable, or in other words need to be able to
replace each other in the field. However, valid manufacturer concerns surrounding issues such
as intellectual property and for sensor and RF system proprietary algorithms must be resolved
before system owners will see a shift in the market. It is noteworthy that many large
manufacturers are beginning to offer their own, integrated multilevel and RF controlled system
solutions with their luminaires, such as Philips (CityTouch, AmpLight, Starsense, and
MultiOne) 53, Eaton Cooper (LumaWatt) 54, Kenall (Smartsense) 55, Eye Lighting (Cimcon) 56,
Hubbell (wiHUBB, wiSCAPE) 57 and GE (LightGrid) 58. All mentioned manufacturers offer
features such as scheduling, trimming, energy logging and maintenance reports, but not all
include sensor integration for local adaptive control. If sensor solutions are offered, typically
PIR sensors with limited range are the standard solution. Inclusion of long range sensors such
as microwave sensors or other signal inputs such as road loops or video feed systems are
extremely rare. Ability to use any other system components or to combine control system
software from competitors is not advertised to date. This is an area for future research and
development. The combination of reliable local sensors with networked control systems
proofed a valid way to optimize energy savings through fully adaptive solutions based on local
conditions and occupant’s needs. Expanded use of these technologies and strategies will help
bring more affordable solutions to the California and subsequent US market.
Current networked lighting control systems, occupancy and especially environmental sensors
are in various stages of maturity. For example, control systems that utilize environmental
sensors to detect changes in pavement reflectivity or weather, are still in early stages and will
need careful development and implementation for reliable future use. Research conducted on
the eight luminaire types discussed indicates that the amount of physical customization is, to
some degree, bound rather to luminaire type than manufacturer. All roadway luminaires with
prepared photocell receptacle socket were relatively simple customizations compared to
dedicated area lighting fixtures with no prepared socket. The specific physical build of the
luminaire including housing details such as wall thickness of castings; prepared punch out
markings; the internal arrangement of electrical components such as driver, surge protector and
53

http://www.lighting.philips.com/main/products/controls/outdoor_products.wpd

54

http://www.cooperindustries.com/content/public/en/solutions/wireless.html

55

http://www.kenall.com/Products/Product-Categories/Controls.htm

56

http://www.eyelighting.com/products/lighting-controls/

57

http://www.hubbell-automation.com/products/wireless_lighting_controls/

http://www.gelighting.com/LightingWeb/na/solutions/control-systems/lightgrid-outdoor-wirelesscontrol-system.jsp
58
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terminal block; and remaining cavities to allow for sensor and RF node integration made a
significant difference in the time and effort needed for each luminaire type to include all
necessary customization components. Ongoing developments and communications with
market leaders and manufacturers will help to promote changes in future luminaire designs to
prepare or factory-include sensors and RF nodes and in general to support the trend for crossplatform compatibility. Even though no flicker issues have been noted by CLTC or reported
from the various test sites, a preemptive flicker control specification for dimming settings
similar to Title 20 Section 1605.3.l.F.2 is recommended for future development of adaptive
systems, specifically with interchangeability in mind.
Parallel to the efforts conducted through this research project the lighting industry has made
significant progress in recent years towards highly energy efficient light sources, controllable
drivers, reliable and affordable communication systems, and the introduction of the ANSI
C136.41-2013 standard. Outdoor sensor technology appears to be slowly catching up with this
development trend.
Industry sources, lighting standards, best-practice lighting guides and an increasing number of
nationwide case studies indicate adaptive lighting is increasing in use for parking and area
applications. Efforts are now beginning to address the use of adaptive control systems in
roadway applications, and multiple stakeholder groups are working on development of
systems to meet these goals. Both domestic and international standards are moving towards
adoption of new LED sources with adaptive controls for their high efficacy, even illumination
and ability to accommodate adaptive control strategies.
Commissioning routines and hardware installation specifications throughout the industry show
the trend for cross-platform compatibility. New components such as the ANSI C136.41-2013
receptacle, now adopted by luminaire manufacturers, demonstrate this fact. Component
compatibility makes for easier “plug-and-play” solutions, which can drive down product cost.
Subsequently, market acceptance will progress faster and result in higher energy savings for
many outdoor market segments.
Using and implementing available lighting standards and guides by competent designers is a
key concern, especially since the market is still evolving fast and new technologies may not be
captured in recent design guides. When planning an adaptive lighting system, lighting policies
should be implemented and confirmed with local authorities, emergency responders, police and
other stakeholders, alongside with a risk assessment for each design and concise records of
design decisions.
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APPENDIX B:
Residential LED Luminaires
In 2007, California consumed an estimated total of 57,213 gigawatt-hours (GWh) of electricity
for residential interior, commercial and outdoor lighting, with residential interior lighting
accounting for 16,076 GWh or 28 percent of the total. By 2010, statewide consumption had
dropped to 52,688 GWh, with the residential interior sector at 15,053 GWh, or about 29 percent
of the total 1.
In 2010, an estimated 9.2 million LED lamps were installed in the residential sector, accounting
for 0.2 percent of the installed inventory of residential lighting. About one-third of these
residential LED lamps were screw-based lamps such as table lamps and torchieres. Screw-based
LED lamps represent less than 0.1 percent of the installed stock of all residential screw-base
lamps. The remainder of the residential LED lighting is installed in specialty applications such
as under cabinets and landscape areas 2.
Widespread adoption of light-emitting diodes (LEDs) lighting for general illumination
applications is poised to be the single, largest advancement in lighting efficiency during the 21st
century. In California currently, less than one percent of residential and indoor commercial light
points use LED technology 3. The residential sector is a significant future market for LED
technology. It has significant untapped potential energy savings and underscores the
importance of a comprehensive next-generation LED residential lighting and manufacturer
training to target efficiency improvements.
LEDs have much to offer the residential lighting market. They can deliver improved luminaire
and application efficacy, are long-lived and are well-suited for use with lighting controls.
Because of their small size and directional light output, LEDs offer the potential to create
luminaires with new form factors, shapes and optical distributions; however many luminaire
manufacturers continue to design new LED luminaires to only meet typical performance levels
of traditional luminaires.
Improved LED technologies have the potential to significantly increase the market share in
residential and commercial applications. Market projections indicated LED technology capable
Jackson, Cori and Papamichael, Konstantinos. (California Lighting Technology Center),
University of California, Davis). 2013. Lighting Electricity Use in California – Baseline
Assessment to Support AB 1109. California Energy Commission. Publication number: CEC-2014039.
2 Navigant Consulting, Inc. January 2012. 2010 U.S. Lighting Market Characterization. U.S. Department
of Energy, Office of Energy Efficiency and Renewable Energy.
1

DNV KEMA Energy and Sustainability. June 2012. California LED Lamp Market Characterization
Report. California Public Utilities Commission Energy Division.
3
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of competing with incandescent in terms of color quality will capture about 20 percent of the
commercial market by 2019. Similar market penetration rates are expected for the residential
sector 4.

Project Approach
A general market analysis was conducted to review standard residential luminaire types such
as permanently installed or portable lighting that would benefit from new, advanced and
energy efficient LED lighting. Four types of luminaires were selected for further research.
∞
∞
∞
∞
∞

Downlights
Chandeliers
Wall sconces
Torchieres
Task lamps

Estimates indicate these luminaires represent the majority of the residential market share.
Downlights, chandeliers and wall sconces are permanently installed lighting. Torchieres and
task lamps are portable units. Each luminaire type was reviewed to develop an initial
conceptual design approach, including incorporation of LED technology. Parallel to this
conceptual path, researchers collaborated with industry partners to gauge needs for brand
aesthetics and manufacturability.

Industrial Design
Industrial design is “art made useful.” Others view industrial design as adding value to
products. The International Council of Societies of Industrial Design (ICSID) defines the design
process in terms of specific goals and tasks. According to ICSID, design is “a creative activity
whose aim is to establish the multi-faceted qualities of objects, processes, services and their systems in
whole life cycles. Therefore, design is the central factor of innovative humanization of technologies and the
crucial factor of cultural and economic exchange.”
Industrial Design seeks to discover and assess structural, organizational, functional, expressive
and economic relationships by:
Enhancing global sustainability and environmental protection (global ethics)
Giving benefits and freedom to the entire human community, individual and collective,
final users, producers and market protagonists (social ethics)
∞ Supporting cultural diversity despite the globalization of the world (cultural ethics)
∞
∞

Navigant Consulting, Inc. February 2010. Energy Savings Potential of Solid State Lighting in General
Illumination Applications 2010 to 2030. U.S. Department of Energy, Office of Energy Efficiency and
Renewable Energy.
4
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∞

Giving products, services and systems those forms that are expressive of (semiology)
and coherent with (aesthetics) their proper complexity

Industrial Design from the Consumer’s Viewpoint
The revision of a product should never occur in isolation. 5 Correlations between the product,
users, surrounding space, and other objects in the vicinity need to be considered. The value of
every product can be characterized using three levels of criteria: practical, aesthetic and
symbolic.
Figure 1: Product-to-user/object/space correlations

Source: CLTC

The practical value set pertains to safety, ease of purchase, transportation and storage, ease of
use without explanation, durability, maintenance, repair and disposal. The aesthetic value of a
product relates to the so called “product language”.
∞
∞
∞
∞
∞
∞
∞

Semiotics, semantics, syntax, pragmatic functions, and symbolic functions
Senses involved in using the product: vision, touch, hearing, smell, and taste
Physical form attributes (size, comparative scale, orientations
Proportions (golden rule, modularity)
Materials, surfaces, colors, patterns
Formal concepts (additive, integrative, integral
Complexity and order

A product’s symbolic value is critical to its success and marketability. Generally this applies to
the cultural relation to status and society, and an emotional connection.

5Heufler,

Gerhard, 2004,Design Basics: From Ideas to Products (1st Edition). Arthur Niggli Verlag. ISBN
3-7212-0517-0.
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When navigating a new product field, it is important to consider all practical, aesthetic and
symbolic parameters. During the design process, designers must analyze and evaluate all
parameters from the viewpoints of consumers and the manufacturer in order to achieve a
desired product. Ideally, the design process takes into account the technology available for the
products’ features and production, the economics of production, transport and consumption,
and the potential environmental impact of the product. This project addressed the technological
aspects of the design process as they relate to the application of new LED system components.

Industrial Design as a Process
The design process can be understood in terms of four major phases of product development:
research and analysis, conceptualization, development and optimization of selected prototypes.
This process is shown in Figure 2.
Figure 2: The design process follows four phases

Source: CLTC

∞ Phase-1: Define problems and tasks. Information should be collected and current status
analyzed. Target groups should be defined and a briefing composed
∞ Phase-2: Generate initial and partial solutions related to Phase-1. Functional details
should be sorted, principal solutions investigated, and concept variations generated and
evaluated.
∞ Phase-3: Realize a holistic solution. Ergonomics may be checked, computer-aided design
(CAD) models developed, and mock-up physical models built with several steps of
evaluations in between.
∞ Phase-4: Develop specific details, functional features, manufacturability and optimize
costs for serial production.
Design phases can be engaged separately, but the order shown in Figure 3 is optimal since each
phase builds upon previous phases. At the end of each phase, a review process will engage an
interdisciplinary team from the areas of technical construction, engineering, marketing, sales
and company leadership. It may be necessary to repeat a specific phase or go through several
iterations of one or more phases to meet previously set goals. All phases and review processes
are limited by the available time, funds and the desired quality level. A high level research on
potential intellectual property conflicts is recommended.

4

Project Outcomes
Researchers developed multiple luminaires as part of the Program, and each reached varying
degrees of maturity within the design process phases previously described. Torchiere
development focused on different LED technologies and appropriate heat sink engineering.
Work on the task lighting focused on industrial design idea generation and conceptual
development in an attempt to include aspects of the partner manufacturer’s corporate identity.
Researchers conducted an initial review of four luminaire types. Figure 3 shows examples of
permanent and portable luminaires with traditional and modern design variations indicating
the range of possible aesthetics.
Figure 3: Interior luminaire research and analysis, Phase-1

Source: CLTC

Torchieres
Torchieres represent a large segment of the residential lighting market because they are a
portable and cost-effective means of placing pleasant, indirect lighting where needed. Torchiere
development followed Phases 1 through 3 of the design process. The development of a
sufficient thermal solution was the driving factor for design work on this luminaire type.
Laboratory Prototypes
Traditional torchieres with halogen or CFL lamps range from 1800 to 4000 lumens and 17 up to
69 lumens per watt (lm/W) system efficacy. Table 1 lists specifications for two Bridgelux and
three Cree LED modules, comparing form factors, photometric values such as correlated color
temperature (CCT) and color rendering index (CRI), spectral power distribution (SPD) graphs,
total luminous flux, and efficacy. Some of these LED modules featured new, solderless
assembly details. This is an important industry development because it keeps assembly costs
low and allows for easier replacement in case of failure.

5

Table 1: LED modules considered for prototyping

Desired values highlighted in green; lower efficacy in red
Source: CLTC

A series of heat sink designs were explored based on the Bridgelux and Cree LEDs. At least four
Bridgelux LEDs per engine cluster were needed to achieve luminous flux comparable to
halogen or CFL lamps (1800 to 4000 lumens). Each LED type has a distinct intrinsic distribution
angle without additional optics. The first heat sink variations had several angled planes to
direct light upward and downward.
Figure 4: LED cluster variations with aluminum heat sink body

LEDs shown to scale
Source: CLTC
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An upward-oriented design was chosen to minimize potential optical issues such as heat sink
fin shadows and uneven distribution. Heat sink fin count was increased to optimize convection
effects. The surface area from initial designs with 107 in2 was increased to 369 in2 to optimize
convection effects. The efficacy of the selected Bridgelux LEDs is rated for up to 50 lm/W.
Higher efficacy values, close to 75 lm/W, can be achieved with Cree X-lamp LEDs. The flat
circuit board disc was designed with multiple Cree LEDs (28x XP-G, 4x MP-L, 24x XR-E). All
circuit boards were designed using the same heat sink design.
Figure 5. The same heat sink body (left) could be paired with any one of the three different circuit
boards (pictured center)

Source: CLTC

An aesthetically pleasing design was prepared using computer-aided design (CAD) software.
The choice of finishes, proportions and minimal visual complexity were selected to give this
luminaire a modern and refined appearance. Lessons learned from the torchier’s design and
development were implemented in the physical development of the LED engine and heat sink
assembly for the chandelier described later.
Figure 6: CAD torchiere: overall appearance (left) and preliminary LED head detail (right)

Source: CLTC
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Wall Sconces
Wall sconces are a well-established choice for residential interiors, but they have limitations.
They need permanent wiring, requiring foresight and construction planning, and are not easy to
relocate once in place. Additionally, they are subject to Americans with Disabilities Act (ADA)
regulations for public or commercial spaces.
ADA requires luminaires protrude no more than four inches from the wall. This is not an issue
for residential spaces, but it affects large-scale production. It has been a challenge building highefficacy, fluorescent luminaires that stay within this four-inch limit; have well-designed outer
appearances; provide even illumination; and contain integrated ballasts. The smaller sizes of
new LED technologies meet these requirements and are opening up new ways to illuminate
spaces.
Laboratory Prototypes
The wall sconce concept developed for this project utilized a thermal technology system called a
heat pipe to effectively transfer heat from the luminaire head to a heat sink with sufficiently
large surface area. This particular design concept specifies a mix of primary, high-power LEDs
aimed towards the wall and a secondary set of low-power LEDs used to light a decorative glass
piece at the front of the luminaire.
Figure 7: LED wall sconce study, isometric CAD view, and heat pipe schematic

Source: CLTC
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Task Lamps
An in-depth, research, analysis and conceptualization approach was taken (phases 1 and 2 of
the product design process) for the task lamp concept development. Following typical
industrial design practice, designers utilized a “mood board” to develop an appropriate design
language. The design sought to reflect Bridgelux’s corporate identity and appeal to the desired
market demographic for the new task lamp. A range of similar consumer goods consistent with
the expected target customer demographic were compiled and reviewed to find a design
direction for the end product.
Certain products were selected to convey a design language: a car and a watch, as indicators of
personal design style preference, and an iconic task lamp in the $300+ range to match the shared
aesthetic of the car and watch. Three different formal approaches, or design languages, were
proposed: classic, geometric/architectural, and sculptural.

Figure 8: Mood board for Classic design

Source: Breitling, Artemide

Figure 9: Mood board for Geometric/architectural design

Source: Audi, Luxo
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Figure 10: Mood board for Sculptural design

Source: Porsche/PorscheDesign, Herman Miller

In industrial and graphic design, corporate identity (CI) is the holistic impression made by
logos, colors, products and/or services associated with a company or a branded entity. Existing
logo designs and typography were used to collect design elements for the task lamp. In this
case, corporate identity elements analyzed included partner manufacturer logos, product
names, typeface, fonts and colors. For comparison, a similar theme is shown for the UC Davis
logo, typeface and “Aggie” horse trademark.
Figure 11: Bridgelux and UC Davis logos and trademarked names

Source: Bridgelux, UC Davis

Based on CI details, sculptural, geometric and classic design language attributes, a number of
concept variation luminaire sketches were prepared to illustrate the potential next steps for the
development of a task lamp. Figure 12 shows sketches for the geometric and classic designs.
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Figure 12: Design sketches in the geometric and classic design languages

Source: CLTC

Laboratory Prototypes
Following initial design activities, researchers conducted components evaluation, prototype
development and testing. Researchers first examined LED engines for inclusion in the task lamp
prototype. Researchers selected the “Araya” engine by Lumentix, an award-winning engine
available at the time of this work. Specifications for the Araya engine are shown in Figure 13. In
addition, various optical reflectors and diffusers can easily be attached to the LED base and
various heat sink solutions can be used. These robust specifications and explicit interest from
the lighting industry made this module an ideal light engine to include in a prototype task
lamp.

11

Figure 13: Lumenetix “Araya,” model CTM-032 and excerpt from Lumenetix spec sheet rev5.4.12

Source: CLTC

Figure 14: LED task lamp idea generation based on LED engine size and anticipated heat sink
requirements

Source: CLTC

Based on these initial concepts, a specific design for a banker’s lamp was selected. Keeping
technical feasibility and the thermal needs of the LED engine in mind, parameters for a
traditional banker’s lamp were collected for the base, arm, head, material, and finish and
included in the design process. Iterations of the design process kept technical details in mind
12

and practical, aesthetic and symbolic parameters were combined and altered to achieve a
desired product for the targeted market segment.
This design exercise with the Lumenetix LED engine cleared the path for project with with
other manufacturers. The project’s goal was commercialization of a new LED task lamp.
Designers helped bring all manufacturers together and provided technical and market expertise
to the collaboration. The commercialized product is offered by Full Spectrum. Development
efforsts, discussed below, focused on inclusion of the task lamp as part of Full Spectrum
Solution’s BlueMax™ and UltraLux product lines.
Figure 15: Banker’s lamp design process

Source: CLTC

Initial design work for the LED task lamp prototype focused on including the Lumenetix LED
engine and a sufficient heat sink while maintaining design elements of the BlueMax and
UltraLux lines. The consensus was to continue the development of the BlueMax LED task lamp.
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Figure 16: Initial BlueMaxLED (left) and UltraLux LED (right) design models

Source: CLTC

Since the LED module is a finished product, the focus was providing sufficient heat dissipation
via a customized heat sink design made to fit the design language of the task lamp. The work
included dimming and color controls. Research for available cylindrical heat sinks on the
market resulted in three useful products by Nuventix and Hangzhou Jian Fa Machinery Co.
(HZJFCo). Another theoretical option was to custom design a heat sink for this application.
Figure 17: Custom heat sink design (far left) and three market-ready units

Source: CLTC

CAD mockups showed the dissipation surface of the four heat sinks varied significantly, with
surfaces measuring 268, 291, 328, and 394 square inches, respectively, (left to right) in Figure 23.
This initial CAD mockup made clear that, apart from physical appearance, a thermal FEA is
necessary to evaluate the anticipated performance before proceeding with prototypes or real life
tests. All four designs were analyzed to consider “best case” and “worst case” scenarios,
including materials used, pricing (with possible tooling costs), lead times, and minimum
quantity orders in mind.
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A best-case scenario for the designs (HS-BC) had the following parameters:
1.
2.
3.

+20°C ambient temperature
High thermal convection coefficient (10W/(m2K)
Best orientation for convection and airflow

A worst-case scenario for the designs (HS-WC) had the following parameters:
1.
2.
3.

+35°C ambient temperature
Low thermal convection coefficient (5W/m2K)
Worst orientation for convection and airflow

From the four heat sink designs, only the two best CAD model units were available for
purchase as physical samples in small quantities (HS#3 and HS#4). The samples were purchased
and customized to fit wiring and mount flush with the Lumenetix CTM-032 module (Figure 18).
A heat conductive medium or spread was not used. Mounting surfaces were made as flat/level
as possible using fine grit sandpaper and a thorough cleaning to remove dust before assembly.
The shade was designed with the serial manufacturing process of hydroforming in mind. The
shade was ordered from a rapid prototyping manufacturer in black stereolithographic plastic.
Figure 18: Heat sink samples customized to fit the LED module

Source: CLTC

Once assembled, live thermal tests were conducted with the heat sink mounted in the prototype
head case and with simulated air flow restrictions. A paper mask simulates the diffuser lens and
flow restriction. Figure 20 shows a typical temperature test with the head tilted 90 degrees
sideways resulting in a worst case air flow since the air would be trapped inside the case.
Temperature probes measure the inside and edge of the luminaire and the ambient temperature
surrounding a desktop. Lumenetix specified a maximum of 70°C at the LED engine base as a
temperature cutoff.
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Figure 19: Heat sink (HS) #3 inside of the head of the rapid prototype case.

Source: CLTC

In a 25°C environment, the used heat sink “HS#3” with only 328 in2 surface was still sufficient to
stay ~15°C below the critical 70°C mark. This indicates only in a +40°C environment would the
70°C mark be surpassed in a worst-case setup. HS#4 is expected to stay in a worst case scenario
3.6°C lower than HS#3 because of the larger.
Figure 20: Thermal test with task lamp head turned 90 degrees sideways (duration: 90 minutes)

Source: CLTC

Parallel to the heat sink evaluation a minor revision was made to the head shade design.
The planned diffuser lens was integrated in a spacer collar that also prevents side glare to the
bright LED source while enabling sufficient air flow for convection.

16

Figure 21: Vent spacing variations apparent with diffuser lens and glare control vent spacers

Source: CLTC

The Lumenetix engine features 0–10V dimming controls for dimming and color control.
A single dimming potentiometer with 50kOhm impedance was selected for both controls. One
potentiometer included a 120VAC ON switch function to power the LED driver included in the
base. The switch plate and details of the base assembly were designed to include a pictogram
for dimming and color control and updated quality hardware and finishes.
Figure 22: Controls design (left), final revision (middle), and functioning prototype mockups (right)

Source: CLTC

Commercial Products
The final CAD files and two prototypes for the task lamp design were delivered to Full
Spectrum Solutions for production optimization and sourcing to bring the product to market.
The commercially available task lamp was coined “VariLum” and is available for pre-order on
the Fullspectrum solutions website as of December 2014:
http://www.fullspectrumsolutions.com/varilum_desk_125_ctg.htm

17

Chandeliers
Chandeliers are among the most common light fixtures for interior spaces, but there was a gap
in the market for products that are energy-efficient and inexpensive. Designing a chandelier
prototype required research and analysis, conceptualization, and prototype development
(phases 1 through 3 of the design process).The main focus was the development of the LED
engine and heat sink.
The aesthetic design was chosen to be a moderately modern, architectural aesthetic. The
development of the LED integrated chandelier included emphasis on minimal and clean visual
lines, an optical solution with even distribution, fixture longevity, and manufacturability.
Figure 23: Commodity-grade chandelier (left) and LED chandalier prototype (right)

Source: CLTC

Laboratory Prototypes
LEDs for the chandelier were selected for their ability to provide a warmer color temperature
with the desired distribution, traits found in traditional chandeliers. Optical goals for the
luminaire included eliminating glare and maximizing light uniformity. Using a semitransparent acrylic dome to diffuse the light achieved the desired effects while complementing
the luminaire’s simple and modern design aesthetic. The photo on the right in depicts the final
LED chandelier design prototype at the CLTC facility.
Lessons learned from developing the torchiere design were applied in developing the
chandelier prototype. For increased light uniformity, a symmetrical layout of the LED array
with an integrated refractive clear optic was used so that the four high-power LEDs’ throw
intensities overlapped. The Cree MP-L “Easy White” LEDs were used (see Table 2 for specific
details).
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Table 2: LED characteristics of the Cree MP-L “Easy White”

LED type

CREE MP-L “Easy White”

Driver type

Philips Advance, 350mA-CC

LED wiring hardware

Tyco LED solder less wiring socket

Fixture total power

55 watts AC

Lumen output

3100 Lumens at LEDs (56.36 lm/W)

CRI, Ra

82.5

CCT

2973K

LED Lifetime (L70)

50,000 hours

Collected through photometric testing and manufacturer’s specification sheets

LEDs must operate below a specified temperature to achieve the projected L70 lifetime. The cutoff temperature is 55, 70 or 85 degrees Celsius per LM-80. For this chandelier prototype, a heat
sink structure was engineered to provide sufficient passive cooling to the LED array. The
custom heat sink for this luminaire included CAD development with Finite Element Analysis
(FEA) temperature testing and subsequent use of a computer numerical control milling machine
to manufacture the prototype out of a block of billet aluminum. Figure 16A shows CAD-FEA in
degrees Fahrenheit (143ºF equals 62ºC under full load at 55W).
Figure 24: Heat sink for the chandelier prototype modeled using CAD thermal finite element
analysis (left), and the physical LED board mounted to the prototyped heat sink (right)

Source: CLTC

A final consideration for this pendant chandelier design was the design for manufacturability
(DFM). The sub-sections of the fixture were designed to focus on simplicity, functionality and
reliability of all involved parts. The Cree MP-L selected for this prototype utilizes a Tyco screwon socket and requires no solder points. Three screws hold the LED pins in place to connect to
the circuit.
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A custom circuit board was designed for the LED array (see Figure 17A). The plate bolts
directly to the heat sink. This allows for easy assembly and a large surface area between the
LED board and the heat sink, resulting in lower operating temperatures. These results are
expected to increase the life of the luminaire.
Figure 25: Custom LED circuit board (left) and chandelier prototype (right)

Source: CLTC

Downlights
Downlights (also commonly referred to as recessed lights or can lights) can be found in both
residential and commercial sectors. Downlights may use incandescent, HID, CFL or LED light
sources. The luminaire housing typically ranges from 4 to 12 inches in diameter. For certain
retrofit situations, an LED module may use the existing screw base as a power source for the
lamp and clip into the existing housing. Sometimes a trim kit is added. In other retrofit
applications, the existing downlight lamp and housing are fully removed and the retrofit unit is
installed in the same location. In new construction applications, LED product installation varies
little from traditional downlights.
As one of the first general illumination LED applications, LED downlight technology has
matured over the past decade. Best-in-class products, such as winners of the Next Generation
Luminaires™ SSL Design Contest, have demonstrated efficacy improvements in this product
category of 20 to 30 lm/W, in just five years. 6 LED downlights offer longer lifetimes and reduced
maintenance costs compared to existing fluorescent or incandescent sources.
Researchers created two LED downlight prototypes and tested their performance in a small
conference room. Research focused on providing a second path of light to the ceiling area
surrounding each fixture, which will reduce the contrast and resulting glare while improving
visual comfort. Following this work, researchers demonstrated commercially available highefficacy products in collaboration with residential home builders and their local utility.

6

NGL Winners 2009 to 2014, http://www.ngldc.org/14/indoor/winners.stm.
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Laboratory Prototypes
CLTC set for itself two goals in creating its prototypes. The first was to produce indirect
illumination utilizing efficacious LEDs. The second was to deliver a minimum of 700 lumen
from the luminaire. Keeping these goals in mind, CLTC developed two novel concepts for
retrofit downlights.
The first prototype CLTC designed incorporated an indirect unit that also provided
illumination to vertical surfaces in addition to a direct unit. Using Photopia software (lighting
design software), several indirect luminaires were designed. Once the design was finalized and
drafted, the first prototype was fabricated using in-house machinery (Figure 2 and Figure 3).
After further testing the design, further modifications were made resulting in Figure 4, Figure 5
and Figure 6 below.
The second version of the prototype used a completely indirect method of light distribution.
CLTC utilized a design developed previously and modified it to deliver two lighting modes:
normal mode and night mode. The amber LEDs were used for the night mode. CLTC
fabricated a new reflector dome and circuit board. The downlight was coated with barium
sulfate white paint, which is 99% reflective. Additional downlight prototypes were also
fabricated and powder coated for testing.
Figure 26: Prototype Version 1
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Figure 27: Modified fixture - indirect lighting

Source: CLTC

Figure 28: Modified fixture - direct lighting
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Figure 29: Prototype Version 2

Table 3: Photometric and Electrical Test Results of Prototypes

CRI

Luminous
Flux
(lumens)

Power (W)

Luminaire
Efficacy
(lumens/watt)

Fixture Style

Mode

CCT
(K)

Prototype Version 1

General

2981

83

725

24.6

29

Prototype Version 1

Direct

2987

84

277

5.5

50

Prototype Version 2

General

2941

81

825

16.6

50

Prototype Version 2

Amber
General +
Amber

1725

38

22

1.4

16

2896

81

843

18

47

Prototype Version 2

Commercial Products
While CLTC did develop a viable prototype, the lighting industry concurrently brought to
market numerous, cost-effective downlight products of their own. With many efficient
downlights available, CLTC determined it was no longer necessary to seed the market with
additional products and suspend additional development of downlight prototypes. Instead, an
assessment of the market was done to determine the range of products available. By searching
on the Energy Star Certified Products list, many products, with both high efficacy and high CRI,
were found. Energy Star certified products meet the performance and energy-efficiency
standards set by Energy Star. Of the many companies with Energy Star qualified downlights,
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five companies are producing the majority of products that are both high efficacy and high CRI.
These company include Cooper Lighting, Cree, EcoSmart, Nicor and NORRA. Among these
companies, they have 159 downlights offerings with an average CRI of 92 and an average
efficacy of 57 lumens per watt.
Figure 30: Downlight luminaire efficacy for Energy Star LED lamps qualified between December
2011 and March 2014

Source: CLTC

Figure 31: LED downlights CRI for units qualified between December 2011 and March 2014

Source: CLTC
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Field Demonstrations
CLTC contacted Wathen Castanos, a residential builder, to install a demonstration of the
commercial products. Wathen Castanos is a green focused builder whose mission is to provide
homes that allow for an energy usuage reduction by at 71% compared to new homes built to
standard requirements, without compromising design or comfort. Wathen Castanos agreed to
collaborate on the lighting design. Below is a typical first floor electrical plan for a residential
building.
Figure 32: Typical first floor electrical plan for a residential building (Image courtesy of Wathen
Castanos)

Source: Wathen Castanos
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CLTC performed iterative photometric modeling of high performing products in the selected
floorplan provided by Wathen Castanos and compared the simulation results against target
light levels and uniformity ratios recommended by the IES Handbook standards. Based on
modeled results, the AHE design resulted in a lighting power density of .38 W/sf. for the
kitchen and dining areas.
Table 4: Target illuminance values for Residences per IES Handbook, 10th Edition
Application
and Task

Horizontal
Illuminance
Target
(Avg fc)

Vertical
Illuminance
Target
(Avg fc)

Notes

Living Room

3

3

Eh @ floor
Ev @ 4'AFF

Formal

5

2

Eh @ table plane
Ev @ 4'AFF

Informal

10

4

Eh @ table plane
Ev @ 4'AFF

Study Use

20

5

Eh @ table plane
Ev @ 4'AFF

20

5

Eh @ eating surfaces
Ev @ 4'AFF

Cabinets

-

5

Ev, @ face of cabinets

Cooktops

30

5

Eh @ cooking surfaces

General

5

-

Eh @ floor

Preparation
Counters

50

7.5

Eh @ prep surfaces

Sinks

30

5

Eh @ top of sink

Dining Room

Kitchen
Breakfast Area
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Figure 33: Residential kitchen rendering with a high performing lighting product

Source: CLTC

Figure 34: Residential living and dining room rendering with a high performing lighting product

Source: CLTC
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Figure 35: Residential kitchen rendering with a high performing lighting product

Source: CLTC

Figure 36: Residential kitchen rendering with a high performing lighting product

Source: CLTC
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Figure 37: Residential dining room with a high performing lighting product

Source: CLTC

Figure 38: Residential lighting designed to IES Recommended Lighting Levels

Source: CLTC
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Monitoring and Verification Equipment
Revenue grade metering equipment was installed at the project site. The accuracy of revenue
grade equipment meets the accuracy requirements of the ANSI C12.1 standard when used with
CCS CTs rated for IEEE C57.13 Class 0.6 accuracy. Table 5 lists the equipment used to monitor
the energy usage at the Wathen Castanos production home.
Table 5: Installed monitoring equipment
Monitoring Equipment Type
True RMC AC watt-hour transducer

Model

Quantity

WattNode RWNB-3Y-208-P

2

Current Transformers

CCS ACT-0750

5

Data Logger

HOBO UX120-017M

1

Receptacle Power Quality Recorder

Bert 110M
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Monitoring equipment was installed on September 29, 2014. Work including circuit tracing to
isolate the source of loads on each electrical circuit. Circuit-level electricity use was recorded by
the HOBO data logger at one minute resolution. Receptacle loggers were installed on November
18, 2014. The energy use from the receptacles was recorded by the logger at one hour
resolution. The HOBO data was binned into one hour resolution to allow the two data streams
to be analyzed together.
Table 6: Electrical panel labels and traced lighting loads

Electrical Panel Label

Lighting Location

Designated
Zone Number

Garage

Garage

(1)

Bath + Laundry LTS.

Bath, Kitchen, Laundry

(2)

Master Bedroom + Smoke DET.

Hallway to master and master bedroom

(3)

Bedrooms 2+3

Hallway to bedroom and bedroom

(4)

Entry, Dining, Living

Front porch, Back Porch, Entryway, Living
Room, Dining Room

(5)

30

Figure 39: Lighting zones by circuit

Source: CLTC
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Photometric Performance

In order to verify the photometric performance at the Wathen Castanos residential home, CLTC
used multiple Konica Minolta T-10A Illuminance meters to measure the amount of light
reaching a certain plane. The results are summarized in Table 7. Comparing the values of
illuminance target values with the actual illuminance values, the target values of the IES
standard are mostly met with the current setup. The area that could be improved is the
preparation counters and the adjacent cooktop. It appears that the downlights do not provide
enough light to reach the target values for the specified task. This can be solved by installing
under-cabinet task lighting as well as turning on the stovetop light.
Figure 40: Apparatus used with T-10A meters to capture illuminance

One sensor for each cardinal direction: North, South, East, West
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Figure 41: Locations of illuminance points captured
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Table 7: Illuminance (foot-candles) at various locations in the Wathen Castanos home.
Point #

Eh

Notes

Ev North

Ev East

Ev South

Ev West

Note for Ev

Kitchen
1
2

Cabinet Face
18.00

3
4

Prep Surface

22.88
13.22

5.95

10.29

Cabinet Face
20.70

5

Cooktop

26.96
36.3

8.29

9.3

Cabinet Face

6

20.81

7

33.30

8

Height: 6'

25.26
Height: 6'

28
24.01

Height: 6'

32.6

8.66

10.24

20.74

59.3

20.27

11.71

10.53

@4' AFF

36.50

Prep Surface
Breakfast Eating
Area
Breakfast Eating
Area

81.7

29.3

13.37

11.31

9

36.30

@ top of sink

46.9

14.23

13.4

15.91

@4' AFF
@ top of
sink

10

29.80

General Floor

44.6

17.16

4.62

8.73

@5' AFF

11

29.30

General Floor

36.7

6.95

11.21

17.95

@5' AFF

12

29.60

General Floor

45.8

5.9

14.34

21.45

@5' AFF

13

33.10

General Floor

58.2

5.07

15.05

30.8

@5' AFF

14

30.40

General Floor

77.4

4.24

14.53

40.7

@5' AFF

15

36.50

General Floor

98.7

37.2

16.36

16.57

@5' AFF

Dining
Room
@ table
surface
@ table
23
21.08
Dining Surface
surface
@ table
24
22.82
Dining Surface
surface
Eh is the horizontal illuminance. Ev is the vertical illuminance with the N, E, S, W designation for the
appropriate North, East, South, West direction that the meter is capturing the data.
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19.24

Dining Surface
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Table 8: Comparison of IES illuminance target values with measured values

Application and
Task

Horizontal

Actual

Vertical

Actual

Illuminance

Horizontal

Illuminance

Vertical

Target

Illuminance

Target

Illuminance

(Avg fc)

(Avg fc)

(Avg fc)

(Avg fc)

Notes

Dining Room
Formal

5

21.05

2

N/A

Informal

10

21.05

4

N/A

Study Use

20

21.05

5

N/A

Eh
@table
plane; Ev
@ 4'AFF
Eh
@table
plane; Ev
@ 4'AFF
Eh
@table
plane; Ev
@ 4'AFF

Kitchen

Breakfast Area

20

34.9

5

N/A

Cabinets

-

-

5

24.62

Cooktops

30

20.7

5

20.47

General

5

31.45

-

-

Preparation Counters

50

19.41

7.5

15.87

Sinks

30

36.5

5

22.61

Values averaged by space type.

35

Eh
@eating
surfaces;
Ev @
4'AFF
Ev, @face
of
cabinets
Eh
@cooking
surfaces
Eh @floor
Eh @prep
surfaces
Eh @top
of sink

Using a Nikon Coolpix 5400 digital camera with a FC-E9 fish-eye lens, a series of pictures were
captured at predefined settings that includes various exposure times and apertures. These
photographs were processed in the Photolux software for luminance approximation. Using the
Photolux software, average luminance of the luminaire and the adjacent surface to the
luminaire were obtained. The locations are noted in Figure 42. The calculated ratios are
summarized below in
Table 9.
Figure 42: Luminance scene locations
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Figure 43: Nikon Coolpix 5400 with FC-E9 fish eye lens on tripod
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Figure 44: Scene 1 - Series of pictures for Scene 1 at the Wathen Castanos home used for creating
luminance map

Figure 45: Luminance map of select images
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Figure 46: Scene 1 – Luminaire-adjacent luminance

Figure 47: Scene 1 - Luminaire luminance mapping
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Figure 48: Scene 2 - Luminaire-adjacent luminance mapping

Figure 49: Scene 2 - Luminaire luminance mapping
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Figure 50: Scene 3 - Luminaire-adjacent luminance mapping

Table 9: Average luminance

Scene 1

Measured
Luminance
Ratio
1: 144

Recommended
Maximum
Luminance
Ratio
1:20

Scene 2

1:91

1:20

Scene 3

1:169

1:20

Comparing the calculated values with the recommended values, it appears that there may be
some glare or visual discomfort from e downlights. Due to the directional nature of LEDs, it is
important that manufacturers design with glare reduction in mind if visual comfort is a design
point. This is the reason CLTC’s prototype fixtures were designed the way they were. With
indirect lighting, the contrast ratio is potentially greatly reduced. Having the LED source be set
deeper inside or incorporating some sort of baffle are other possibilities to reduce the visual
discomfort. Finding the balance between luminaire efficacy and visual comfort is key. What
appears normal to one person, may appear unpleasant to another. Anecdotally, when asked
about the quality of light in the home, the homeowner expressed happiness with the current
lighting setup.
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Electrical Performance
Based on the lighting fixtures installed at the home, the expected load with all lights on should
be about 563.7 Watts. The load profile and energy use data for the lighting of the entire
residential home are included below. Included are a weekday and weekend daily load profile
for the lighting and non-appliance receptacle loads removed the Wathen Castanos home. In
addition, cumulative results for both days and over the course of the monitoring period are
included. It should be noted that there is are a few gaps in the data due to technical errors with
the logging equipment. Days with missing data were dropped from the analysis resulting in
157 days of monitored energy use. According to the data, the lighting of this house uses on
average 3.00 kWh of energy per day. Based on a usage of 365 days per year, this results in a
calculated annual energy use of 1095 kWh.
Figure 51: Complete energy load profile
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Figure 52: Figure 30: Overlaid weekly residential lighting and receptacle load profile

Figure 53: Chronological Daily Energy Use over Monitoring Period Duration
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Figure 54: Energy Use for Mondays
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Figure 55: Energy Use for Tuesdays

Figure 56: Energy Use for Wednesdays
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Figure 57: Energy Use for Thursdays

Figure 58: Energy Use for Fridays
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Figure 59: Energy Use for Saturdays

Figure 60: Energy Use for Sundays
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Through CLTC’s efforts, outreach activities, targeted at home builders and manufacturers, were
conducted to inform these key stakeholders on the potential for energy savings and associated
market opportunities available from high-efficacy, LED downlights. Activities with
manufacturers focused on technical collaborations and development of a business case for
customer adoption of retrofit LED downlights. Activities with the general contractors focused
on design and installation of high-efficacy, LED down lighting in residential communities. As a
result, contractors gained experience and information regarding LED lighting. CLTC also
conducted a wide array of educational activities on LED technology including development of
several lighting design guides, codes and standards training sessions, and contractor training
modules. The demonstration of the LED downlights have also shown that efficacy is improved
when compared to other incumbent technologies.
Conclusions
Replacing existing incandescent downlights with dedicated LED downlights or retrofit kits
delivers energy savings of approximately 80%. 7,8 Replacing fluorescent downlights with LED
options can reduce lighting energy use by 50%. 9,10 Conversion of existing residential recessed
downlights to LED alternatives could save 4,950 GWh annually, according to a 2012 report
supporting California’s statewide lighting market transformation program. 11 In California’s
commercial sector, where incandescent and CFLs predominate in pin and screw-base
applications at approximately 90% or more utilization, savings from conversion to LED
alternatives could be significant. Approximately 85% of all California commercial businesses
utilize some form of pin or screw-lamp 12. Nationwide, total potential savings could be as high
as 48,000 GWh, according to a 2008 DOE study.
Since the start of the project, many manufacturers have released many different varieties of LED
downlights, giving consumers many viable options to choose from. Many of these products are
sold with rebates to entice and reduce costs for potential buyers. As seen from the
demonstrations, LED downlights offer higher efficacy when compared to other incumbent
technologies, such as incandescent or CFL. The following specification may be used as a
general guideline for selection of high-efficacy, code-compliant products.

“Demonstration Assessment of Light-Emitting Diode (LED) Residential Downlights and Undercabinet Lights: Lane County Tour
of Homes, Eugene, Oregon.” Pacific Northwest National Laboratory. U.S. Department of Energy, October 2008. PDF.
http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/gateway_eugene.pdf

7

“Energy-efficient LED Downlights.” PIER Buildings Program. California Energy Commission’s Public Interest Energy Research
Program, n.d.. PDF. http://cltc.ucdavis.edu/sites/default/files/files/publication/20100500-pier-halo-led-downlight.pdf

8

“Energy-efficient LED Downlights.” PIER Buildings Program. California Energy Commission’s Public Interest Energy Research
Program, n.d.. PDF. http://cltc.ucdavis.edu/sites/default/files/files/publication/20100500-pier-halo-led-downlight.pdf

9

10 “Restaurant Ambient Lighting Demonstration Showcase.” SDGE. Emerging Technologies Associates, June 2011. PDF.
http://www.etcc-ca.com/sites/default/files/reports/Restaurant%20Ambient%20Lighting%20Demo%20Showcase.pdf

11

2013-2014 Residential Lighting Solutions Pipeline Plan, Cadmus Group, December 2012.

12

California Commercial Saturation Survey, Itron, August 2014.
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Recommendations
Downlight luminaires shall utilize high-efficacy sources such as LED or CFL only. New
luminaires shall retain a neutral aesethic or style, as required, to ensure a match with the room’s
features or environment. Retrofit of existing fixtures with new sources is acceptable.
Luminaires shall be Title 24 compliant and certified to the California Energy Commission.
Downlights shall have an efficacy of at least 57 lumens per watt while achieving a photometric
performance of ≥90 CRI. Based on the California Quality Standard, the luminaire shall also
have a power factor ≥ 0.90 when tested at full output while maintaining an R9 value of ≥50.
Luminaires shall be airtight to prevent conditioned air leakage.
Depending on the space setting, luminaires shall be appropriately IC rated for the type of
ceiling it is installed into. If installing where there is a possibility of splashing or contact with
water, fixtures shall be “wet” or “shower-location” rated. If installing where there is a
possibility of moisture or condensation buildup, fixtures shall be “damp-location” rated.
Manufacturers shall provide different photometric distribution options for their range of
products. Manufactureres shall also effectively use engineering techniques to reduce glare.
In order to give users more control, as well as to provide an additional way to reduce power
consumption, downlight luminaires shall be capable of being controlled by dimming controls
that allow the occupant to dim the lights from 10-100%. A list of compatible control devices
shall be provided by the manufacturer.
Additional lighting control requirements shall be in accordance with Title 24, Part 6, Section
141.1, as applicable to lighting addition or alteration projects, and Section 130.1 for new
construction projects.
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Appendix C:
LED Replacement Lamp Test Program
Introduction
While the energy savings potential of LED replacement lamps as compared to traditional
incandescent lamps is well publicized, a positive consumer perception of LED replacement
lamps is necessary to achieve sustained market adoption and, consequently, long-term savings.
To achieve positive consumer perception, LED replacement lamps should operate per
manufacturer’s claims over the life of the product and deliver similar, if not better, photometric
and electrical performance as compared to the products they claim to replace. Near-term market
acceptance will be driven by a lamp’s initial performance and the lamp’s ability to meet or
exceed user expectations for characteristics such as initial light output, color, and dimming.
Long-term market acceptance will be driven by the lamp’s longevity and its electrical and
photometric performance throughout its life.
CLTC completed an LED replacement lamp test program to verify manufacturer’s claims
regarding initial and long-term product performance. The test program was focused on
directional LED lamps designed to replace standard MR and PAR incandescent and halogen
lamps. Test results provided information to assist in determination of in-situ lamp life, total
light output, lumen maintenance, color maintenance, and flicker over the life of the products.
Test conditions, including lamp orientation, housing configuration, and dimming level, were
evaluated to understand their effect on each product’s electrical performance, photometric
performance and lifetime. Additional product categories are also currently under evaluation at
CLTC with support from other California stakeholder groups.
This report contains information and test results of electrical and photometric performance over
time for LED directional replacement lamps. This report includes data collected on ten different
products over the course of their first 5,000 hours of operation. Information on the program test
methodology and test equipment is also included. Information and data on omnidirectional
LED replacement lamps testing may be accessed at XX.

Test Methodology
To understand the current state of the lamp market, CLTC conducted a detailed analysis of the
directional lamp market to characterize the performance of traditional and emerging lamp
technologies with respect to claimed power consumption, color metrics, product life, and lumen
maintenance.

CLTC examined published literature on total light output (luminous flux) and dimmability of
incumbent and replacement lamps. These performance characteristics, coupled with
appropriate light quality attributes, fully characterize the lamp.
For each lamp type, products were segmented into groups based on luminous output. Within
each group, CLTC calculated the average and standard deviation of luminous flux, lamp
efficacy and power consumption for both incumbent and replacement lamps. A summary of
this information is provided in Table 1. Results were used to select an appropriate crossection of
lamps for inclusion in the test program.
Table 1 – Summary of mean power and energy savings associated with replacement lamps
Lamp
Type
MR16

PAR20

PAR30

PAR38

BR30
BR40

Luminous
Flux
(lm)

Incumbent
Powermean
(W)

Replacement
Powermean
(W)

Energy
Savings(%)

200-350

20.0

5.7

71.6

350-500

42.5

6.8

84.0

500-750

36.9

9.0

75.6

200-350

35.0

7.4

79.0

350-500

37.5

8.4

77.6

350-500

35.0

10.6

69.8

500-750

48.1

13.0

73.1

750-1200

65.0

14.4

77.9

500-750

47.3

14.0

70.3

750-1200

61.4

17.6

71.4

1200-1500

81.5

21.4

73.7

500-750

62.0

14.8

76.2

750-1200

66.3

16.7

74.8

750-1200

101.8

18.7

81.7

1200-1500

108.9

23.0

78.9

Test Products
The LED replacement lamps used in the program included PAR20, PAR30, PAR38, and MR16
lamp types. These lamps represent a cross section of available lamp characteristics for:
∞ Power (Watts)
∞ Luminous Flux (lumens)
∞ Correlated Color Temperature (CCT)
∞ Color Rendering Index (CRI)
∞ Dimmability

∞ Life Time
∞ Flicker
Specific lamps selected for testing are listed in Table 2. Thirty-one samples of each product were
included in the test program. Each was assigned a set of operational conditions to be
maintained throughout the test period. These conditions are listed in Table 3. A single sample
of each lamp was used for capturing the photometric behavior over time. These lamps were
continuously run, and not removed for 1,000 hour inspections.
Table 2 – LED Replacement Lamps Selected For Testing
Product
ID

Manufacturer

Lamp
Shape

MFR Product Number

Power
(W)

1

CREE

PAR38

LRP-38

12

2

Sylvania

PAR30

LED10PAR30/DIM/SG/830/WSP15

10.1

3

TCP

PAR20

LED9E26P2027KNFL

9.7

4

LightingScience

PAR30

DFN 30 W27 V2 NFL 120

17.4

5

GE

PAR20

LED7DP20W830/10

7.4

6

Acuity/Acculamp

PAR20

ALSP20 530L 45 DIM

8.4

7

Soraa

MR16

MR16-50-B01-12-927-25

12.2

8

Utilitech/Feit

MR16

LEXNDM/LED

6.7

9

Ecosmart/LightingScience

PAR20

ECS 22 WW FL 50WE 120

7.9

10

Toshiba

PAR38

20P38/27LFL-UP

20.3

Run Time Operating Conditions
To facilitate data collection, lamps were continuously powered, cycled and monitored. Lamps
were powered through a custom test apparatus described later in this report . After every 1,000
hours of run time, lamps were removed from the test chamber, photometrically and electrically
characterized, and then returned for the next 1,000-hour run cycle. This process was repeated
until the lamp failed or reached 5,000 hours of operation 1.
Operating conditions were controlled and monitored throughout the duration of the testing
program. Controlled conditions included temperature, orientation, duty cycle, and dimming
level. A data acquisition system monitored each lamp’s electrical characteristics and operating
time. The operational conditions included the following:
∞ Sample Size – The sample size is the number of lamps assigned to the operating
conditions. Operating Condition Set 1-4 seen in Table 3 below are assigned five lamps
per set of conditions to allow for comparison to Energy Star color consistency testing.

1

Program funding allowed for only 5,000 hours of testing.

Operating Condition Set 5-8 were assigned 2 or 3 lamps per set to provide a balance
between the variety of conditions and strength of the data.
∞ Operating Orientation – The operating orientation refers to the lamp base position in
relation to the lamp. For example when a lamp is operating in the base up orientation,
the lamp base is above the lamp. The lamps were tested in one of three common
operating orientations: base-up, base-down and base-horizontal.
∞ Mounting Configuration – Mounting Configuration refers to the type of fixture in which
the lamp is mounted. Two fixture types were selected for this study, an open air fixture
and a fully enclosed fixture. The open air fixture was selected to provide a condition
with maximum ventilation. The enclosed fixture was selected to simulate the worst
likely conditions the lamp may experience in terms of ventilation and insulation.
∞ Duty Cycle – The operating duty cycle defines the time the lamps were switched on and
switched off. The lamps included in this testing alternate between being switched on for
30 minutes and off for 5 minutes. This on/off switching cycle will repeat throughout the
life of the testing. The lamps will be switched on and off during the testing to simulate
real world switching cycles.
∞

Dimming Level – The dimming level is the percent of full power supplied to the lamp.
For example, a 20 Watt lamp operating at 50% dimmed level is supplied with 10 Watt of
power. A small sample of test lamps were operated at a 50% dimmed level to
characterize the result of long term operation when powered by chopped waveforms
provided by phase cut dimmers. These dimmers provide the lamps with abrupt changes
in current as opposed to the smooth mains power, which is the case without the
dimmer. The abrupt changes may potentially reduce the life of the lamps internal
electrical components.
Table 3 – Operating Conditions for Each Lamp in the Test Sample
Operating
Conditions

# of
samples
for each
product

Orientation

Mounting
Configuration

Duty Cycle

Dimming
Level

1

5

Base-up

Open Air

30 on / 5 off

100%

2

5

Base-Down

Open Air

30 on / 5 off

100%

3

5

Base-Horizontal

Open Air

30 on / 5 off

100%

4

5

Base-up

Enclosed

30 on / 5 off

100%

5

3

Base-up

Open Air

30 on / 5 off

50%

6

2

Base-Down

Open Air

30 on / 5 off

50%

7

2

Base-Horizontal

Open Air

30 on / 5 off

50%

8

3

Base-up

Enclosed

30 on / 5 off

50%

9

1

Base-up

Open Air

Always on

100%

Life Testing Rack
CLTC constructed life testing racks to allow for continuous operation of the LED replacement
lamps included in this lifetime testing. The racks were constructed from 1-inch square steel
Unistrut® to allow for modularity and strength.
Nine racks were constructed each composed of eight branches. Each branch can hold 10 lamps.
Branches and lamp sockets were spaced so that lamps were at least 12 inches apart from each
adjacent lamp. This minimized the potential increase in local ambient temperature from
adjacent lamps.
Racks were spaced at two-feet on center to allow for operators to easily access lamps for
removal for interim characterization. The square shape of the branches allowed for change of
lamp operating orientation by rotating the branch in the rack to be base-up, base-down, or basehorizontal.
Figure 1: Life testing rack geometry (left). Life testing racks (right)

Source: CLTC

A variety of methods were used to hold and house the lamps depending on the lamp type and
testing configuration. Lamps that run on 120 Volts alternating current (VAC) were attached
using ceramic Edison style (E26) sockets and connected electrically in parallel. The 12 VAC
lamps were held in fixtures on track running the length of branch with a single electrical
transformer (Hatch RS12-150 12V 150W) per branch. All branch types had cords with NEMA
three-prong connectors to plug each branch into the control system.

Insulated Lamp Housings
Eight lamps of each product were tested in typical recessed fixtures to understand how this
specific, enclosed application affected the lifetime of the lamp. Lamps not in housings were
termed “open air”. For all directional lamps except MR16’s, downlight housings with air-tight
trims were used. These components were chosen to ensure compliance with Section 150.1 (k) of
California Title 24, Part 6 Building Energy Efficiency Standards 2. All of the downlight housings
were wrapped with R-19 building insulation to simulate typical operating conditions (Figure 2).
The MR16 lamps tested in housings used MR16-specific housings that were left uninsulated
(Figure 3).
Figure 2 – Lamps in downlight housings, with shower trims and wrapped in R19 insulation

Photo credit: CLTC

California Energy Commission, 2013 Building Energy Efficiency Standards for Residential and
Nonresidential Buildings, CEC-400-2012-004-CMF-REV2.
2

Figure 3 – Downlight housings for MR16 lamps

Photo credit: CLTC

Photometric Measurements
Continuous photometric and temperature measurements were taken for one sample each of the
products selected for testing. For photometric measurements, LI-COR photosensors were
positioned above the lamps with a field-of-view limiting baffle attached to minimize the
contribution of light from nearby sources. The tubes were constructed from sheet metal rolled
into a tube with matt black paint on the inside to minimize reflections (Figure 4).
Figure 4 – Photometric test lamp

Field of view limiting tube over the LI-COR
photosensor and the location of lamp heat sink
thermocouple (covered with aluminum tape)
Photo credit: CLTC

Temperature Measurements
Temperature measurements were taken on the heat sink near the base of each lamp using a
thermocouple attached with thermal epoxy and covered with aluminum tape for strain relief.
Additional temperature measurements were taken for lamps in housings. In this case, the
thermocouples were positioned in the housing according to Figure 5. Housing temperature
measurements were not taken for the MR16 lamps, as those housings were uninsulated.
Figure 5 – Location of temperature measurement in downlight housings

½

Source: CLTC

Climate Control
The test racks were housed in a dedicated, climate controlled room. Two separate thermostats
regulated the room’s temperature to 25°C ± 5°C as per IES LM-84 3 guidelines. Air flow sensors
placed in the HVAC ducts allowed for system monitoring (Figure 6). Additionally, an array of
thermocouples positioned throughout the room allowed for the monitoring of ambient
temperature in different locations in the testing space (Figure 6).

LM 84 IES Approved Method for Measuring Luminous Flux and Color Maintenance of LED Lamps,
Light Engines, and Luminaires

3

Figure 6 – Plan view of life testing apparatus, room, and HVAC layout.

Blue arrows designate flow of cooled air. The circle with cross symbol
represents the location of the air flow sensors.
Source: CLTC

Control and Measurement System
All control and measurement hardware was housed in a cabinet custom designed for this
project. The heart of the system was a National Instruments PXI chassis with a variety of
modules for measurement and control. Cabling to and from the chassis connected to terminal
blocks where wired connections were made to the racks and sensors. Housed within the
cabinet were an array of dimmer switches used to set the dim level of 10 samples of each
product. Residential reverse phase dimmers were used on branches with MR16 lamps while
residential forward phase dimmers were used for branches with all other lamp types.
All control and measurement was orchestrated by software written in LabVIEW, running on the
PXI chassis. This software was built to run continuously throughout the duration of the life

testing and it provided the timing for measurement and control in addition to operator
notification about the status of the system.
Control
Control of the life testing system was achieved through switching the power to each branch on
or off via relays. Five NI PXIe-2564 5A, 16 channel relays cards were employed for power
switching the 72 available branches.
The switching functionality was used to achieve a number of different control strategies
programed though the control software. Duty cycling of the branches supplied power for 30
minutes, turned off power for five minutes, then repeated. All branches except for those with
continuous relative photometric measurements were cycled with this duty cycle.
In addition to duty cycling, power to branches were programmed to turn off in the case of
various events. For example, once the system has sensed that the lamp has reached 1,000 hours
of burn time since the last photometric/electrical interim inspection, power was extinguished to
that branch until the testing was done, and the counter was reset.
Additionally, ambient temperature in the room was monitored to sense a case of an abnormally
high temperatures. Other equipment was run in a different portion of the room that was
temperature sensitive, so the system was programmed to turn off power to all branches if the
ambient temperature was greater than 82°F.
Measurement
Every minute, the control software recorded in-situ measurements of lamp operating
conditions:
∞ Thermal – Temperature was measured directly using thermocouples and two NI PXIe4530 thermocouple modules. Temperature measurements were taken at the base of each
of the photometric lamps, in the top of the housings for one sample of each of the
products (excluding the MR16 products), and at 12 locations throughout the lab to
capture ambient data for a total of 52 measurements. A single sample was collected for
each channel at every inspection period.
∞ Current – Current to each branch was measured using an array of current transducers.
72 Verivolt Envoy solid core current transducers were held in a 9x8 grid arranged
between two acrylic plates (Figure 7). Power to each branch was routed through a
corresponding current transformer. Wires carrying the transducer’s signal were routed
to two multiplexing cards (NI PXIe-2530B). Each card was configured in a 64x1, twowire configuration and then routed to a channel on a voltage input card (NI PXI-4300).
When current levels were measured the multiplexing cards switch through each of the
64 connections in sequence allowing for a single voltage input card to measure a large
number of different channels. Data was collected at 100,000 cycles per second for 0.25
seconds per channel.

∞ Voltage – Voltage for each branch was measured using five relay switch models (NI PXI2564) connected together to act as a multiplexer and attached to a high voltage data
acquisition module (NI PXI-4300). Relays were used instead of the multiplexing card
used for the current measurements because of the relatively high voltage that was being
measured. Data was collected at 100,000 cycles per second for 0.25 seconds per channel.
∞ Photometric – Relative light level was captured using LI-COR photosensors in
conjunction with UTA amplifiers. The resultant voltage signal was read in through a NI
PXIe-6363 voltage data acquisition module. Data was collected at 10,000 cycles per
second for 0.25 seconds per channel.
∞ HVAC air flow – Measurements were taken using pitotube transducers (Setra M264
0R1WD-2D) and recorded using two of the channels on the same NI PXI-4300 card as the
current measurements. Data was collected at 100,000 cycles per second for 0.25 seconds
per channel.

Performance Characterization
To characterize the lifetime and reliability of the LED lamps,, lumen maintenance, color
maintenance, photometric, and electrical characteristics will be measured and evaluated over
time. The photometric and electrical characteristics were measured upon initial operation, and
at every 1,000 additional operating hours. Both photometric and electrical measurements were
taken in accordance with Illuminating Engineering Society LM-79-08 Approved Method:
Electric and Photometric Measurements of Solid State Lighting Products (IES LM-79).
Photometric Measurement
Photometric data collected every 1,000 hours of operation allows for the following metrics to be
calculated:
∞

Luminous Flux (lm) – The amount of visible light output by a light source
independent of direction, and weighted to the sensitivity of human vision (measured in
lumens).

∞

Chromaticity (CIE 1932 x,y) – Two components that define color independent of
brightness.

∞

Correlated Color Temperature (CCT), Duv – CCT correlates a luminaire’s color to
the color of a black body radiator at a given temperature and was measured in degrees
kelvin (K). A tight tolerance on the color temperature and Duv of luminaires ensures that
luminaires in close spatial proximity appear to be the same color.

∞

Color rendering index – CRI compweres a light source’s rendering of a set of
pastel colors with that of a blackbody radiator of the same CCT (for more details see the
section on color). CRI (Ra) is the most widely used standard to establish the ability of a
luminaires to render colors correctly.

∞

Flicker – Percent flicker is a common metric used to quantify photometric flicker.
In the equations below, normalized illuminance is represented by Ev.

Photometric Measurement Equipment
Luminous flux, chromaticity, CCT, DUV, and CRI were all calculated based on the measured
power spectral distribution (SPD) of a lamp. SPD was measured by running a lamp inside of an
integrating sphere and measuring the spectrum of light given off with a spectrometer.
Photometric metrics were calculated using the Light Matrix softwwere provided in conjunction
with the LabSphere spectrometer.
Table 4 – Photometric Measurement Equipment
Equipment type
Integrating sphere
Spectrometer
Power supply

Equipment used
LabSphere one-meter sphere
LabSphere CDS2100
California Instruments 751ix

Flicker Measurement Equipment
The instrumentation to measure photometric flicker combines a photosensor, transimpedance
amplifier, data acquisition, and a computer with software written in LabVIEW. The flicker
measurements were performed in the one-meter sphere (described in the previous section), and
powered by a programmable power supply.
Table 5 – Flicker Measurement Equipment
Equipment type
Integrating sphere
Photosensor
Transimpedance amplifier
Data acquisition
Power supply

Equipment used
LabSphere one-meter sphere
UDT Photosensor Model 211
Thorlabs PDA 200C
National Instruments USB-6210
California Instruments 751ix

The photosensor was mounted in a baffled port on the sphere. The current signal generated by
the photosensor was converted to a voltage signal and amplified by the transimpedance
amplifier, then the waveform was read by the data acquisition. Using a custom code written in
LabVIEW, the computer records the waveform captured by the data acquisition hardware.
Flicker Measurement Procedure
To conduct photometric flicker measurements, the lamp was mounted in the sphere and turned
on, then allowed to warm up for 10 minutes at full power. The gain selector on the
transimpedance amplifier was adjusted to be as high as possible without saturating the signal.

Flicker was then measured using the equipment in Table 5, with measurements taken at a
sampling rate of 125 kHz for 125,000 samples. The chosen sample rate yields an appropriate
frequency response resolution (1 Hz) for this application. This results in a sampling duration of
one second, which captures a significant number of wave periods (120 periods for the lamps
with the lowest fundamental frequencies tested). To reduce the data into industry recognized
flicker metrics, the data was first analyzed in the frequency domain. The fast Fourier transform
was used to determine the frequency response and the fundamental frequency of each system.
To correspond to how a human may perceive the photometric flicker in different settings, the
flicker data was processed through virtual low pass filters with a cut-off frequency of 200Hz.
This virtual low pass filter was applied by setting the magnitude of all frequency components
above a given cutoff frequency to zero. The frequency component with the largest magnitude
(other than the 0 Hz DC component) was identified and defined as the fundamental frequency.
If a frequency within 5% of the Nyquist frequency (1/2 the sampling rate) was picked, it was
discarded and the next largest magnitude was chosen. Frequency components falling close to
the Nyquist frequency are typically due to numerical consequences of the Fourier transform of
quantized data. Similarly, if the magnitude of the fundamental frequency was close to the noise
level of the system, a note was made to illustrate that the resulting fundamental frequency may
not be representative of the behavior of that system.
Secondly, the time response of the system was analyzed. The frequency response was run
through an inverse fast Fourier transform to yield a low-pass-filtered time response. In the time
domain, flicker was quantified using the common metric percent flicker.MATLAB was used to
compute percent flicker using the trapezoidal method of numerical integration where
applicable and produce plots.

Electrical Characterization
Electrical measurements were made using the programmable power supply referenced in Table
4. Measured values are listed below.
∞

Power (W) – The maximum amount of power required to operate the luminaire
(measured in Watts).

∞

Current (A) – Electrical flow measured in Amps

∞

Voltage (V) – Electric potential measured in Volts

∞

Power Factor – The ratio of real power to apparent power measured as a ratio. It
quantifies the amount of energy that is temporarily stored in the device, and then
returned to the source.

∞

Total Harmonic Distortion – THD is a ratio of the magnitude of all nonfundamental frequency components to that of the fundamental frequency.

Results
LED replacement lamps are known to have a very long expected lifetime. The lamps included
in this assessment have lifetimes of 25,000 hours or more based on the manufacturer’s claims.
To reach the expected operational lifetime of the lamp this lifetime assessment is expected to
continue for up to four years. At the time of this report, 5,000 hours of testing was complete.
Results for one product, Product 5, in all testing configurations are provided in the body of the
report for 5,000 hours of operation, with the full results contained in the Appendix.
Plots of different performance metrics are segmented into the different operating conditions to
illustrate how those conditions affect the performance metrics. Lamp failures are indicated with
a large circle around the last data taken before the lamp failed.

Luminous Flux
Figure 7: Luminous flux over time for all samples of Product 5 at 100% ouput

Data grouped by operating conditions.
Source: CLTC

Figure 8: Luminous flux over time for all samples of Product 5 at 50% dim level

Data grouped by operating conditions.
Source: CLTC

Correlated Color Temperature
Figure 9: Correlated color temperature over time for all samples of Product 5 at 100% light output

Data grouped by operating conditions.
Source: CLTC

Figure 10: CCT over time for all samples of Product 5 at 50% dim level

Data grouped by operating conditions.
Source: CLTC

Duv
Figure 11: Duv over time for all samples of Product 5 at 100% lighting output

Data grouped by operating conditions.
Source: CLTC

Figure 12: Duv over time for all samples of Product 5 at 50% dim level

Data grouped by operating conditions.
Source: CLTC

Color Rendering Index
Figure 13: CRI over time for all samples of Product 5 at 100% light output

Data grouped by operating conditions.
Source: CLTC

Figure 14: CRI over time for all samples of Product 5 at 50% dim
level

Data grouped by operating conditions.
Source: CLTC

Chromaticity Coordinates

Figure 15: CIE 1931 chromaticity coordinates (initial/baseline) for all samples of Product 5

Bottom diagram shows a magnified view of the coordinates.
Source: CLTC

Power
Figure 16: Power over time for all samples of Product 5 at 100% light output

Data grouped by operating conditions.
Source: CLTC

Figure 17: Power over time for all samples of Product 5 at 50% dim level

Grouped by operating conditions.
Source: CLTC

Power Factor
Figure 18: Power factor over time for all samples of Product 5 at 100% light output

Grouped by operating conditions.
Source: CLTC

Figure 19: Power factor over time for all samples of Product 5 at 50% dim level

Grouped by operating conditions.
Source: CLTC

Percent Flicker
Figure 20: Percent flicker over time for all samples of Product 5 at 100% light output

200 Hz cutoff frequency (no measurements taken for baseline condition).
Data grouped by operating conditions.
Source: CLTC

Figure 21: Percent flicker over time for all samples of Product

200 Hz cutoff frequency (no measurements taken for baseline condition).
Data grouped by operating conditions.
Source: CLTC

Conclusions
Today, the majority of LED replacement lamps are marketed as having lifetimes of 25,000
hours. At the time of this report, the lamps in this study operated in the testing environment for
5,000 hours. Overarching correlations between performance and time have not been determined
based on the this testing timeframe. Figure 24 shows the mean difference in lumens for each
operating conditions group between the baseline measurements and the 5,000 hour
measurements. To date, the expected downward trend of lumen output is negligible for all
operating conditions.
Figure 22: Difference in Luminous Flux Over Time, Grouped by Operating Conditions

Source: CLTC

The mean difference between baseline and 5,000-hour performance for tested products in
varying operating conditions are also provided for CCT, Duv, CRI, power, power factor, and
percent flicker metrics.
For the CCT maintenance, the mean difference comparing baseline to 5,000-hour performance
for all tested products range from -1.7% to 3.4%. For the majority of products tested, the CCT
percent difference is positive indicating a trend of products producing cooler CCT over the first
5,000 hours of their lifetime.
Figure 23: Percent Difference in CCT Over Time, Grouped by Operating Conditions

Source: CLTC

For the Duv maintenance, the mean difference comparing baseline to 5,000-hour performance
for all tested products range from -2,311% to 8,553%. High percentage differences for Products
3, 8 and 10 Duv are attributed to the fact that the values cross zero (representing the chromaticty
shifting from falling above to below or below to above the black body locust), and divisiors very
close to zero result in high percentage differences. No significant trend in directional lamp Duv
maintenance is identified at this stage in life testing.
Figure 24: Percent Difference in Duv over Time, Grouped by Operating Conditions

Source : CLTC

For the CRI maintenance, the mean difference comparing baseline to 5,000-hour performance
for all tested products range from -1.9% to 0.1%. For the majority of products tested, the CRI
percent difference is negative indicating a trend of products producing lower CRI Ra over the
first 5,000 hours of their lifetime.
Figure 25: Percent Difference in CRI over Time, Grouped by Operating Conditions

Source: CLTC

For the power maintenance, the mean difference comparing baseline to 5,000-hour performance
for all tested products range from -6% to 7%. No significant trend in tested directional lamp
power maintenance is identified at this stage in life testing.
Figure 26: Percent Difference in Power over Time, Grouped by Operating Conditions

Source: CLTC

For the Power Factor maintenance, the mean difference comparing baseline to 5,000-hour
performance for all tested products range from -33% to 2%. No significant trend in tested
directional lamp Power Factor maintenance is identified at this stage in life testing.
Figure 27: Percent Difference in Power Factor over Time, Grouped by Operating Conditions

Source: CLTC

For the percent flicker maintenance, the mean difference comparing baseline to 5,000-hour
performance for all tested products range from -60% to 25%. For the majority of products
tested, the percent flicker percent difference was negative indicating a trend of products
producing lower percent flicker over the first 5,000 hours of their lifetime.
Figure 28: Percent Difference in Percent Flicker over Time, Grouped by Operating Conditions

Source: CLTC
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SOLID-STATE LIGHTING
Over the last 15 years, rising electricity prices and concerns about climate change have helped drive the
1

lighting market’s shift towards manufacture and use of more energy efficient light sources. As a result,
lighting energy use in the United States dropped nine percent annually between 2001 and 2010, despite
2

the number of installed lamps growing by 18 percent. A contributing factor to the reduced energy use
during this period was the emergence and market adoption of solid-state lighting (SSL).
Today, there are two major types of solid-state lighting (SSL) technology: inorganic light-emitting diodes
(LED) and organic light-emitting diodes (OLED). LED technology is well-suited for directional applications,
leveraging the point source LED to achieve a higher coefficient of utilization as compared to
omnidirectional sources such as fluorescent and incandescent. Since general illumination LED
technology emerged, innovative optical design strategies have allowed LED technology to be an
appropriate light source for a wide cross-section of applications including indoor general illumination,
back-lighting, accent lighting and outdoor lighting.

Figure 1. LED Technology Diagrams (Left Photo Credit: IES Lighting Handbook, 9th Edition)
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The OLED form factor is ideal for luminaire designs requiring diffuse planes of light, with appropriate
OLED applications including general service, back-lighting and accent lighting. Compared to LED
technology and other traditional light sources, OLED technology offers more flexibility in the fixture design
with respect to its ability to bend or curve. Integration into furniture and other planar objects found in the
built environment is an additional, unique application for OLED sources.

Figure 2. OLED Technology Diagram (Photo Credit: LG Chem)

Due to technology advancements and design innovation, commercialized LED and OLED lighting
products compete directly against each other in several applications including general service, backlighting and accent lighting. LED lighting currently offers high-efficacy, high-quality performance at a lower
cost than OLED lighting products. OLED development trails LED, but has the potential to achieve
significant market adoption once lighting costs and/or performance of OLED luminaires are equivalent to
LED luminaires.
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Figure 3. SSL General Service Luminaires from Acuity Lighting: LED (Top) and OLED (Bottom)
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CURRENT LIGHTING TECHNOLOGY
To understand the current state of OLEDs for use in general illumination lighting applications, CLTC
analyzed information on OLED technologies and compared this information to linear fluorescent and LED
technologies available today. Comparisons are made with respect to initial technology cost, performance
and lifecycle cost.

COST COMPARISON
In May 2014, the US Department of Energy prepared a cost comparison of several types of incumbent
and emerging lamps and luminaires used in general illumination applications. According to this report,
from 2013 to 2014, the price per kilo-lumen of light delivered by an OLED panel dropped from $800 to
$500, a decrease of 37.5% in just one year. The cost of general illumination, OLED luminaires dropped
from $2,400 to $1,400, a decrease of 41%. Similarly, LED A19 lamps also decreased in price, but at a
slower rate as compared to OLED panels and luminaires. These lamps dropped from $19 in 2013 to $16
in 2014, a 16% cost improvement. Table 1 shows 2014 cost per kilo-lumen of the products analyzed by
DOE.

Table 1. Comparison of Typical Market Prices for Various Lighting Sources1

Light Source

Price ($/kilo-lumen)

Halogen A19 Lamp

$2.50

CFL, non-dimmable

$2

CFL, dimmable

$10

Linear Fluorescent Lamp/Ballast

$4

LED A19 Lamp

$16

CFL Downlight

$10

LED Downlight

$43
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OLED Panel

$500

OLED Luminaire

$1,400

In California, a range of prices was found for OLED luminaires. Budget pricing for commercial OLED
luminaires provided by lighting distributors far exceeded DOE estimates at more than $2000 per kilo
lumen. Retail pricing for residential OLED luminaires, however, was lower or in line with that estimated by
DOE. As of January 2015, there were commercially available, residential OLED luminaires available at
home improvement stores such as Home Depot. Products included wall-mounted sconces and
suspended pendant luminaires. Prices ranged from $199 to $299 each for luminaires providing 140-345
lumens, respectively. This equates to $866 to $1421 per kilo-lumen. More information on product costs
and their comparison against traditional fluorescent and LED technology is provided in later sections of
this report.

PERFORMANCE COMPARISON
In addition to cost, US DOE also evaluated the lighting performance of incumbent and emerging lighting
solutions, included OLED technology. Table 2 performance data on all products evaluated. The
performance thresholds for 2013 and 2014 were reported as the same for all technologies barring the
LED troffer which increased its efficacy from 118 to 131 lumens per watt.

Table 2. Lighting Technology Performance Comparison1

System Efficacy
(lm/W)

CCT (K)

L70 (Hours)

LED A19 Lamp (Philips L-Prize Lamp)

94

2700

30,000

LED PAR38 Lamp (Cree LRP)

78

3000

50,000

LED 6" Downlight (Hubbell LB6)

87

3500

60,000

LED Troffer 2' x 4' (Cree CS)

131

3000

75,000

LED High/Low-Bay Fixture (Cree CS)

119

3500

75,000

OLED Luminaire (Acuity Brands)

52

3500

15,000

HID (High Watt) System (with ballast losses)

115

3100

15,000

Linear Fluorescent System

108

4100

25,000

Technology
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HID (Low Watt) System

104

3000

15,000

CFL

73

2700

12,000

Halogen

20

2700

8,400

Incandescent

15

2700

1,000

Table 3 summarizes performance metrics for the major manufacturers of OLED panels and luminaires as
of 2013 and 2014. Panel efficacy ranges from 56 to 131 at the time of this report, and CRI range 80 to 86.
Voluntary high-quality color standards in California are set at a Ra of 90, with an R9 of 50 or greater.

Table 3. OLED Panels Laboratory Test Results - 2013 and 20141

Manufacturer

Panel
Efficacy
(lm/W)

Luminance
2
(cd/m )

Area
2
(cm )

CRI
(Ra)

CCT
(K)

L70
(Hours)

Voltage

131

1,000

15

82

2,800

28,000

-

118

3,000

15

82

2,800

28,000

-

113

1,000

81

-

3,270

400,000

8

105

5,000

81

-

3,270

40,000

8.4

110

1,000

25

81

2,600

10,000

5.5

98

3,000

25

81

2,600

165,000

6.0

70

1,000

~200

85

3,030

25,000

7.1

60

3,000

~200

86

2,880

30,000

7.8

82

3,000

16

84

2,900

-

8.5

56

1,000

13

80

2,900

-

4.3

48

3,000

13

82

2,900

-

4.8

Konica Minolta

SEL/Sharp

Panasonic

UDC

LG Chemical

CDT/Sumitomo

ECONOMIC ANALYSIS
To understand the lifecycle cost associated with commercial SSL retrofits, CLTC prepared an LED and
OLED lighting design for a typical commercial office space. The design allowed for specification and
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pricing of luminaires at a purchase volume representative of that which would be needed to complete an
actual installation. Selected luminaires, including product costs based on distributor pricing obtained at
the time of this report, are included in Table 4.
CLTC selected luminaires based on the following criteria:
-

Form factor: 2’ x 2’ recessed or surface mount fixture
When comparing technology types that are available in multiple form factors, it is
important to select a common form factor and luminous plane location to reduce the
amount of objectivity in the comparison. The recessed or surface mount 2’x2’ form factor
is selected for this comparison as it is available for all technology types being evaluated.

-

Correlated Color Temperature (CCT) target: 4,000 Kelvin
By selecting a CCT target achievable by all technologies, the variability in perceived
brightness is minimized. The CCT of 4,000 Kelvin is selected as a typical CCT found in
open office spaces.

-

Average Color Rendering Index (CRI) target: 80 to 85
By selecting a CRI target achievable by all technologies, the variability in color rendering
is minimized. The CRI of 80-85 is selected as a recommended CRI for interior
applications.

-

Available end user pricing
Pricing for the fixtures selected for this evaluation was requested from the local lighting
representative. Pricing includes distribution chain mark up to reflect the price a customer
would receive when purchasing these lighting technologies.
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Table 4. Summary of Evaluated Lighting Products

Technology

Luminaire
Name

Luminous
Output
(lm)

Power
(W)

Efficacy
(lm/W)

CCT
(K)

CRI
(Ra)

Rated Life
(Hours)

Price/
Fixture
($)

Linear Fluorescent
(T8) Luminaire

Acuity
Lithonia
2RT8

2,177

31

70

4,100

85

24,000
(3 Hr. Cycle
with IS Ballast )

$140

U-Lamp
(T8) Luminaire

Acuity
Lithonia
2ES8P

4,320

66.2

57

4,100

85

24,000
(3 Hr. Cycle )

$123

LED Luminaire

Acuity
Lithonia
RTLED

4,192

40.1

105

4,000

82

L90: 60,000

$239

OLED Luminaire

Acuity
Winona
OLED
Revel (4M)

1,280

30.3

42

4,000

85-90

L70: 30,000

$2,653

Luminaires were modeled in an open office application with a task plane target average illuminance value
3

of 27.9 foot-candles (fc) . No daylight contribution was modeled, and it was assumed that the lights were
4

controlled by a time clock with typical daily operating hours of 11.1. A summary of design and operation
considerations are provided below:
-

Room reflectance: 80% ceiling, 50% walls, 20% walls

-

Room geometry: 160’ length, 58’ width, 10’ ceiling height

-

Average illuminance target: 27.9 fc (300 lux) at task area and room area
o

-

5’ by 5’ measurement grid used to determine average illuminance at 2.5’ AFF

2,853 annual hours of lighting use (257 work days, 11.1 hours per day)

Figure 1 shows a rendering of the resulting lighting design, which was used to identify number of fixtures
for each technology type required to meet the illuminance target within a 5 fc tolerance. Table 5 contains
a summary of the lighting metrics and estimated luminaire costs based on the lighting design shown in
Figure 1. Pricing information is utilized in the proceeding lifecycle costs analysis.
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Figure 1. Plan view of open office used to compare lighting systems (OLED luminaire layout pictured)

Table 5. Summary of Lighting System Specifications

Technology

Luminaire
Name

Number of
Luminaires

Average
Illuminance
(fc)

Maximum
Illuminance
(fc)

Lighting
Power
Density
2
(W/ft )

Total
Luminaire
Cost ($)

Linear
Fluorescent
(T8)
Luminaire

Acuity
Lithonia
2RT8

222

22.5

62.3

0.69

$31,102

Linear
Fluorescent
(U Lamp)
Luminaire

Acuity
Lithonia
2ES8P

166

26.9

80.9

1.10

$20,377

LED
Luminaire

Acuity
Lithonia
RTLED

137

24.4

76.5

0.47

$32,702

OLED
Luminaire

Acuity
Winona
OLED Revel
(4M)

525

25.1

77.0

1.15

$1,393,009

Lifecycle cost analyses were performed to determine the simple payback, and incremental net present
value (NPV) of new construction and retrofit installations. Simple payback is the initial investment divided
by the annual savings experienced as a result of the investment, and is the number of years required to
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pay for the investment with the project savings. The incremental NPV is provided to determine if the
lighting technology being considered for use instead of the incumbent technology will have a positive or
negative cash flow for the 15 year lifecycle analyzed. IRR estimates the growth of investment options,
5

with the highest IRR being most likely to return ‘strong growth’. To determine the IRR, an assumed
finance rate of 8% and reinvestment rate of 3% are used. Labor and material costs for replacing light
sources are included at the lamp/luminaire’s manufacturer-provided rated life. Prevailing wage was set at
$125 per hour for maintenance labor with an estimated 30 minutes to install LED and OLED technologies,
estimated 15 minutes to install/re-lamp fluorescent luminaires. Installation labor was considered equal for
all lighting options in new construction scenarios
The following technology scenarios are compared (defender technology vs. challenger technology), with
the first technology serving as the incumbent technology that would be upgraded to the second
technology in new construction and retrofit scenarios:
-

Linear Fluorescent T8 vs. OLED

-

U-Lamp T8 vs. OLED

-

LED vs. OLED

-

Linear Fluorescent T8 vs. LED

-

U-Lamp T8 vs. LED
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Table 4. Economic Analysis Results for New Construction and Retrofit Scenarios

Simple Payback

Incremental NPV

IRR (%)

Technology
New
Construction

Retrofit

New
Construction

Retrofit

New
Construction

Retrofit

Linear Fluorescent T8 vs.
OLED

NaN

NaN

-$2,363,436

-$2,306,290

-35%

-35%

U-Lamp T8 vs. OLED

NaN

NaN

-$2,234,528

-$2,275,576

-30%

-30%

LED vs. OLED

NaN

NaN

-$2,265,253

-$2,328,248

-100%

-100%

Linear Fluorescent T8 vs. LED

1.9

40.2

$12,870

-$17,719

20.2%

-1.9%

U-Lamp T8 vs. LED

3.7

9.3

$30,725

$12,995

12.7%

6.0%

For general lighting in open office applications, OLED technologies have a higher initial cost and use
more energy to provide the same target illuminance as fluorescent and LED systems. Scenarios in Table
6 returning a simple payback of NaN (not a number) are investments that will never result in a return on
the initial cost during the 15 year evaluation period. A negative incremental net present value at the end
of the 15 year evaluation cycle further supports this conclusion. Scenarios in bold indicate investments
that will return within the evaluated 15 year lifecycle, with the highest IRR scenario being the most likely
scenario to be the investment with the highest anticipated growth.
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PROJECTED SSL CHARACTERISTICS
2

Lighting represented about 18 percent of the United States’ electricity use in 2010. The U.S. Department
of Energy (DOE) has estimated that SSL has the potential to cut this amount by about one third by 2025.
While SSL is currently at a relatively early stage of adoption, the U.S. DOE has also projected that SSL
could account for more than half of the light produced in the U.S. in the same timeframe.

6

By 2020, the U.S. DOE expects LED products to reach less than $1/klm, as illustrated in Figure 4 below.
The U.S. DOE has stated that in order to significantly contribute to global energy saving, OLED
luminaires will need to meet the price goal of $80/klm by 2020 to achieve sufficient market penetration.

Figure 4. Price-Efficacy Tradeoff for LED Packages

6

7
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Table 5 and 6 outline the DOE’s Multi-Year Program Plan performance targets for OLED technology, with
2020 targets and an overall goal for the technology.
A breakdown of system component efficiencies and source efficacies that contribute to the overall OLED
panel performance are provided below. Projections assume CRI is greater than 80 and CCT ranges from
2,580 to 3,710 K.

Table 5. Summary of OLED Panel Performance Targets7

2013

2015

2017

2020

Goal

Luminous Efficacy of Radiation (lm/W)

325

330

335

340

360

Internal Quantum Efficiency

75%

85%

90%

90%

90%

Electrical Efficiency

80%

80%

80%

82%

84%

Extraction Efficiency

31%

45%

54%

64%

70%

Panel Efficacy (lm/W)

60

100

130

160

190

15,000

25,000

35,000

40,000

50,000

L70 (Hours)

A breakdown of the “anticipated evolution” of electrical efficiencies and source efficacies that contribute to
the overall OLED luminaire performance are provided below. Projections assume CRI is greater than 80
and CCT ranges from 2,580 to 3,710 K.

Table 6. Summary of OLED Luminaire Performance Targets1

2013

2015

2020

Goal

60

100

160

190

Optical Efficiency of Luminaire

100%

100%

90%

90%

Efficiency of Driver

85%

85%

90%

95%

Total Efficiency from Device to Luminaire

85%

85%

81%

86%

51

85

130

162

Panel Efficacy (lm/W)

Resulting Luminaire Efficacy (lm/W)
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LOOKING AHEAD
Barriers to adoption of both LED and OLED lamps and luminaires are a function of performance and cost.
Color shift, optical degradation, thermal degradation and power supply failure are additional areas of
concern that contribute to the effective lifetime of SSL technologies.

7

Specific to OLEDs, lifetime and

color quality are two performance metrics that require additional development work so products meet or
exceed LED performance.
Color shift and optic degradation result in reduced lighting performance, while poor thermal design and
power supply failure result in catastrophic failures of the luminaire. Reduced lighting performance can
lead to owners replacing the system prematurely due to dissatisfaction, while catastrophic failures require
immediate replacement.
As OLED lighting continues to mature, it is expected that failure mechanisms specific to OLED technology
will arise. For example, it has been found that even very small amounts of water vapor and oxygen can
lead to rapid degradation of OLED organic materials and cathodes. To address this, manufacturing
processes must be optimized to reduce the introduction of contaminants to the OLED panel during
8

fabrication. Until these issues are fully addressed, applications requiring luminaires with high ingress
protection ratings against particulates and liquids will not be appropriate for OLED.
Recently, the LED industry has proven that color rendering comparable to incandescent sources is
possible, with products achieving a CRI with Ra of 95 and R9 values of 50 or greater. OLED performance
has progressed more slowly than LED, and problems that do not apply to LED are anticipated. According
to the U.S. DOE, “the broad spectrum of OLED emission peaks allow for full coverage of the visible
spectrum, but red emission in the infrared regime and the lack of efficient, long-life blue emitters limit
options in terms of optimizing the tradeoff between color quality and efficacy.”

9

For general lighting in open office applications today, OLED technologies have a higher initial cost and
use more energy to provide the same illuminance as linear fluorescent T8 and LED systems. OLED
technology has the potential to achieve significant market adoption when the project cost and/or
performance of OLED luminaires exceed or are equivalent to LED luminaires. Compared to LED
technology and other traditional light sources, OLED technology offers intrinsic benefit to end users with
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its low glare, ‘balanced’ spectral power distribution and ability to bend or curve. These qualities are
anticipated to lead to an increased OLED market share.

1
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Energy, Washington, DC, 2014.
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4
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6
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APPENDIX E:
Task 2.13 – Plasma Luminaires for Outdoor and High
bay Applications
Introduction
There is always a place in the lighting market for products that are capable of reducing cost
through increased efficacy and luminaire lifespan. Light emitting plasma shows such promise.
Plasma lamps operate on physical principles similar to those used in high-intensity discharge
(HID) lamps, with two significant differences. In plasma lamps, the gas in the capsule is excited
using focused radio frequency waves instead of by a high-voltage electric arc. RF excitation
eliminates the need for electrodes within the lamp tube. Second, the plasma lamp is
significantly smaller than a traditional HID lamp with the light-emitting capsule being
approximately half the size of a jelly bean. Plasma lamps, in fact, were originally developed for
video equipment such as projectors and television sets.
Light emitting plasma has the capability of a 50,000 hour lifespan compared to the ~20,000 hour
lifespan of most metal halide sources. This is due to the absence of electrodes. In most
traditional HID lamps, corrosion occurs around the electrodes as heated particles circulate in
the lamp and collide with the glass near the base of the electrode. Also, in many HID lamps,
bits of the electrode are vaporized and deposited on the interior walls of the lamp, which
darkens the bulb. Both of these shortcomings are circumvented in a light emitting plasma lamp,
potentially increasing its effective life.
Light emitting plasma high bay luminaires have the potential to be a dimmable, high efficacy
light source, reducing the energy required to illuminate commercial areas, providing energy
savings to building owners, and an additional option for architects to meet building lighting
requirements. In addition, they have the potential to change the paradigm of ceiling-mounted
luminaries that occupy a large fraction of the ceiling area, because a single plasma source can
potentially replace multiple fluorescent fixtures. This implies significant reduction in materials,
transportation, storage, and maintenance costs. Their dimming ability, and potentially high
color quality and system efficacy make plasma sources very attractive from a conceptual point
of view.

Project Approach
In order to move light emitting plasma from concept to real solutions, researchers collaborated
with manufacturing partners to develop and evaluate plasma luminaires for high bay
applications such as athletic facilities and warehouses. Prototypes were compared with other

1

current high bay lighting options to understand performance levels and improvements
necessary to allow plasma luminaires to compete in this commercial market.

Prototype Luminaire Development
Until recent years, LED products were unable to successfully serve the high bay market.
Options were slim for this market segment and consisted of HID and fluorescent products. As
such, the research team began early proof-of-concept exploration of plasma lighting, which had
the potential to deliver long-life, high color quality, and small source form factor that could be
more easily incorporated into novel luminaire designs. The team partnered with Topanga (a
plasma lamp manufacturer) to develop a prototype plasma high bay fixture, which could be
compared to other high bay products currently on the market. The purpose of this partnership
was the development of a plasma high bay fixture that could lead to commercial exterior and
interior plasma lighting products for general illumination applications.
Plasma luminaire design requirements are dictated by the thermal and electrical requirements
of the plasma lamp, the radio frequency (RF) driver and the plasma resonator. The plasma RF
driver and resonator have a maximum operating temperature of 70 and 100 degrees Celsius,
respectively. The heat sink, a necessary luminaire component, is used to conduct heat away
from the source and other electrical components. Researchers designed two heat sinks, each
able to maintain an acceptable operating temperature for the plasma source. The heat sink and
optical lens were incorporated into a prototype designed to approximate the aesthetics of a
traditional HID high bay luminaire.
Researchers created two designs around Topanga’s Advanced Plasma Light (APL) Engine,
APL-170-4000A. Figure 1 shows a traditional high bay with an acrylic lens, which was used as
a basis for the plasma prototype. The first plasma prototype concept, shown in Figure 2, has the
APL resonator suspended horizontally from the bottom of the heat sink with a reflector around
the arch tube, all of which are housed within an acrylic reflector. The AC/DC power supply and
RF driver are housed in the heat sink body. Concept 2, shown in Figure 3, has the APL
resonator mounted vertically and housed within a resonator heat sink. The acrylic reflector is
mounted to the resonator heat sink and power supply, and the RF driver is housed in the heat
sink body.

2

Figure 1: Traditional High Bay Fixture

Source: Portlan dLig hting.co m

Figure 2: Prototype concept 1 (left) and prototype concept 2 (right)

Source: CLTC

Researchers selected Concept 2 for further development. Concept 1 was eliminated because the
manufacturer changed its mounting requirements after, and independent of, Concept 1
development, eliminating the option for horizontal mounting of the APL. In addition, Concept 1
did not include a heat sink for the resonator, which could contribute to thermal issues resulting
in reduced luminaire performance. Concept 2 provided the best thermal management for all
the APL components because all components are fully enclosed.
The main components of the APL system consist of AC/DC power supply, RF Driver and APL
Resonator which consist of a lamp and lamp module. Mechanical drawings of the APL
components are shown in Figure 3.
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Figure 3: Mechanical Drawing for APL Parts

Source: Topa nga

Of all APL components, the RF driver and resonator are temperature critical. The RF Driver
and resonator have a maximum operating temperature of 70° C and 100°C, respectively. The
resonator heat sink was designed to keep the APL resonator below its maximum operating
temperature. The heat sink is the primary component of the prototype, as the lens and body
attach to it. Figure 4 through Figure 9 show the parts of the prototype body, which house the
RF driver and AC/DC power supply. Since the all components are enclosed, the entire
prototype was made out of aluminum for maximum thermal management.
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Figure 4: Resonator Heat Sink Mechanical Drawing

Source: CLTC

Figure 5: Mechanical Drawing for Vertical Enclosure 1

Source: CLTC

5

Figure 6: Mechanical Drawing for Vertical Enclosure 2

Source: CLTC

Figure 7: Mechanical Drawing of Bottom Cover

Source: CLTC
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Figure 8: Mechanical Drawing of Top Cover

Source: CLTC

Figure 9: Exploded View of Main Body with RF driver and AC/DC Power Supply

Source: CLTC
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The design was evaluated with a thermal simulation tools to assess the overall performance of
the heat sink and ensure the RF driver and resonator did not exceed their maximum
temperature ratings. Initial simulation results were satisfactory with the temperature of the
resonator reaching approximately 80° C. When using the thermal simulation tools, thermal
loads such as heat, power, convection and radiation loads are applied to a model, resulting in
an estimated thermal performance profile. The thermal profile for Concept 2 is shown in Figure
10 through Figure 12. Thermal load parameters were based on prototype materials, average
ambient temperature and lamp information. The gradient scale shows temperature in Celsius
for each part, from blue to red, red being the hottest point.
Figure 10: APL Resonator Thermal Analysis

Source: CLTC

Figure 11: APL Resonator in Resonator Heat Sink Thermal Analysis

Source: CLTC
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Simulations were also run for the main body, which housed the RF Driver and power supply.
The maximum operating temperature of the driver is 70° C. Based on the simulation, the
operating temperature was estimated at approximately 40° C. Following fabrication, laboratory
tests confirmed the prototype maintained its temperature below the design threshold,
validating thermal simulations.
Figure 12: Main Body Thermal Analysis

Source: CLTC

Following design and thermal simulations, researchers fabricated the aluminum components of
the prototype including a resonator heat sink and a heat sink body to house the RF driver and
power supply. The resonator heat sink milling is shown Figure 13. The luminaire was
assembled and painted with engine enamel paint designed to withstand elevated temperatures.
Researchers considered two reflector options: an acrylic reflector or a spun reflector. Acrylic
reflectors allow light to pass horizontally and upward making it useful for general lighting,
since it contributes to multi-directional ambient lighting. A spun reflector is used for high
mounting heights, which requires a more directed light distribution pattern to achieve
horizontal illumination at the work plane. A spun reflector only allows light out the bottom
opening. Spun reflectors are used frequently in industrial lighting applications including
manufacturing areas, storage areas and warehouse aisles. Researchers utilized an acrylic
reflector because the plasma luminaires was intended for use in a low-bay application, where
the luminaire should deliver less directional ambient lighting.
Prototype designs were delivered to the APL manufacturer for further development and the
prototype was shown at LightFair International 2011 to generate more interest in plasma
lighting. In response to this research, Topanga, as well as other plasma manufacturers, have
9

commercialized plasma high and low bay luminaires, with Topanga’s offerings coming as a
direct result of this research effort.
Figure 13: Resonator Heat Sink Milling

Source: CLTC

Figure 14: Fully assembled prototype (left) and finished product (middle & right)

Source: CLTC
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Evaluation of Commercially Available Products
Following product development, researchers later evaluated two commercially available
plasma luminaires to identify improvements in plasma technology over the past five years. The
initial fixture evaluated for this study was the Alphalite SPECTRA 2 High-Bay Light SPE400-2T,
Figure 16 right. Photometric testing showed that this fixture produced 14597 lumens (lm)
initially and drew 230.0 W. At full output, it produced greenish-white light at 4400K with a CRI
of 80.7; however, it was outside of the nearest industry defined color bin (4500K) as defined in
ANSI C78.377, and so cannot be considered to produce white light at full output. Researchers
also evaluated the Luxim H400 STA 41-02, shown to the left in Figure 16. Photometric testing at
full output showed that this fixture produced 13220 lm initially and drew 274.9 W. At full
output this produced white light at 5400K with a CRI of 92.5.
Figure 15: SPECTRA 2 (Right) and Luxim STA 41-02 LEP (left) High-Bay Fixtures

Source: CLTC

Photometric and electrical test results were compared to equivalent metal halide and LED highbay fixtures. System efficacy, light quality, and dimming were analyzed and compared to a
typical 400W metal halide high-bay fixture, and a reference LED high-bay fixture 1. Results are
shown in Table 1. The Alphalite fixture shows an efficacy that is slightly greater than a metal
halide fixture; however, the LED high-bay fixture produces over 40 more lumens per watt of
power. The Luxim fixture is significantly less efficacious at full output than either reference
luminaire. In addition, the Alphalite fixture, while reporting a CCT of 4400K, produces a
greenish light that is not within the MacAdam’s ellipse and the light is outside the bin that is
considered white. The Luxim fixture does produce a high-quality white light, with an
impressive CRI of 92.5.

1

Royal Philips GentleSpace gen2 High-bay Luminaire
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Table 1: Commercial High Bay Luminaires – Measured Performance Data
Alphalite
SPECTRA 2

Luxim STA
41-02

Metal Halide
High-bay

LED High-bay

230

275

475

234

14597

13220

29,520

25,000

System Efficacy –
Full Output (lm/W)

63.5

48.1

62.1

107

CCT (K)

4400

5400

3900-4500

4000

CRI

80.7

92.5

65-70

80+

System Power (W)
Total Initial
Lumens (lm)

Source: CLTC

Figure 16: Chromaticity Chart for Alphalite Showing Green Color of Light at 100% Output

Source: CLTC

As plasma fixtures dim the gas in the bulb becomes less energized, which if not carful
controlled makes the light bluer as the mercury in the bulb (which produces a blue light) is
excited easier than the other ions in the gas mixture. As the plasma fixtures studied take about
a minute to come up to full on from a dimmed state, the dimmed characteristics of the plasma
fixtures was evaluated. As shown in Table 3 below, both fixtures showed a significant shift
towards in CCT towards blue. The Alphalite fixture experienced a change from 4400K to
5600K. The Luxim fixture experienced a change from 5400K to 13950K. For comparison to
12

similar technologies, studies of dimming of metal halide lamps indicate that they are capable of
50% dimming with a color change of less than 500K. Due to the mechanics of how LEDs are
constructed, they exhibit much better color maintenance with very little color change as they are
dimmed.
Table 2: Dimming performance of commercial plasma lamps
Alphalite Full
Output

Luxim Full
Output

Alphalite 50%
Dimmed

Luxim 50%
Dimmed

14597

13220

8196

4717

Efficacy (lm/W)

63.5

48.1

44.3

24.1

CCT (K)

4400

5400

5050

13950

CRI

80.7

85.1

92.5

95.2

R9

-11.3

50.8

1.4

80.6

Output (lm)

Source: CLTC

Project Outcomes
As a result of this research, in 2011, Topanga and other plasma manufactures brought high and
low bay fixtures to the market. Topanga’s (the manufacture of the light engine utilized by the
Alphalite fixture) product literature from 2011 indicates that their light engines were capable of
achieving greater than 80 CRI in a fixture that has a system efficacy of 86 lm/W. In laboratory
tests, the Alphalite fixture produced off-white light with a CRI of 80.7 and system efficacy of
63.5 lm/W. While the Luxim product produces light with a significantly higher CRI, it has a
much lower efficacy. Comparing the results of the photometric study performed as part of this
research to the literature in 2011 indicates that the technology has not significantly progressed
over the duration of this project.
Potential host sites were interested in energy savings and high-quality, high-intensity light.
Neither plasma high-bay product was capable of producing light that was significantly more
efficacious than that provided by metal halide lamps. Additionally, light emitting plasma
technology did not appear to improve over the duration of the project, despite significant
research and development by multiple companies. This, coupled with high mortality rates
documented in IOU studies, such as PG&E’s emerging technology study on plasma street
lighting in 2013 2, lead researchers to defer product demonstrations until a competitive product
was available.

2

“Light Emitting Plasma Outdoor Lighting Field Assessment” ET Project Number ET12PGE3172
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Market Adoption and Support Activities
CLTC conducted a variety of outreach and education activities targeted at lighting
manufactures and utilities. These activities were designed to inform these key stakeholders on
the potential for energy savings, associated market opportunities available from development of
plasma high bay luminaires, and needs for further product development and evaluation.
Outreach to Manufacturers
•

CLTC partnered with Luxim to evaluate their light engines for use in outdoor and
highbay applications. Recommendations regarding color, dimming and other
improvements were provided to this manufacturer to help guide future product
developments.

•

CLTC partnered with Topanga and developed a high bay luminaire for their APL-1704000A light engine, to demonstrate feasibility of this technology for this application. This
has led to the development of the Alphalite SPECTRA 2 luminaire, which utilizes
Topanga’s APL400-4500A light engine.

Technology Demonstrations
•

Plasma high bay technology was demonstrated at Lightfair 2011 to generate interest in
plasma solutions.

•

The Sacramento Municipal Utility District (SMUD) conducted a field demonstration of
plasma technology in 2011. CLTC reviewed results and provided feedback to the utility
regarding this technology.
o

https://www.smud.org/en/business/save-energy/energy-managementsolutions/documents/Luxim-Plasma-Lighting%20Tech-Brief.pdf

•

Between August 2012 and June 2013, Pacific Gas and Electric’s Emerging Technologies
Program performed an installation of light emitting plasma in a high mast application,
documenting energy savings compared to existing high pressure sodium lighting that
was installed in that area. They demonstrated that compared to HPS, LEP technology
showed potential as energy efficient and high quality, however noted that the
technology produced less lumen output than the HPS installed in the space. They also
documented several fixture failures due to sensitive electronics.

•

Manufacturer case studies and resources:
o

http://www.luxim.com/technology/case-studies

o

http://www.topangatech.com/

o

http://www.alphalite.com/US/index_us.html
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Conclusions and Recommendations
The concept of plasma luminaires utilized for interior high-bay lighting emerged on the
commercial scene as a result of the research conducted under this project. CLTC researchers
actively supported luminaire manufacturers interested in incorporating the technology into
their existing product lines and sales strategies. While much research has been accomplished,
and products are now available on the commercial market, CLTC sees gaps that remain to be
explored in order to improve product performance, particularly in providing high-quality
dimming for plasma fixtures. To support this interest and ensure continued research and
development in this topic area, CLTC has also prepared an archive of project information that
may be easily tapped during the post-contract support period as future opportunities arise.

Future Research, Development & Demonstration Opportunities
A major technical gap exists with respect to dimming and color consistency. Both of the
commercial plasma lamps that were evaluated by CLTC were marketed as having 100% to 30%
dimming; however, the color of the light shifted by more than 10,000K within this range. This
color shift is the result of the different metal ions comprising the plasma having different
excitation energies, and so altering the magnetic field reducing the flow of energy into the
plasma will dim the various elements differently, shifting the observed color. This is potentially
correctable or limitable, as solutions were found for metal halide lamps (which operate on a
similar principle) that reduced the color shift to less than 500K. Research is needed on
manipulation of the magnetic field that energizes the lamp in order to reduce color shift to
within a more reasonable range. Additionally, there is the potential for further research into
improving lamp stability and reducing infant failures. If improvements in dimming and color
shift are made, as well, reevaluation of the technology for more commercial applications may be
appropriate.

Market Adoption
Light emitting plasma high bay fixtures already have a market presence as is shown by the
multiple manufacturers; however two primary barriers remain for light emitting plasma
technology: technical gaps previously described and the increasing presence of LED technology
in the high bay market. Plasma technology does not achieve the efficacy claimed by the
manufactures and it shows adverse behavior while dimming. Additionally, concerns about
premature mortality rates were raised by other studies, such as the emerging technology study
performed in 2012 by PG&E. Manufactures need to address these problems before additional
case studies verifying the performance of light emitting plasma technology are performed. In
addition, LED technology is raising the bar for high-efficacy high bay fixtures at a rate that far
surpasses the rate at which light emitting plasma technology has been improving.

Building Codes and Appliance Standards
State and federal appliance standards and building codes focused on application-level
standards are sufficient to consider when in development of plasma products. Based on
laboratory evaluation of existing plasma products and field studies conducted by others, this
technology does not appear ready for technology-specific codes and standards. Further product
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development and performance improvements are needed to ensure plasma solutions can meet
or exceed the performance levels of other source technologies.
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APPENDIX F:
Direct DC Lighting Systems and Lighting Microgrids
Introduction
Advancements in photovoltaic panels, energy-storage technologies and direct DC lighting
systems have made highly energy-efficient and self-sustaining residential and commercial
buildings a near-term possibility. Significant advances in LEDs, photovoltaic arrays, wireless
controls, and polymer lithium ion batteries now warrant evaluation for use in forthcoming
residential, commercial or industrial microgrid and direct-DC lighting projects.
To evaluate these technologies, CLTC developed and installed a DC-lighting system powered
by an islanded, direct current (DC), microgrid. A microgrid is a small-scale power grid that can
operate independently (“islanded”), or in conjunction with the main electrical grid. The
microgrid draws power from the sun through five roof mounted solar photovoltaic panels;
stores the energy with lithium-iron batteries; and uses that stored energy to power electric
lighting for an indoor area. The demonstration system is not connected to the grid and is selfsustaining (i.e. zero net energy).
A PV-sourced, direct current (DC) lighting system is an alternative to traditional alternating
current (AC) lighting circuit designs. Lighting systems with DC circuit designs have a higher
theoretical efficiency than similar AC based systems due to the elimination of unnecessary ACto-DC conversions, which are a major source of inefficiency in traditional systems. AC systems
were designed to power some specific appliances – such as pumps, motors, and heaters – and to
transport power over great distances between generator and load. AC systems are ideal when
the loads are AC-specific, and the load is separated from the power source by some distance.
However, modern appliances operate natively on DC power. Almost all electronics (i.e.
appliances which use semiconductor based technologies) require DC power, including LED
luminaires, personal computers, and even AC based appliances that have integrated electronics.
These appliances are currently designed and marketed with an integrated AC-to-DC adapter.
The “wall-wart” plug on a phone charger and the “brick” on a laptop charger are examples of
integrated AC-to-DC inverters. Finally, some products operate at high frequency AC – such as
microwaves (2.4 GHz) and fluorescent lights (100 Hz – 10 kHz) (recall, the grid frequency is 50
or 60 Hz). For these appliances, the 50/60 Hz AC power from the grid may be converted to DC,
then converted from DC to high-frequence AC. Therefore, we expect the majority of appliances
to have a higher theoretical efficiency when supplied by a DC source than when supplied by an
AC source.
Additionally, recent trends towards renewable energy have promoted development of solar PV
and distributed energy generation systems. Distributed generation designs imply that the
power source is on-site with the load. The losses in a DC circuit due to resistive heating in
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conductors becomes significant at relatively short distances, making AC circuits the only viable
option for these applications. However, with shorter distances, the losses due to resistive
heating can be mitigated to 3-5% by using NEC recommended wire gauges. Therefore, DC
circuits are a viable alternative to AC circuits when the generation source is on site, such as is
the case with solar photovoltaics, wind turbines, or any distributed generation technology.
If power is generated and consumed on-site natively as DC, using an AC-based system will
result in energy losses. Regardless, this is the standard approach used today for solar PV
installations: roof mounted solar PV panels connect to an inverter, changing the DC output to
AC, and then to the grid where the energy is either used on site or sold to the utility (depending
on the demand on site); finally a lighting system such as LEDs draws energy from the AC
power grid, and converts to it DC. Thus, the solar panels produce DC energy, which is
converted to AC and fed to grid, then the load converts grid energy to DC as needed by each
connected appliance. This DC-to-AC-back-to-DC strategy is typical in distributed solar PV
power systems. A DC-direct strategy eliminates these conversions by powering a DC based
load directly from the DC output of the distributed generation source. The CLTC developed
DC-direct lighting system to evaluate this strategy.

Technology Review
While there are many types of distributed generation available, solar photovoltaic (PV)
generation presents the best, near term solution for powering small-scale microgrid projects.
Solar is the most mature renewable energy source technology for home and small business
applications, followed closely by wind, in terms of availability of off-the-shelf products and
resources. Solar can refer to several specific technology applications such as solar thermal and
solar photovoltaic technologies. Solar thermal uses solar radiation to heat water. No electricity
is produced, although energy requirements are reduced by offsetting heating loads.
Solar PV utilizes a silicon based semiconductor material which produces electricity as it absorbs
solar radiation. The material is produced by growing a boule or crystalline ingot, which is then
cut into thin wafers. The wafers are doped to achieve the appropriate electrical properties,
resulting in a single solar PV cell. Approximately 60 cells are mounted in a case for protection
and soldered together to form a solar PV panel. The cells may be single crystal, which is more
efficient but more expensive to produce, or polycrystalline. Virtually all solar panels available
today are constructed of crystalline silicon photovoltaic cells.
Other emerging solar technologies include thin-films, and a variety of organic, inorganic and
dye-sensitized materials with photo-electric properties. Some thin-film materials – namely Cu
(In,Ga)Se2, CdTe and Amorphous Si:H – have recently entered the market in niche applications.
These technologies are generally still in development but they hold the potential to put solar
photovoltaic panels in new locations, and with record efficiencies. As of today, these
technologies are far from competitive with crystalline silicon on a dollar per kilowatt basis, a
primary factor driving cost and ROI.
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Crystalline Silicon Photovoltaic Cells
Silicon photovoltaic cells utilize a silicon based semiconductor material that produces electricity
as it absorbs photons from electromagnetic radiation (EMR). The base material is produced by
growing a silicon boule, which is then cut into thin wafers. The silicon wafers are doped
(typically with phosphorus and boron) to achieve the appropriate electrical properties. A single
photovoltaic cell will only be able to absorb EMR of a single or very limited range of
frequencies, which is controlled by the doping. Solar photovoltaic cells are doped to optimize
absorption of solar EMR, or insolation. A grid of electrical contacts is then applied to the top
and bottom surfaces of the doped silicon wafer to provide a current path for the generated
electricity, and the finished product is called a photovoltaic cell. Approximately 60 cells are
mounted in a case for protection, and soldered together to form a photovoltaic panel.
Silicon boules can be produced as a single silicon crystal, or as a polycrystalline structure. The
wafers and photovoltaic panels may either be single crystal or polycrystalline depending on the
boule they are from. There are many tradeoffs between single and polycrystalline silicon
photovoltaic cells, but in general polycrystalline cells are easier to produce and result in a lower
cost per watt product. Single or monocrystalline cells result in a product with a smaller surface
area than their polycrystalline counterpart, while producing the same power. The
overwhelming majority of power applications for photovoltaic cells today utilize polycrystalline
silicon cells because these offer the lowest cost per watt option.

Thin-Film Photovoltaics
Thin-Film technologies are typically manufactured by applying a metallic coating to a plastic
substrate. This results in a semi-flexible product which is produced at length, and can be rolled
for storage and transportation. The flexibility of thin-films offers many advantages over the
brittle crystalline silicon photovoltaic cell, with a comparable price per watt. However, the
efficiency is lower (~10%), so nearly twice the surface area is required to generate the same
power as silicon photovoltaic cells. Some thin-film materials have entered the market in niche
applications – namely Cu (In,Ga) Se2, CdTe and Amorphous Si:H .
Figure 1 shows the difference in appearance between monocrystalline silicon, polycrystalline
silicon, and thin-film solar PV. Each sample is approximately 3 inches across.
Figure 2 shows the basic structure of a crystalline silicon PV cell, including the two layers of
either boron (green) or phosophorus (red) doped crystalline silicon.
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Figure 1: Comparison of Solar PV Technologies

Source: Star Solar

Figure 2: Anatomy of a Solar Cell

Source: Nova

Other Solar Technologies
Concentrating solar technologies use optical elements to focus solar radiation to a small point.
Concentrators can be implemented to improve the efficiency of any solar technology by
increasing the effective area of insolation (exposure to the sun’s rays, units of J/m2 or W/m2). A
typical concentrator consists of one or more lenses, or a parabolic reflector.
Emerging solar technologies include a variety of new materials, and multi-junction formats.
These technologies present many possibilities for the future of solar photovoltaics. Eliminating
fragile silicon wafers would simplify manufacture and installation. Multi-junction construction
uses layers of several different materials to enable absorption of electromagnetic radiation of
multiple wavelengths, leading to efficiency’s in the range of 50-80%. Figure 3 shows the basic
architecture of a multi-junction solar cell.
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Figure 3: Construction of a multi-junction solar cell

Source: Science X Network

Product Costs
The installed cost of grid connected solar photovoltaic systems for commercial and residential
power applications is driven by the cost of materials, costs of installation, and availability of
rebates and incentives. The average installed cost is $4.91-$6.1 per watt, or about five-fold more
than the panel cost.
Design and installation costs are high for solar because the systems must be sized and designed
for each application in order to account for load requirements, angle to the sun, and local
insolation values which vary by site. Infrastructure and mounting hardware are becoming
standardized, reducing the installation cost. Figure 4 shows this reduction since 1998 as falling.
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Figure 4: Original caption, “Installed Price, Module Price Index, and Implied Non-Module Costs
over Time for Residential & Commercial PV Systems <10 kW”.

Source: LBNL

Figure 5: Market Shares of Top 15 Solar PV Module Manufacturers, 2011.

Source: Renewable Energy Policy Network

Table 1 provides purchasing information on a range of currently available PV panels. This table
incorporates module efficiency, and warranty information where available. All prices are for
single panels listed by online distributors. The listed price may represent bulk rate discounts.
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Table 1: Comparison of off-the-shelf solar panels
Brand

Model

Description

Rating
(Watts)

Estima
ted
Efficie
ncy

Area
(m^2)

Weight
(lbs.)

Workman
ship
Warranty

Linear
Power
Warranty

Manufacture
d in:

Price
Per
Panel

Price per
Rated
Watt

Astronergy

CHSM 6610P
module 250-watt
Module

60-cell
polycrystalline

250

15.23%

1.64

44

5 Year

25 Year

Taiwan

$248.00

$0.99

Astronergy

CHSM 6610P
module 255-watt
Module

60-cell
polycrystalline

255

15.53%

1.64

41.8

5 Year

25 Year

Taiwan

$245.00

$0.96

ET Solar

ET-P660250WB
module 250-watt
Module

60-cell
polycrystalline

250

15.36%

1.63

42.59

10 Year

25 Year

China

$265.00

$1.06

ET Solar

P672295WB module
295-watt Module

72-cell
polycrystalline

295

15.20%

1.94

50.92

10 Year

25 Year

China

$295.00

$1.00

Helios solar
Works

6T Series 260-watt
Solar Panel

60-cell mono
crystalline

260

15.63%

1.66

49.8

10 Year

25 Year

USA

$303.00

$1.17

Helios solar
Works

9T6 Series 410-watt,
silver framed

96-cell mono
crystalline

410

15.84%

2.59

75

10 Year

25 Year

USA

$558.00

$1.36

Kyocera

KD140GX--LFBS

36-cell
polycrystalline

140

13.97%

1.00

28.4

2 Year

20 Year

Japan,
Mexico, USA

$295.00

2.11

Kyocera

KD245GX-LFB2

60-cell
polycrystalline

245

14.89%

1.65

44.1

5 Year

20 Year

Japan,
Mexico, USA

$340.00

$1.39

LG Solar

Mono X LG 2501CG2 250-watt

60-Cell Mono
crystalline

250

15.54%

1.61

41.89

10 Year

25 Year

Korea

$355.00

$1.42

LG Solar

Mono NeoN
LG290N1C 290watt

60-Cell
Monocrystalline

290

17.68%

1.64

36.96

10 Year

25 Year

Korea

$422.00

$1.46

SolarWorld

SW 130 Poly R6A

36-cell

130

12.68%

1.03

25.02

5 Year

25 Year

USA

$250.00

$1.92
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Brand

Model

Description

Rating
(Watts)

Estima
ted
Efficie
ncy

Area
(m^2)

Weight
(lbs.)

Workman
ship
Warranty

Linear
Power
Warranty

Manufacture
d in:

Price
Per
Panel

Price per
Rated
Watt

polycrystalline
SolarWorld

SW 265 2.5

60-Cell Mono
crystalline

265

15.81%

1.68

46.7

10 Year

25 Year

USA

$340.00

$1.28

Sharp

Sharp ND-250QCS

60-cell
polycrystalline

250

15.34%

1.63

41.9

10 Year

25 Year

USA

$310.00

$1.24

Panasonic
Sanyo

Panasonic Sanyo
HIT-N225A01

72-cell
monocrystalline

225

17.86%

1.26

35.3

5 Year

20 Year

Japan,
Canada,
Mexico,
Germany,
USA

$690.00

$3.07

Panasonic
Sanyo

Panasonic HIT
Power 240S

72-cell
monocrystalline

240

19.05%

1.26

33.1

10 Year

20 Year

Japan,
Canada,
Mexico,
Germany,
USA

$545.00

$2.27

CanadianSolar

Canadian Solar CSI
CS6P-190

60-cell
polycrystalline

190

12.05%

1.58

40.7

None

25 Year

China

$550.00

$2.89

Tina Solar

Trina TSM235PA05

60-cell
polycrystalline

235

14.36%

1.64

43

None

25 Year

China

$575.00

$2.45

Yingli Solar

Yingli YL230-29B
230 W Module

60-cell
polycrystalline

230

14.08%

1.63

44.36

5 Year

25 Year

China

$400.00

$1.74

Amorphous
Silicon (ThinFilm)

68

6.06%

1.12

13.23

None

None

China

$368.00

$5.41

Unisolar

Source: Compiled by CLTC from www.wholesalesolar.com
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Project Development and Outcomes
A DC-direct lighting system includes the base system and several major components. Selection
of the base system is dependent on the end-use application of the lighting system. The DCdirect lighting system base design consists of three major components and several minor
components. Specifying these major and minor components for a particular application follows
a three stage process. A diagram of the base system showing each of the major components is
shown in Figure 6.
Overview of specification process:
1. The major components – the solar PV panels, battery bank, and light fixtures– depend
on the application for sizing and product selection. Determine the load characteristics
from the specific application and then determine the necessary sizes of the major
components.
2. The minor components – Battery Management System (BMS), DC/DC converter and
charge controller, and other hardware (including relays, wiring, junction boxes) – these
minor components depend on the major components for sizing and product selection.
Once the major components have been specified, select the minor components
appropriate for the major components.
3. Safety systems consisting of fuses, breakers, and emergency cut offs are introduced in
the final design stage once all other components and performance characteristics are
known.

Figure 6: Generic solar, PV-sourced Direct DC lighting microgrid.

The major components – solar panels, battery bank, and lighting load – all operate natively on DC,
eliminating the need for an AC/DC inverter.
Source: CLTC

System Specifications for Niche Applications
Niche applications are selected and solutions implemented for many reasons. The following
solutions appeal to a range of motivations for early adopters.
∞ The RV example presents the lowest capital investment option. The lighting load is
small, the equipment requirements (BOM) are fewer, and the installation will need to
meet less strict codes and standards due to the power level and voltages involved. This
option will appeal to early adopters looking for a solution with the minimum capital
investment.
∞ The Cabin example presents a familiar and critical lighting load powered completely off
grid. The lighting design is typical of any residential property, and the energy
generation and storage is even typical of many solar microgrid designs. The NEC and
similar codes for typical residential electrical work apply, and the costs and labor
required to implement will be similar to any typical residential lighting installation.
However, applications where the site location restricts access to the grid will limit the
viable alternatives, leaving a direct DC microgrid as an excellent option. This option will
appeal to early adopters interested in a typical or demonstration install, and especially
to those in remote locations with limited grid access.
∞ The data center example’s sheer scale – orders of magnitude greater than the other two
niche applications presented – achieves better return rates and the greatest energy
savings. Purchasing solar panels by pallet, for example, achieves the better price of
$0.86/Watt, versus the $1.00/Watt for individual panels. However, the panel installation
will require a specialized solar installation contractor due to the complexity and higher
voltages. This added cost may be offset however by any applicable incentives and
similar government and utility rebate programs. This option will appeal to early
adopters in achieving the maximum possible savings.
To determine the appropriate specifications for the major components, first the lighting load is
determined from the number and type of luminaires and the hours of use. Then the solar array
and battery bank are sized based on this lighting load.
Each niche application has an associated typical lighting solution and characteristic hours of
use. The lighting Expected Daily Load (kWh/day) is used to characterize this lighting solution
and load profile. The lighting power is the product of the fixture power and the number of
fixtures. The expected daily load is the product of the lighting power and the daily hours of use.
These metrics will fluctuate from day to day, and may show seasonal effects. Designing to
accommodate the maximum expected daily load ensures there is sufficient power year round.
The system cost can be reduced by specifying the time of use and hours of use more precisely,
and resizing the expected daily load and accordingly.
The solar array must be sized to produce at least enough electrical power to meet the lighting
energy demand plus losses. The array output fluctuates with the length of day and weather
patterns, so the minimum average energy produced per day was used ensure enough energy

was produced to power the lighting load even when days are shortest. The seasonal fluctuation
seen in this report for South Lake Tahoe, California, was between 6.8 hrs per day in December
and 13.7 hrs per day in June. The array size is determined based on the energy that would be
produced on an average day in December.
The size of the solar array is defined by the Array Nameplate Rating (kW) which is equal to the
sum of the nominal outputs of all panels in the array. The Energy Produced (kWh), either daily
or annually, by the solar array is estimated from the Array Nameplate Rating (kW), the
installation geometry, and the irradiance (energy from the sun) that reaches the solar array
using Pvwatts.
The solar energy estimation tool Pvwatts is provided by NREL (http://pvwatts.nrel.gov/). The
tool combines array geometry (area, direction, and tilt), and solar data (sun position and local
weather data), with typical efficiency loss factors (soiling over time) to generate an hourly array
output over the course of a year. CLTC used this output to determine the average Daily and
Annual Energy Produced for the selected location. The array size for the application was
determined by plugging in various Array Nameplate Ratings into Pvwatts until the minimum
Daily Energy Produced matched the lighting Expected Daily Load.
Finally the solar array is specified by selecting a panel type (poly or mono crystalline silicon, or
possibly thin film), finding the number of panels required to achieve the Array Nameplate Rating,
and specifying a series/parallel configuration for wiring the panels. This series/parallel
configuration determines the voltage and max current from the solar array, which is needed to
specify the minor components (wiring, DC/DC converters, fuses or breakers).
The battery bank stores the energy produced by the solar array during the day until the evening
when the energy is needed by the lighting load. The battery bank must have sufficient capacity
for at least one day worth of the lighting Expected Daily Load. To account for daily fluctuations in
weather, between 2-14 days’ worth is typically used, and 5 days has been used in this report.
Depending on the battery type, additional capacity may need to be included to account for the
charge/discharge efficiency of the battery, or for limits on the operational range of the battery.
The LiFePO4 battery chemistry specified in this report has an exceptional efficiency of over 90%,
and up to 90% of the cell’s capacity can be used. Thus, the Battery Capacity (kWh) is equal to
the lighting Excepted Daily Load multiplied by the days of backup, plus losses and adjustment for
the percent useable capacity. The battery bank specification consists of the cell chemistry and
size, the number of individual cells which will sum to the Battery Capacity, and the
series/parallel wiring configuration.
The base system is flexible, accommodating a range of specific niche applications, each using
the same base system design. Niche applications in three power brackets were discussed: 0-1
kWh per day (RV); 1-10 kWh per day (Cabin); 10-100 kWh per day (Data Center). This
demonstrates the scalability and flexibility of off-grid DC-Driect lighting systems. The generic
system only changes for each niche application in the sizing of the individual components: the
power (watts) of lighting design; the nameplate rating of solar array (watts); and the capacity of

battery bank (kWh). By re-specifying these three components, the base system can be tailored to
suite a wide range of specific applications.
Remote Residential Lighting
The small remote cabin lit by eight LED fixtures shown in Figure 7 (GE DI4R20 shown, 1730 lm
32 Watt model) demonstrates the remote residential lighting niche application. This lighting
load could be operated 8 hours daily, year round, on three solar panels in the northern
California, South Lake Tahoe region (38.9° N by -120° W). Enough battery capacity for five days
of full load ensures energy produced during the afternoon when the sun is out is available in
the evening when lighting is needed.
Figure 7: Model of remote residential niche application

Source: CLTC and GE

Table 2: System specification of Remote Residential Niche Application
Description

Characteristics

Cost

Lighting

LED
Downlight
32 Watt each
QTY: 8

Efficacy:
Max System Power:
A
Expected Daily Load :
Annual Energy Demand:

54 lm/W
256 W
2.0 kWh
748 kWh

8 × $257
= $2,056

Solar Array

Polycrystalline
Silicon
Photovoltaic
Panel
250 Watt each
QTY: 3
(3S1P)
Lithium Ion
Batteries
(LiFePO4)
3.2 V, 100 Ah
QTY: 32
(8S4P)

Array Nameplate Rating:
Daily Hours of sunlight
B
(Min/Avg/Max) :
Daily energy produced
C
(Min/Avg/Max) :
Annual Energy Produced:
Array Area:
Capacity:
Duration of backup supply:
Life Cycles with 80% Depth
of Discharge:
Charge/Discharge
Efficiency:
Weight:

750 W

3 × $250
= $750

Battery Bank

Minor
components

Battery
Management
System
(BMS),
DC/DC
converters,
Relays,
Wiring, Fuses,
Breakers

6.8/10.8/13.7 hr
2.3/3.5/4.2 kWh
1,266 kWh
2
53 ft
10 kWh
5 days

32 × $150
= $4,800

2000 cycles
>90%
224 lbs.
D

= $2,000
Max Input from solar array:
Output to Lighting Load:

8.2 A @ 92 VDC
10.6 A @ 24
VDC

Total:

$9,606

A: Assume 8 hrs daily operation, 365 days per year.
B: Sunlight values are the min/avg/max of the average daily values over each month of the year for South Lake Tahoe (38.9° N by 120° W). Min occurs in January, Max occurs in June. Data source: Pvwatts.
C: Daily energy produced takes into account hardware losses and typical weather conditions over a year for a given location (South
Lake Tahoe used in this example). Data source: Pvwatts.
D: Approximate costs for an Elithion Pro BMS ($1,000), Outback FM80 charge controller ($800), and assorted relays, fuses, wiring,
and switches ($200)

Recreational Vehicle Lighting
Figure 8 shows a recreational vehicle (RV) interior, illuminated with 30 LED replacement wedge
bulbs. The very low load requirements for this space mean that just a single solar panel could
supply sufficient power for the entire lighting load with 4 hours of daily operation. Also, the

market for RV lighting products is already centered on 12V direct current, so many products are
currently available off-the-shelf for DC operation. Specifications are provded in Table 3.
Figure 8. Model of RV lighting niche application

Thirty LED wedge bulbs light this space.
Source: CLTC

Data Center Lighting
Figure 9 shows a data center of typical size and standard lighting levels. The 50,000 ft2 space is
lit with approx. 575 LED luminaires, complying with the ANSI/TIA-942-A (2012) minimum
lighting requirement of 50 fc horizontal illuminance between server racks. Shown here are GE
Lumination series luminaires, model: ET247A3AVWHTE. The high power density, existence of
DC infrastructure and standards, and low occupancy of data centers suggest excellent savings
potential compared with other niche applications considered. Specifications are provided in
Table 4
Figure 9. Model of data center niche application

This space is lit with 500 LED troffers.
Source: CLTC and GE

Table 3. System specification for recreational vehicle niche application

Description
Lighting

LED Wedge Bulb
2.16 Watt each
QTY: 30

Solar Array

Monocrystalline
Silicon Photovoltaic
Panel, 190 Watt
QTY: 1

Battery
Bank

Minor
components

Lithium Ion Batteries
(LiFePO4)
3.2 V, 100 Ah
QTY: 8 (4S2P)

Battery Management
System (BMS),
DC/DC converters,
Relays, Wiring,
Fuses/Breakers

Characteristics
Efficacy:
Max System Power:
A
Expected Daily Load :
Annual Energy Demand:
Array Nameplate Rating:
Daily Hours of sunlight
B
(Min/Avg/Max) :
Daily energy produced
C
(Min/Avg/Max) :
Annual Energy Produced:
Array Area:
Capacity:
Duration of backup supply:
Life Cycles with 80% Depth
of Discharge:
Charge/Discharge
Efficiency:
Weight:

Cost
30 × $15
= $450

130 lm/W
99 W
0.4 kWh
144 kWh
190 W

1 × $170
= $170

6.8/10.8/13.7 hr
0.6/0.9/1.1 kWh
321 kWh
2
13.7 ft
2.5 kWh
5 days

8 × $150
= $1,200

2000 cycles
>90%
56 lbs
D

= $2,000
Max Input from solar array:
Output to Lighting Load:

8.2 A @ 92 VDC
10.6 A @ 12
VDC
Total:

$3,820

A: Assume 8 hrs daily operation, 365 days per year.
B: Sunlight values are the min/avg/max of the average daily values over each month of the year for South Lake Tahoe (38.9° N by -120° W).
Min occurs in January, Max occurs in June. Data source: Pvwatts.
C: Daily energy produced takes into account hardware losses and typical weather conditions over a year for a given location (South Lake
Tahoe used in this example). Data source: Pvwatts.
D: Approximate costs for an Elithion Pro BMS ($1,000), Outback FM80 charge controller ($800), and assorted relays, fuses, wiring, and
switches ($200)

Table 4. System Specification for Data Center Niche Application.
Description
Lighting

LED Troffer
47 Watt each
QTY: 575

Solar Array

Polycrystalline
Silicon
Photovoltaic
Panel, 305 Watts
each
QTY: 52 (4S13P)

Battery
Bank

Minor
components

Lithium Ion
Batteries
(LiFePO4)
3.2 V, 100 Ah
Each
QTY: 320
(16S200P)
Battery
Management
System (BMS),
DC/DC
converters,
Relays, Wiring,
Fuses/Breakers

Characteristics
Efficacy:
Max System Power:
A
Daily Lighting Demand :
Annual Energy Demand:
Array Nameplate Rating:
Daily Hours of sunlight
B
(Min/Avg/Max) :
Daily energy produced
C
(Min/Avg/Max) :
Annual Energy Produced:
Array Area:
Capacity:
Duration of backup supply:
Life Cycles with 80% Depth
of Discharge:
Charge/Discharge
Efficiency:
Weight:
Max Input from solar array:
Max Output to Lighting
Load:

Cost
575 × $250
= $143,750

80 lm/W
27 kW
49.2 kWh
18,000 kWh
16 kW

52 × $265
= $13,780

6.8/10.8/13.7 hr
49.5/74.0/90.3 kWh
27,000 kWh
2
1,088 ft
100 kWh
2 days

320 × $150
= $48,000

2000 cycles
>90%
2,240 lbs
110 A @ 140 VDC

D

= $4,000

71.1 A @ 380 VDC

Total:

$3,820

A: Assume of effective full load operation of 1.5 hr per fixture per day, 365 days per year. The actual lighting load profile would include
occupancy sensor control with bi-level dimming.
B: Sunlight values are the min/avg/max of the average daily values over each month of the year for South Lake Tahoe (38.9° N by -120° W).
Min occurs in January, Max occurs in June. Data source: Pvwatts.
C: Daily energy produced takes into account hardware losses and typical weather conditions over a year for a given location (South Lake
Tahoe used in this example). Data source: Pvwatts.
D: Approximate costs for an Elithion Pro BMS ($1,000), multiple Outback FM80 charge controllers ($800 each), and assorted relays, fuses,
wiring, and switches ($200)

Laboratory Prototype
The lighting microgrid developed as part of this project is composed of electric lighting, a
photovoltaic panel (generation), battery array (energy storage) and transmission components.
Figure 10 is the wiring diagram for the prototype system. The diagram shows each of the
system components, and the voltage/current at key locations. Table 5 contains the minimum
specifications for each component. The following sections discuss each of these components in
detail.
Figure 10. Wiring diagram of laboratory prototype.

Source: CLTC

Table 5. Minimum specifications of laboratory prototype.
Component
Solar Photovoltaic Panels
Charge Controller
Battery Array
Battery Management
System (BMS)
Relay, High Limit

Function
Generate DC power
Control voltage-to-current ratio of
solar array; regulate output voltage
of solar array
Store energy until needed.
Monitor cell voltage, current, and
temperature; drive relays to protect
battery array from overcharge/discharge;
Connect/Disconnect battery array
from Charge Controller

Relay, Low Limit

Connect/Disconnect battery array
from load

DC/DC Converter

Provide voltage-regulated power for
lighting loads

Lighting

DC lighting load

Minimum Specifications
Array Nameplate Power: 1.25 kW
Includes feature: Maximum Power
Point Tracking (MPPT).
IOut = 41.5 A (or more)
Capacity: 2.5 kWh
(100 Ah @ 25.6 Vdc)
Chemistry: LiFePO4
Supports LiFePO4 cell chemistry.

Relay Type: SPNO
VCoil = 12 Vdc
VContacts = 24 Vdc
IContacts = 43.4 A (or more)
Relay Type: SPNO
VCoil = 12 Vdc
VContacts = 24 Vdc
IContacts = 10 A (or more)
VIn = 20.0 – 28.8 Vdc
VOut = 48 Vdc
IOut = 5 A (or more)
2.5 kWh Per day
(~200 W for 12 hrs/day)

A brief description of each product utilized in the laboratory prototype is provided here along
with a table of detailed specifications. Equipment specification sheets for each component are
included as an appendix.
Electric Lighting
The lighting load consists of a typical 16’ luminaire with linear fluorescent lamps (T8) rebuilt
with Nextek DC fluorescent ballasts.
Ballast Product Description: “The Nextek NB5353/2R is a direct current (DC) fluorescent
electronic ballast designed to fit in standard fluorescent lighting fixtures and operates one or
two T8 fluorescent lamp(s). The compact, high efficiency, and low power electronic ON/OFF
control of the durable, high performance NB5353/2R make it a desirable component for all
fluorescent lighting applications. Designed for optimal performance with the Nextek Power
Module (NPS-1000), the NB5353/2R can also be used with any DC electric supply within the
specified voltage operating range. The NB5353/2R features an optically isolated electronic
ON/OFF control that requires only a minimal signal current. This unique feature enables remote
switching without the power losses usually incurred by the wires that connect the switches to
the lighting circuit. A high level of architectural flexibility and lighting control is practical with
the NB5353/2R. Lighted areas can be turned ON and OFF remotely with low signal cable,
avoiding line voltage switches and electromechanical contactors.”

Fixture:
No. of Lamps:
No. of Ballasts:
Ballast Manufacturer:
Ballast Model:
Power:
Operating Voltage:
Input Voltage Range:
Input Current:
Ballast Factor:

T8 Linear Fluorescent
8 lamps
4 ballasts
Nextek Power
NB5353/2R
54 W per ballast, 216 W total
54 Vdc
42 to 60 Vdc
1.0 Amp per ballast @ 54 Vdc
0.88
Source: www.nextekpower.com

Solar Array
Product Description: “Manufactured in the U.S., the B-series PV module is made with 60 high
output polycrystalline cells…Recognized for its ability to deliver lifetime performance and
maximize kWh yield, the B-series PV module contains top-brand EVA chemical resistant and
flame retardant back sheet, and high-transparency, impact-resistant glass to ensure efficiency
over time. Engineered to perform in harsh climates like ice, hail, snow, high wind, humidity
and extreme ambient temperatures, the B-series PV module carries a five-year workmanship
and materials warranty and a power warranty for 25 years at 80% and 12 years at 90% of
minimum peak power.”
No. of Panels:
Manufacturer:
Model Type:
Peak Power:
Array STC Nameplate Rating:
Cell Type:
No. of Cells (per panel):
Voltage at Maximum Power (VMP):
Current at maximum Power (IMP):
Open Circuit Voltage (VOC):
Short Circuit Current
Weight:
Dimensions:

5
Centrosolar
BP6 250SW
250 Watts per panel
1,250 Watts
Polycrystalline Silicon
60
30.93 Vdc
8.08 A per panel
37.68 Vdc
8.63 A per panel
43.7 lbs (19.8 kg) per panel
65” × 40” × 2”

Source: Centro Solar America

Battery Array
Product Description: “CALB Lithium cells are produced by China Aviation Lithium Battery Co.
LTD. These cells are light and with several different Ah capacities they can take your EV even
further. The new CA cells have replaces the older blue case SE cells. The CA cells generate less
heat from operation and deal with cold climates better.”
Manufacturer:
Model:
No. of Cells:
Array Configuration:

Calb
SE100AHA
8
8S × 1P

Nominal Capacity:
Nominal Voltage:
Charging Cut-off Voltage:
Discharging Cut-off Voltage:
Recommended
Charging/Discharging Current:
Peak Allowable Current:
Life Cycle:
Weight:

100 Ah per cell
3.2 Vdc
3.6 Vdc per cell
2.5 Vdc per cell

Source: www.evsource.com

30 A (0.3 C) per cell
800 A (≤ 10 seconds) per cell
2000 cycles at 0.3 C
charge/discharge rate and
80% depth of discharge
7.1 lbs (3.2 kg)

Charge Controller
Product description: “The FLEXmax family of charge controllers is the latest innovation in
Maximum Power Point Tracking (MPPT) charge controllers from OutBack Power. The
innovative FLEXmax MPPT software algorithm is both continuous and active, increasing your
photovoltaic array power yield up to 30% compared to non-MPPT controllers. Thanks to active
cooling and intelligent thermal management cooling, both FLEXmax charge controllers can
operate at their full maximum current rating, 60 Amps or 80 Amps respectively, in ambient
temperatures as high as 104°F (40°C).”
Manufacturer:
Model:
Maximum Output Current:
Maximum Solar Array STC
Nameplate:
PV Open Circuit Voltage
(VOC):
Power Conversion
Efficiency:
AUX Output:
Maximum Power Point
Tracking?

Weight:

Outback
Powerhttp://www.mcmaster.com/
Flexmax 80
80 A
2500 Watts (24 Vdc Systems)
145 Vdc
97.5%
0.2 A at 12 Vdc, Programmable
Yes

12.2 lbs (5.56 kg)

Source: www.outbackpower.com

Battery Management System
The Lithiumate Pro battery management system (BMS) is a sophisticated off-the-shelf BMS for
Li-Ion battery arrays. The system handles most lithium chemistries and cell form factors. The
BMS monitors and evaluates individual cell voltage and temperature, balances the voltages
between cells, and drives contactors to protect the battery array from overcharging/discharging. The Lithiumate Pro is a distributed BMS which minimizes the number of
wires required. The Lithiumate Pro is easy to install with off the shelf components. Extensive
user documentation is provided online at: http://liionbms.com/php/index.php
Manufacturer:

Elithion

Model:
Supply Voltage:
No. of Cells Monitored:
Operating Temperature:
Cell voltage sensing range:
Temperature Sensing
Accuracy:
Cell current drain, standby:
Cell current drain, operating:
Cell current drain, balancing:

Lithiumate Pro
12 Vdc
1 to 255
-40 to 80 °C
2.09 to 4.54 Vdc

Source: eLithion

+/- 2 °C
2 uA max
2 mA max
200 mA nominal

DC/DC Converter
The Maxi, Mini, Micro family of DC-DC converters provides high power density and low noise,
with advanced power processing in a robust package. The converters are compact and efficient,
and offer several input ranges, a variety of output voltages, enhanced output programmability,
remote sense, and single-wire paralleling for high power or for true redundant operation. The
efficiency and packaging design simplify thermal management with baseplate operation up to
100°C. The modules are available with five temperature grades, three baseplate styles, and six
pin types. Maxi, Mini and Micro product series technology allows for the automated generation
of user-defined designs without the customary long lead times typical of custom designs.”
Manufacturer:
Model:
Power:
Efficiency:
Input voltage:
Output Voltage:
Load Current:
Load Regulation:
Standby Dissipation:
Short Circuit Current:
Operating Temperature:

Vicor
Maxi V24A48E400BL
400 Watt
84.7 to 86.7%
18 to 36 Vdc
48 Vdc
0 – 8.33 A
+/- 0.02 %
11.8 W
4.79 – 11.3 A
-10 to +100 °C

Source:
www.vicorpower.com

Relay, Low Limit
Use on DC-powered equipment such as forklifts and floor scrubbers. Also known as solenoids
and contactors, these relays accept a DC control voltage and switch a DC load. Rated for
continuous operation for cycles that run longer than 30 seconds. All spring back (momentary)
when power is removed. Relays have 5/16"-24 threaded stud terminals and 0.28" dia. mounting
holes (fasteners not included). They allow different control and load voltages except for
7995K23, which requires the same control and load voltage. Mechanical life is 100,000 cycles
except for standard relays, which have a mechanical life of 250,000 cycles.
Distributor:
Catalog Number:
Control Voltage:
Number of Circuits:
Before Switching, Circuit Is:
Industry Designation:

www.mcmaster.com
7995K21
12 Vdc
1
Off
SPST-NO

Full Load Amp Rating:
Number of Terminals:
Power Draw:
Additional Specifications:

80 @ 12 Vdc
4
9 VA
Standard

Source: McMaster-Carr

Relay, High Limit
These relays are used on DC-powered equipment such as forklifts and floor scrubbers. Also
known as solenoids and contactors, these relays accept a DC control voltage and switch a DC
load. Rated for continuous operation for cycles that run longer than 30 seconds. All spring back
(momentary) when power is removed. Relays have 5/16"-24 threaded stud terminals and 0.28"
dia. mounting holes (fasteners not included). They allow different control and load voltages
except for 7995K23, which requires the same control and load voltage. Mechanical life is 100,000
cycles except for standard relays, which have a mechanical life of 250,000 cycles.
Distributor:
Catalog Number:
Control Voltage:
Number of Circuits:
Before Switching, Circuit Is:
Industry Designation:
Full Load Amp Rating:
Number of Terminals:
Power Draw:
Additional Specifications:

www.mcmaster.com
7995K21
12 Vdc
1
Off
SPST-NO
100 @ 12V DC
4
12 VA
Heavy Duty
Source: McMaster-Carr

Design and Performance of Laboratory Prototype
The DC microgrid system utilizes roof-mounted solar panels, “Li-Ion” energy storage, and DCbased lighting that operate independently of the main electrical grid. The system includes
several novel features including high efficiency Li-Ion energy storage, as opposed to standard
deep cycle lead-acid batteries; direct DC luminaires and an efficient design that eliminates all
AC/DC conversions, as opposed to standard inverter based microgrids.
This system demonstration generates energy from a PV-array on-site; stores the energy until
needed with high efficiency Li-Ion storage system; and delivers the energy to a novel DC
lighting load. This process is composed of four main subsystems. Energy flows from (1) a
distributed generation source (or solar panels in this demonstration) through (2) an energy
management system, which directs energy to either (3) the energy storage system for later use,
or to (4) the lighting system for immediate use. This process is depicted in Figure 1.

Figure 11: Energy flow in a DC Microgrid

Source: CLTC

This microgrid system was designed to operate a 250 Watt load for 10 hrs per day, or rather, to
supply a daily demand of 2.5 kWh per day. The battery array capacity was sized to operate for
one day without solar input, so the nominal battery array capacity is equal to the daily demand
of 2.5 kWh. The solar array output varies directly with both the duration and quality (i.e. angle
of incidence, diffusion through clouds, etc.) of sun light. The NREL Pvwatts solar power
estimator application was used to select the solar array size for the site location in Davis, CA.
During the month with the shortest days, January, it is expected that Pvwatts will receive a
daily average amount of sun light equivalent to 2.73 hrs of full intensity sunlight (i.e. 1000 watts
per square meter). Researchers selected a solar array size that would be large enough to fully
charge the battery array under these conditions; a 1.25 kW solar array will produce 3.4 kWh of
energy with 2.73 hrs of full intensity sunlight or its equivalent, which is 36% more than the
battery array capacity of 2.5 kWh. Therefore, the selected solar array size of 1.25 kW should
supply enough power to meet demand on the shortest average days of the year. At all other
times of the year, the days are longer and additional power capacity is available. The maximum
average daily duration of full intensity sunlight for Davis was 6.04 hrs, in May. The minimum
technical requirements specified by CLTC for each component are included below.

Table 6: System Overview
Sub-System
Distributed
Generation
Energy
Storage

Component
Solar
Photovoltaic
Panels

Function

Battery Array
Charge
Controller
Battery
Management
System
(BMS)

Energy
Management

Store energy until needed
Control voltage-to-current ratio
of solar array; regulate output
voltage of solar array
Monitor cell voltage, current,
and temperature; drive relays
to protect battery array from
over-charging (or overdischarging)

Relay, High
Limit

Connect or disconnect battery
array from source

Relay, Low
Limit

Connect (or disconnect)
battery array from load

DC/DC
Converter
Lighting

Generate DC power

Luminaires

Step up voltage from 24 Vdc
battery voltage (24 Vdc) to
load voltage (48 Vdc);
Provide voltage-regulated
output
Provide DC lighting for a small
indoor environment.

Technical Requirements
Array Nameplate Power: 1.25 kW
Capacity: 2.5 kWh
(100 Ah @ 25.6 Vdc)
Chemistry: LiFePO4
Includes feature: Maximum Power
Point Tracking (MPPT).
Minimum Output Current, I = 41.5 A
Supports LiFePO4 cell chemistry.

Relay Type: SPNO
VCoil = 12 Vdc
VContacts = 24 Vdc
IContacts = 43.4 A (or more)
Relay Type: SPNO
VCoil = 12 Vdc
VContacts = 24 Vdc
IContacts = 10 A (or more)
VIn = 20.0 – 28.8 Vdc
VOut = 48 Vdc
IOut = 5 A (or more)
Demand = 2.5 kWh Per day
(~200 W for 12 hrs/day)

Distributed Generation System
An islanded-microgrid means that all power is produced and utilized on site, which increases
efficiency by eliminating the losses from long-distance transmission. Power is supplied to this
system by five, 250 Watt poly-crystalline silicon, solar photovoltaic panels. The five-panel array
is roof-mounted on the CLTC facility in Davis, CA (Figure 12). The panels are mounted facing
south at a fixed angle of 18.5°. This is the only energy input to the system.
Figure 12: Roof mounted solar array, CLTC in Davis, CA

Source: CLTC

The solar panel wiring is routed across the roof and down the side of the building. A single bare
conductor runs up the building façade from the ground-spikes. Eleven conductors (5 pairs, one
per solar panel, plus 1 ground wire) of gauge AWG 10 enter the building through a single
penetration and terminate in a junction box. The positive line from each solar panel passes
through a safety disconnect. In the junction box, the five solar panels are connected in parallel
(I.e. 1S5P). Each individual panel supplies up to 8 A at 30 VDC, so the five panel array
configured in 1S5P supplies up to 40 A at 30 VDC. The system is shown in Figure 13.
Figure 13: Junction box and safety disconnect switches; the five solar panels are wired 1S5P

Source: CLTC

Three AWG 8 conductors (positive, negative, and ground) then traverse from the junction box
to the energy management system. The solar panels and combiner box were procured and
installed by a local solar installer.
Energy Management System
The energy management system (Figure 14) consists of several components:
∞ Charge controller
∞ Battery management system (BMS)
∞ Relays
∞ DC/DC converter
After exiting the combiner box, energy from the solar panels first enters the charge controller
(Figure 15). The charge controller performs two functions. It performs maximum power point
tracking (MPPT). In MPPT the voltage-current ratio of the solar panels is adjusted slightly to
maintain maximum power output; the optimal panel-voltage is proportional to paneltemperature. Second, the charge controller converts the unregulated power output from the
solar panels to a constant 27.8 Vdc (selected by CLTC, as the maximum battery array voltage).

Figure 14: Energy Management system components and batteries
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Source: CLTC

Figure 15: Charge Controller (left) and energy management controller (right)

Source: CLTC

The conductors are routed to the energy management system’s mechanical enclosure. Here, the
conductor branches to the charge controller (source), battery array (storage), and load are
connected in parallel. This enclosure houses all non-electronic components: two relays, for

disconnecting (or connecting) the battery array; two DC/DC converters; terminal strips; and
fuse. Under load it reaches an internal air temperature of ~95 °F.
The 24-to-48 Vdc DC/DC converter supplies power to the lighting load. An optional 24-to-12
Vdc DC/DC converter supplies auxiliary devices, such as cooling fans. In this demonstration,
the 12 Vdc circuit including the BMS and relays is powered by either the 24-12 Vdc DC/DC
converter, or a 120 Vac to 12 Vdc wall adapter. Both converters are mounted to an aluminum
heat sink.Two, normally open (NO), solenoid type relays are used to connect (or disconnect) the
batteries from the load, source, or both. They have slightly different current ratings and hence
the different form factors.
The two relays are driven by a 12 Vdc signal supplied by the battery management system
(BMS). The battery management system monitors the battery array, and drives the relays based
on voltage presets: the BMS disconnects the battery array from the load when the battery
voltage drops too low by opening (i.e. the BMS stops applying 12 Vdc to the solenoid-relay’s
coil-terminals) the low-limit relay (bottom); the BMS disconnects the battery array from the
source when the battery voltage rises too high by opening the high-limit relay (top). In the case
of a fault, such as an extreme voltage, the BMS opens both relays, disconnecting the battery
array from both load and source. The BMS also balances the battery array (i.e. if one cell’s
voltage rises above all others, energy is drained from that cell until all cell voltages are equal).
An optional connection via serial port enables logging data from the BMS onto a personal
computer.
This BMS, shown in Figure 16, performs the cell balancing and monitoring functions with a
series of “cell-boards”. One cell-board is mounted to each cell in the battery bank and
communicates back to the BMS central computer. Wire gauges between AWG 8 to 12 carry
current throughout the energy management system, within enclosures, and between other
systems. Thicker gauges are used for longer wire runs, and all runs in this area are typically less
than 15 feet round trip.
Figure 16: Battery Management System (BMS), central computer (left) and cell-boards in the
battery bank (right)

Source: CLTC

Energy Storage System
The energy storage system, shown in Figure 17, consists of eight, 100 Ah, prismatic form factor,
and lithium-iron-phosphate (LiFeP04) cells connected in series. Each cell has a nominal voltage
of 3.2 VDC, for a nominal pack voltage of 25.6 VDC. Thus the nominal-capacity is 25.6 VDC ×
100 Ah, or 25.6 kWh: enough to operate a 250 Watt load continuously for 10 hours.
The charging (and discharging) characteristics of LiFeP04 batteries are such that over 90%
Depth of Discharge (DOD) may be utilized without undue wear on the system. Thus, the actualcapacity of the energy storage system is roughly equal to the nominal-capacity. This is a
significant departure from the deep cycle lead-acid energy storage systems commonly
employed in microgrid applications, where 55% DOD is typical.
Figure 17: Lithium-Iron-Phosphate electrochemical energy storage system.

Source: CLTC

The battery array is housed in a sheet metal enclosure which is fixed to the wall (Figure 17), to
protect the battery array from physical damage and prevent contact with the system while it is
in operation. The enclosure is electrically isolated by a 20-amp DC breaker. An acrylic lid allows
convenient viewing, especially of the cell-boards, which blink to indicate status information.
Lighting System
The emergence of LEDs for general lighting has introduced an interesting opportunity for
microgrid applications: overall microgrid system efficiency can be increased by eliminating all
AC-to-DC and DC-to-AC conversions (and associated conversion losses) by using DC based
power sources with DC based loads, such as solar and LEDs. For this demonstration,
researchers chose to convert an AC fluorescent fixture to operate on DC.
CLTC retrofitted a 16’ linear fluorescent light fixture with DC ballasts. The DC retrofitted
luminaire (Figure 18, rear) is now installed beside an identical AC luminaire (Figure 18, front) in
our lab. Note in the photo, the two fixtures have different color temperature lamps installed.

Figure 18: DC lighting system solution

System consists of DC retrofitted 16’ linear fluorescent luminaire (rear pendant), a standard AC luminaire
for comparison (front pendant); standard AC-wall switch for on/off control.
Source: CLTC

Power is supplied to the luminaire from the 24-to-48 VDC DC/DC converter. Three AWG 10
conductors (pos, neg, gnd) are routed to the DC retrofitted luminaire which is operated by a
standard wall switch.

Prototype Characterization and Testing
Two systems were utilized to complete several performance tests. The systems consisted of a
National Instruments (NI) LabVIEW-based, custom measurement system ( Figure 19), and an
Elithion BMS (Figure 21).
The custom M&V system uses two Verivolt measurement modules to measure voltage and
current, and output a low voltage data signal. A custom M&V system was necessary to
accommodate the high DC voltage and current this system could theoretically produce under
extreme circumstances: up to 800 Amps and 150 Vdc. An NI CompactRio with a 9220 analog
input module recorded the voltage signals every 0.5 seconds. The CompactRio unit has 4 GB of
onboard memory, and connects to the local area network for remote download of the data.
Custom software was developed in the LabVIEW programming environment to process the
measurement signals and save them to a file for download.
The custom M&V system records the voltage and current of the system at four locations in the
system (Figure 20).
∞
∞
∞
∞

A – The solar input to the microgrid system
B – The output from the charge controller
C – The positive battery terminal
D – The output from the 24-to-48 V DC-DC converter that supplies the lighting load

Figure 19: Custom M&V System

NI CompactRIO
Data Logger:
-Chassis

Verivolt Sensor
Modules:
Source: CLTC

Figure 20: System diagram showing the four measurement locations A-

D
Source: CLTC

The BMS system records all eight cell voltages and the total pack current. The cell-boards allow
the BMS to monitor voltage of each cell and the total pack voltage over time. A single solid core
current transformer allows the BMS to record the current entering (negative) or exiting
(positive) the battery pack (Figure 21). The BMS measurement location is approximately
identical to measurement location “C” of the custom M&V system.

Figure 21: The BMS (Left) uses a Current Transformer (center) and cell-boards (Right) to measure
current and voltage of the battery array.

Source: CLTC

Several tests were performed to evaluate the performance of key system components. The
results are summarized in Table 7.
Table 7: Summary of Performance Test Results
No

Test Parameter

1

Battery Capacity

2a

Overall System Efficiency

2b

Overall System Efficiency

3
4
5

Purpose

Expected

Quantiy capacity of battery
array
Quantify energy lost in the
system

Observed

2.3 kWh

2.5 kWh

>75%

53.20%

>75%

98.60%

Charge Controller
Efficiency
Battery Array Efficiency

97.50%

97.60%

>90%

67.31%

DC-DC Converter
Efficiency

86.70%

65.31%

Battery Capacity
Fully charge the battery array, disconnect the solar array, and then operate the light load until
the battery array is completely discharged while recording the energy output of the battery
array. The battery array possesses the following nominal characteristics:
∞ Nominal Voltage = 8 × 3.2 Vdc = 25.6 Vdc
∞ Nominal Capacity = 100 Ah @ 25.6 Vdc = 2560 Watt hours (Wh)
It is expected that the actual battery array capacity will be approximately 90% (i.e. 90% Depth of
Discharge (DoD)) of the nominal capacity, or 2304 Wh.

Figure 22. The power entering (negative) and exiting (positive) the battery array during the battery
capacity test.

Source: CLTC

The battery array powered the lighting load without solar input for 10.2 hrs, from 9:12 AM to
7:24 PM on 24 October 2014. The average power draw on the batteries was 242.7 watts. The total
energy measured was 2478.9 Wh. This corresponds to a Depth of Discharge (DoD) of 96.8%.
Maximum voltage
Average voltage
Minimum voltage
Capacity
DoD

26.8 Vdc
25.9 Vdc
23.0 Vdc
2478.9 Wh
96.8%

3.35 Vdc per cell
3.24 Vdc per cell
2.88 Vdc per cell
96.83 Ah @ 25.6 Vdc

System Efficiency
There are several system aspects that result in a loss of power when comparing the input to the
output. These sources of apparent energy loss include: 1) DC-DC conversion losses, from the
charge controller and the 24-to-48 V DC-DC converter to the load; 2) line losses throughout; 3)
battery operation, including charge/discharge efficiency losses, cell balancing, and self-use (i.e.
powering the BMS from the battery array). Compare the total energy entering the system from
the solar array to the total energy leaving the system to the lighting load.
DC-DC conversion losses are expected to be approximately 10%. Line losses are expected to be
approximately 5%. The charge/discharge losses are expected to be approximately 5%.
The actual system losses will be driven by many factors, including the known factors listed
above. The magnitude of the actual total system losses is expected to be between 5% and 25%.
∞ Expected System Losses = 5% to 25%
∞ Expected System Efficiency = 95% to 75%

For this test, the system voltage and current was analyzed over a period of 26.9 days from 11
Sept 2014 to 8 October 2014 (Figure 24).
Figure 23: Voltage (blue) and Current (green) over 27 days entering the system from the solar
array (Top) and exiting the system to the lighting load (bottom).

Source: CLTC

Figure 24. Power entering the system from the solar array (Top) and power exiting the system to
the lighting load (Bottom).

Source: CLTC

During the 646.0 hours of monitoring, the lighting load was operated for 142.9 hrs. The total
energy measured entering the system from the solar array was 51.97 kWh. The total energy
measured exiting the system to the lighting load was 27.628 kWh, a difference of 24.34 kWh or
losses of 46.8%.
∞ Observed System Losses* = 46.8%
∞ Observed System Efficiency* = 53.2%
These observations may be explained by the BMS cell balancing functionality. The BMS
balances the cells by applying a resistive load to individual cells whenever a voltage set point is
exceeded. The “overcharged” cell capacity is converted to heat by this resistive load, bringing
the cell voltage down until all cells have an equal voltage. This occurs when the battery array is
fully charged and the solar input exceeds the lighting load, which happens daily. Under these
conditions, the BMS will continually drain some cells, while all cells charge from the solar
power. To exclude energy used for cell balancing this test was repeated considering only those
periods when the lighting load is ON. See Test #2b.
System Efficiency
Considering only periods when the lights are ON, compare the total energy entering the system
to the total energy leaving the system. The expectations are the same as for Test 2a:
∞ Expected System Losses = 5% to 25%
∞ Expected System Efficiency = 95% to 75%
During the 646 hours of monitoring, the lighting load was ON for 142.9. During this time, the
power in from the solar array typically ranged from 0 to 600 Watts, and the power exiting the
system to the lighting load was typically a constant 200 Watts.

Figure 25. The power entering the system from the solar array while the lights were ON (Top), and
the corresponding power exiting the system to the lighting load (Bottom).

Source: CLTC

Charge Controller Losses
Determine the actual charge controller DC-DC conversion efficiency. Compare the total energy
entering the charge controller from the solar array to the total energy leaving the charge
controller. The Outback Power Systems FM80 charge controller has a manufacturer stated
power conversion efficiency of 97.5% at 80 amps DC in a 48 Vdc system. We expect the actual
losses then to be approximately equivalent, or 2.5%
∞ Expected Charge Controller Losses = 2.5%
∞ Expected Charge Controller Efficiency = 97.5%

During the 646-hour monitoring period, the total energy entering the charge controller was
observed as 51.97 kWh, and the energy exiting the charge controller was observed as 50.70 kWh,
a difference of 1.268 kWh or a 2.44% energy loss.
∞ Observed Charge Controller Losses = 2.4%
∞ Observed Charge Controller Efficiency = 97.6%
Battery Performance Characterization
Characterize the performance of the battery; determine the net energy consumed by (or
discharged from) the battery array. Analyze the energy entering and exiting the battery array
during the 646-hour monitoring period. Compared to lead-acid chemistries, lithium-ion cell
chemistries are not affected by varying charge/discharge currents, so their performance is less
dependent on the operating conditions. Lithium-ion cell chemistries also typically achieve very
high roundtrip charge/discharge efficiencies. We expect the lithium-iron chemistry battery array
to demonstrate 90% or greater roundtrip efficiency (i.e. losses due to charging and discharging
total less than 10% of energy input). Expected Battery Charge + Discharge Efficiency: >90%. The
energy entering (positive) and exiting (negative) the battery array was recorded over a 646-hr
monitoring period (Figure 26).
Figure 26: Cumulative energy at the battery array interface during monitoring.

The cumulative energy total increases (positive changes) during charging and decreases (negative
changes) during dis-charging. The net change was: -9.54 kWh.
Source: CLTC

During the monitoring period, the energy entering the battery bank was approximately
0.32 kWh per day more than the energy exiting the battery array. The total energy entering the

battery system was observed as 29.17 kWh over 646 hours of monitoring, and the total energy
exiting the battery system was 19.64 kWh, a difference of 9.54 kWh or a 32.69% energy loss.
∞ Observed Battery Array Losses*: 32.7%
∞ Observed Battery Array Efficiency*: 67.31%
∞ Net Energy input/output: 9.54 kWh consumed by battery array
As discussed under test #2a, the energy loss in the battery array results from a) the charge and
dis-charge efficiency of the battery array, and b) the energy drained due to the BMS cell
balancing functionality. Therefore, this efficiency represents the true performance, including
losses while the system idles and conducts cell balancing, rather than ideal performance, where
the battery array requires no cell balancing.
24-to-48 Volt DC-DC Converter Efficiency
Determine the actual 24-to-48 V dc-dc conversion efficiency. Compare the total energy entering
the dc-dc converter with the total energy leaving the dc-dc converter. The dc-dc converter
source is voltage-driven between the charge controller output and the battery array output. The
dc-dc converter is connected in parallel to both the battery array and the charge controller
output, and draws power from the higher voltage of these two sources. Additionally, the
battery array will draw power from the charge controller if the battery array voltage is low and
it requires charging, and the BMS will draw power from any cell for cell balancing. Therefore,
the energy supplied by the charge controller can go towards the a) the dc-dc converter, b) the
battery array for storage, or c) the battery array for cell balancing (or other BMS use). Thus, the
energy input to the dc-dc converter is equal to the output form the charge controller minus the
energy consumed by the battery array. The dc-dc converter is manufactured by Vicor Power,
model number V24A48C400BL, and is rated at 400 Watts. The manufacturer lists the efficiency
as 84.7%-minimum, and 86.7%-typical. We expect the actual efficiency to be approximately
equal to the typical rating.
∞ Expected 24-48 V dc-dc Converter Losses = 13.3%
∞ Expected 24-48 V dc-dc Converter Efficiency = 86.7%
First, we determined the energy input into the dc-dc converter. During the 646-hr monitoring
period, the total energy output (equal to the integral of power, or area under the curve of the
power plotted versus time) of the charge controller was 50.70 kWh (Figure 27).

Figure 27: Energy output from the charge controller.

The total energy output during the 646-hr monitoring period was 50.7 kWh.
Source: CLTC

The energy entering the battery array (for charging, cell balancing, etc.) was 29.2 kWh, and the
energy exiting the battery array was 19.66 kWh. Therefore, during this monitoring period, the
battery array net energy transfer was 9.54 kWh consumed (see Figure 26).
The energy input into the dc-dc converter is equal to the energy output from the charge
controller (50.70 kWh) minus the net energy transfer from the battery array (9.54 kWh
consumed). Thus, the total energy input to the dc-dc converter during the 646-hr monitoring
period was 41.16 kWh.
Second, we determined the energy output of the dc-dc converter: The energy exiting the dc-dc
converter was recorded directly by the NI/CompactRIO M&V system, measurement location
“D” (Figure 24, bottom). The total energy observed exiting the dc-dc converter during the 646hr monitoring period was 26.88 kWh. The energy loss of the dc-dc converter is equal to the
input to the dc-dc converter (41.16 kWh) minus the energy output from the dc-dc converter
(26.88 kWh), a difference of 14.28 kWh or an energy loss of 35.69%.
∞ Observed dc-dc converter losses: 35.69%
∞ Observed dc-dc Converter Efficiency: 65.31%

System Costs
The proposed technology is a direct competitor with traditional solar installations, and is driven
by similar economic factors. In particular, the proposed technology is an energy system that
competes with the national electric grid and average utility electricity rates of about $0.13/kWh.
Continued development of solar generation has reduced capital cost and increase panel

lifespans such that today solar generation at near market parity. As true parity is achieved and
greater demand is placed on renewable energy sources, solar generation is expected increase
significantly in share of the energy generation market.
The proposed technology is an alternative to the traditional inverter based solar installation
which is superior in several ways. The islanded design and compact energy storage make the
technology ideally suited to several niche applications including remote locations without grid
access, and mobile applications like recreational vehicles and marine vehicles. Also the
proposed technology has increased self-utilization – more energy produced is used on site –
than grid-connected installations, which reduces supplemental grid demand and resulting GHG
emissions.
The proposed technology is a competitor of solar technologies, which are expected to increase
in demand dramatically in the near future. The proposed technology differs from traditional
solar installations it ways that make it ideal for specific applications. The proposed technology
is therefore expected to have a reliable and constant base demand for niche applications, and is
expected to experience significant growth in demand in the near future along with demand for
all renewable and energy efficient products.
This product offers consumers of general lighting solutions an alternative to AC grid powered
lighting. An important price point for this product is to reach market parity with AC powered
lighting systems. The product also has demand reduction and Greenhouse Gas (GHG)
reduction benefits which are valued differently by consumers. The optimal price point of this
product depends on the cost of AC alternatives and consumer valuation of renewables and
energy efficiency targets.
Wide spread adoption by general consumers would require the product to achieve market
parity with utility electric rates. The lifetime energy demand reduction of this product VS the
system cost yields an effective energy cost of $0.39/kWh for this product.
Calculating Effective Energy Cost ($USD / kWh):
∞ Lifetime demand reduction: 10 hrs per day of operation of a 250 Watt lighting load for
25 years = 250 W × 10 hrs/day × 365 days per year × 25 years = 22.8 MWh of energy
delivered to the lighting load
∞ System cost: $8,940
∞ Effective energy cost = $8,940 / 22.8 MWh = $0.39/kWh
The current pricing is therefore approximately three times the average utility grid electricity
rate. It is expected that the effective energy cost to improve with scale. The battery management
system component cost is approximately the same for all systems 1, so this cost will be a smaller
The Elithion Lithiumate Pro is rated for up to 255 cells in series (~840 V), with no limit to the number of
cells in parallel. See the product description: http://elithion.com/lithiumate_pro_overview.php

1

percentage of the total capital cost as the system size increases. Similarly, bulk rates apply for
materials including conductors, solar panels, and li-iron batteries, all major price drivers. Large
scale (>100 kWp) early adopters will find the best pricing.
Table 8. Cost of system - Northern California
System

Solar Array

Component

QTY
1

Unit Price

Sub-Total

$250

$1,250

250-Watt Solar Panel

5 panels

Mounting Hardware

Misc

$100

$100

Charge Controller

1 Unit

$500

$500

Conductors, conduit, enclosures,
etc.

Misc

$100

$100

Labor

24 man-hours

$40/hr

$1,000

System Total:

Energy Storage

$2,950

Battery (100 Ah LiFePO4)

16 Cells

Battery Management System

2

$150

$2,400

1 kit

$1000

$1,000

DC Relays

2

$50

$100

Conductors, conduit, enclosures,
etc.

Misc

$150

$150

Labor

8 man-hours

$40/hr

$320

System Total:

Lighting

$2,770

Luminaires

4 luminaries

$250

$1,000

AC-to-DC Retrofit Kit (Optional)

4 kits

$50

$200

DC-DC Converter (Optional)

1 converter

$400

$400

Conductors, conduit, enclosures,
etc.

Misc

$100

$100

Labor

8 man-hours

$40/hr

$320

System Total:
Grand Total:

$2,020
$8,940

1. Production cost estimate is provided for 1.25 kWp solar array which was selected for the
demonstration site in Davis, CA. For installations at other locations, check local site conditions to
determine appropriate solar array size.
2. The energy storage system includes one set of replacement batteries. The actual battery lifespan
will vary with use conditions such as average temperature.

Conclusions and Recommendations
Demand for this product is similar to demand for traditional solar installations in terms of the
renewable energy implications. This product has higher demand than traditional solar
installations for several niche applications, such as where UPS is desired or a grid
interconnection is not possible. However, widespread adoption is expected to be governed by
renewable energy factors such as relieving dependence on fossil fuels and reducing energy use.

Demand for this product should increase dramatically in the near future. The cost of energy
from fossil fuels is expected to increase. LEDs offer a high efficacy DC option for general
lighting applications. Lighting accounts for 12% of the U.S. electricity consumption 2. Polycrystalline silicon PV is a mature solar product option with competitive pricing. Li-Iron energy
storage has been used effectively in electric vehicle applications and many case studies exist for
stationary applications, but there is a market opportunity for more product packages and
product support for stationary applications.
DC system demand is expected to increase dramatically. Consumer use of PV will drive this
some. Data centers (380 VDC systems) will drive codes standards and DC awareness.
Datacenters use a particularly high percentage of DC loads, and are converting to building-wide
DC power systems, including lighting.
Currently, the technology is ready for early adopter applications where a consultant re-designs
the system for the specific application. In the future, product packages will reduce or eliminate
the knowledge gap that currently must be filled by a consultant.
An early adopter should expect to spend 1-6 months conducting the research and design work
to tailor the basic system design to their specific application. During this time the basic tasks
which must be accomplished include: the load profile must be identified and daily demand
quantified; the desired backup power duration and daily demand are used to specify the
necessary battery capacity; the local conditions will be used to estimate solar generation
potential, and then the solar array can be specified. Finally local contractors and materials
suppliers must be identified. Once all parts are received and contractors arranged, the system
installation will take approximately 1 week. The complete process required for an early adopter
to design and install should take less than 1 year.
All products necessary for an early adopter are currently readily available off the shelf, but the
following product developments would improve the ease of installation, reduce the cost, or
both. The lithium-iron batteries are primarily manufactured and distributed directly from China
in large quantities. Development is required to improve the distribution of existing products to
microgrid installers and end-users. This applies as well to related products such as the battery
management systems. A market of US distributors of lithium-iron products is sustained today
by serving electric vehicle conversion activities, and the product support is tailored to these
applications. Further development of lithium-iron product support for stationary applications
represents a barrier to wide spread adoption of the technology for microgrid use.

Prototype System Improvements
While each system will vary in size and archictectur, several important considerations emerged
from the development of the prototype system. Overall, component sizing and reduction of
inverters is critical to keep efficiency up and costs down.
U.S. Energy Information Administration (EIA) Frequently Asked Questions: How much electricity is used
for lighting in the United States? http://www.eia.gov/tools/faqs/faq.cfm?id=99&t=3 Accessed Nov. 2014.
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The load circuit in the DC system is typically configured in one of a few voltages depending on
the application scale, for example: 12 VDC is used in automotive, RV, and marine applications;
24 Vdc or 48 Vdc in residential or micro-scale applications; and 380 Vdc is used in data centers
and industrial applications. Selecting the load voltage for your DC system is a balance between
the safety of lower voltages and the efficiency of higher voltages. Also, low voltage systems
require larger conductors (8 AWG and larger) to keep line-losses below the common targets of
3% or 5%, which increases costs.
While the prototype system utilized a 48 Vdc load circuit, a 24 Vdc system is more
advantageous. A 24 Vdc load could have been supplied directly from the battery array,
eliminating the 24-to-48 V DC-DC converter. This should improve efficiency and reduce
equipment costs. This change would require that the battery array and lighting load use the
same nominal voltage. This converter is likely the largest single source of losses in this system
because of the nature of step-up converters. However, operating the lighting load on an unregulated input where the voltage fluctuates may not be suitable for some loads.
The solar array was designed to be wired in a 5-series-1-parallel configuration, for a combined
short-circuit voltage of 150 VDC. However, in practice this configuration exceeded the voltage
input capacity of the charge controller, so a 1-series-5-parallel configuration was used. This was
not ideal because the conductor length from the solar panels to the charge controller was the
longest conductor run in the system, and required increased cost for this conductor to minimize
losses.
Lithium-iron chemistry (i.e. lithium-iron-phosphate, LiFePO4) of lithium-ion based battery
systems is important. Other lithium-ion chemistries, such as lithium-cobalt-oxide (LiCoO2) and
lithium-manganese-oxide (LiMn2O4), are more dangerous due in part to their higher energy
density compared to lithium-iron. These chemistries are prone to thermal-runaway failures,
involving combustion, venting of toxic substances, and catastrophic failure of the battery array.
Lithium-iron is safest lithium-ion chemistry currently available because it is not prone to
thermal-runaway failures, and this makes lithium-iron ideal chemistry for this application.
There is developing market potential for a battery management system with more powerful
energy management tailored specifically for islanded (i.e. not grid connected) microgrids. The
Elithion BMS is marketed primarily for vehicle conversion applications. It is a robust platform
that out-of-the-box provided adequate protection of the battery array. However, several
optimizations could be performed to increase efficiency, utilization of the solar input, or both.
For instance, this BMS supports CAN-bus communication with other power components;
integrating the BMS with say the charge controller would allow for state based control of the
power source (either the solar array or batteries) to the load, as opposed to the always-on
configuration that was used. This type of optimization has the potential to increase the overall
system efficiency without significantly changing the cost of materials.

Market Barriers and Benefits
This technology offers many benefits to end-users:
∞ Lighting
o High quality luminaires offer high CCT, CRI,
o Compatible with advanced controls options
∞ Energy
o Advanced luminaires and controls reduce energy demand
o Efficient design eliminates inversion losses
o On-site generation and use eliminates transmission losses
∞ Environment
o Renewable energy sources reduce CO2 emissions
o This emission reduction of the demonstration is equivalent to 15.7 metric tons of
CO2 equivalent3. Or three passenger vehicle emissions for one year.
∞ Features
o Battery array adds uninterruptable power supply (UPS) functionality
o Advanced energy management systems can integrate with data HVAC, DLM or
other building energy systems.
However, market barriers do exist. Product cost is too high. The cost of electricity from fossil
fuels is cheaper than that of renewables. All renewable and energy efficient grid systems must
compete with fossil fuel based options to gain market penetration. This results in an undesirable
simple payback on the investment.
The simple payback period considering only the energy reduction with the cost of electricity
from fossil fuels reflects the lifespan of the products. The product is primarily composed of
solid state semiconductor based technologies – crystalline silicon solar photovoltaic panels, and
light emitting diodes – which have up to 25 year lifespans. All product design iterations will
attempt to optimize the capital cost of components with the component lifespan in order to
secure the shortest possible payback period. Larger scale installations with solar generation
>100 kWp will have the shortest payback periods. Achieving payback during the product
lifespan (ROI = 1) is the first major price point milestone of the product, a milestone that has
only just been reached as solar and battery costs have continued to fall.
In addition, there are multiple competing products already on market/in development. If the
final product solution is designed based on the end-user’s application, each implementation of
this technology will be unique, making it difficult for consumers to identify the product. Also,
Emission Factor: 6.89551 × 10-4 metric tons CO2 / kWh. Calculations and References, US Environmental
Protection Agency http://www.epa.gov/cleanenergy/energy-resources/refs.html Accessed November
2014.
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the technology is similar to traditional solar installations, so consumers may confuse this
technology with traditional inverter based solar installations. Retailers will have to distinguish
this product from similar products on the market to promote market adoption.
The current technology design underutilizes the solar array compared to traditional solar
installations because the design lacks an unlimited repository for excess solar generation such
as the net metering schema found in traditional solar installations that allows excess solar
generation to be sold to the local utility. If the cost of underutilization of this technology exceeds
the benefit of reduced inverter losses for a given application, than traditional solar systems will
be better suited, preventing this technology from gaining market adoption in that application
area. Maximizing the solar utilization is key to maximizing the energy and cost savings from
this technology.
Laslty, there is a lack of information in the market for microgrid technology. Because the
product is very similar to traditional solar installations, the majority of product information is
already available. This technology will benefit from unrelated advocacy efforts of solar
proponents. Additional information resources will be necessary just to augment the framework
which has already been established by solar advocates.
Retailers face several obstacles to providing products to end-users. Many end-users do not
know what options are available or whether this product would be appropriate for them. The
product achieves the greatest ROI when the system operates for the full lifespan of the
distributed generation and lighting systems, up to 25 years.
The most viable route for retailers at this time to provide products to end-users is to augment
the existing solar industry with new options featuring this technology. Most of the cost of the
product is also required for a traditional solar installation, so this route attempts to expand
product offerings currently available.
Retailers including solar installers would offer new options which target consumers interested
in uninterruptable power supply (UPS) lighting. The retailer can omit inverters in an islanded
DC microgrid, significantly reducing the material cost. The retailer can then mark-up the
product solution based on the added UPS functionality, while reducing actual material costs.

Manufacturer Adoption and Deployment Requirements
Each manufacturer should considered if a design-install or a product-bundle approach is more
appropriate for their existing product line. With a design-install approach, the technology is
implemented on a case by case basis in a similar fashion to traditional inverter based solar
installations; once a customer is identified, a site assessment and energy audit is conducted, the
system is designed, and then one or more parties are contracted to perform the installation.
Design install is the fastest method to market, and consists of a designer/installer who works
with consumers on an application by application basis to design a system using off-the-shelf
products for their specific application. This method addresses barriers to entry on a case-by-case
basis; the value of each system is maximized by optimizing the basic product design for each
application to maximize the consumer ROI, reducing the cost barrier. The technology would

enter the market as competitor of traditional grid connected inverter based solar installations,
and must achieve a completive price point. The price of solar installations can be significantly
impacted by rebate and incentive programs which may also apply to this technology. This
approach can be executed today with existing products which are produced by a range of
manufacturers. Some of these manufacturers today have product offerings which focus on
specific applications, such as lithium-iron battery manufacturers and their focus on electric
vehicle applications. In the future, manufacturers could focus their product offerings on this
technology application. If so, this would result continued improvement similar to that observed
in solar industry; continued focus has resulted in standardized hardware connectors, new
design tools and more for traditional solar installations. This technology could be implemented
as a specific complete solution, or the design could be employed in varying capacities to
augment a traditional solar design.
1. Secure customer base. Each manufacturer may or may not possess a customer base for
this technology, even though their product is essential to the overall design. Solar
manufacturers and installers should already have a secure customer base for this
product. Battery manufacturers may need to partner with solar installers or other parties
to connect with a customer base. The CLTC could assist with market research and
networking activities.
2. Develop design process. Once a customer has requested a system installation, the site
must be assessed and the system designed. The manufacturer will need system
designers who understand each of the different technologies employed. The CLTC could
assist in assessing knowledge gaps and providing design consultation.
3. Organize installation. The completed design may require multiple contractors to install
the different systems, or increased training to ensure a single contractor possess the
necessary experience. The CLTC could assist with providing additional training or
connecting manufacturers with affiliates in other industries.
The pre-packaged approach consists of first conducting additional research and product
development to create a semi-assembled system tailored for rapid deployment in characteristics
applications. This approach has a broad range of application sectors since the product can be
tailored for virtually any application sector. However, significant investment in market analysis
and product development would be needed.
Similarly for a bundled product approach, a manufacturer must: secure a customer base;
develop the product design; and organize the assembly process. A bundled product example
might consist of: DC luminaires with partial pre-wiring completed, ready to be installed; solar
panels and mounting hardware, partially pre-wired and ready for mounting; energy storage
assembly with battery array, charger electronics, monitoring electronics, and safety cutoffs, all
partially pre-wired and ready for mounting. The activities required for a manufacturer to
integrate these three components into their existing product line depends on the specific
manufacturer; manufacturers will most likely possess experience with only one of these
technology areas, and will need to take action to expand their experience in the other areas.

Two aspects of this technology are especially new and are likely to require specialized training:
LEDs and DC lighting circuit theory; and lithium-iron battery operation. Manufacturers should
receive training on LED design and operation emphasizing DC operation. Manufacturers
should also receive training on lithium-iron operation including charge/discharge protection
theory and design principles.

Code Compliance Considerations
This technology is an energy efficient lighting solution powered by renewable energy source.
This technology design is impacted by regulations, codes, and standards which govern energy
efficient technologies and energy generation technologies. The methodology advocates should
follow to suggest this technology for inclusion in regulations, codes, and standards should seek
out existing regulations, codes, and standards which govern energy efficient technologies and
renewable energy sources. Existing regulations such as the California Building Energy
Efficiency Standards, Title-24, may already apply to this product. This product can be used to
meet local energy efficiency and renewable energy generation requirements.
This product is similar to traditional solar installations with respect to code compliance and
permit requirements and the same codes apply; however, this product differs from traditional
solar installations in a few ways. The li-iron energy storage system requires the same overcurrent protection as the lead-acid found storage systems found in traditional solar installations,
and the same storage requirements as sealed-glass-mat (AGM) lead-acid (i.e. closed cell
batteries which do not vent gasses during normal operation such as AGM lead acid or Li-Iron
do not require special precautions for ventilation and are suitable for confined spaces). Load
circuits in residential and commercial with DC wiring is not common in traditional solar
installations. Standards like the Emerge Alliance will augment regulation of these systems
through the NEC.

Future Research, Development & Demonstration Opportunities
The primary barrier to market adoption is cost. Currently this technology is only available with
a design-install approach. The labor cost to the consumer associated with this approach
significantly increases the installed cost. The design-install process is labor intensive; there are
many options for consumers to research and little guidance is available for consumers to make
informed decisions so only determined consumers will follow through; once a site is selected, a
specialized designer must determine the calculations and design steps necessary for each
specific site; mounting and electrically installing the system requires qualified technicians and
customization of the components for each application. One goal of future research should be to
reduce the time and labor spent in each of these stages. This could be possibly be achieved by:
optimizing the design-install approach; or by developing a bundled product that reduces or
eliminates customizations that increase installation labor.
The solar industry optimization of the design-install approach has resulted in standardized
panel interconnection hardware and panel mounting hardware. Similar optimization strategies
could be developed for the proposed technology. For example, the standard solar industry
connections could be expanded to include luminaires and energy storage systems.

Bundled product solutions similar to this technology exist, and a similar product bundle could
be developed as the result of future research. Lighting manufacturers have created all-in-one
exterior luminaires which incorporate solar generation, lithium-iron energy storage, and DC
light source in a single luminaire. A similar package could be developed for interior
applications. Also, several battery manufactures offer a pre-assembled battery array in a storage
enclosure with the necessary charge electronics. These products are tailored for inverter based
grid connected applications, but a similar product could be developed for this technology.
Future research should explore the options for bundled product solutions.
Finally, the demonstrated technology design does not fully utilize the solar array. Once the
battery array is fully charged, the solar array output cannot be used. Traditional solar
installations increase solar utilization in two ways. A grid connection allows excess solar energy
to be sold to the local utility; this approach can accommodate virtually any quantity of excess
power, but introduces inverter and transmission losses. Another alternative is through
combined heat and power (CHP) where excess solar power augments the building HVAC such
as by power a water heater or other thermal sink; this approach maximizes self-utilization of the
solar power, but significantly increases the system complexity. Future research should develop
and expand these options.

Outreach and Education
The priority of outreach efforts should be 1) to explain the technology, how it differs from
traditional solar installations, and what its benefits are, and 2) to connect consumers,
manufacturers and installers with resources they need to develop products and implement
projects.
Potential outreach events should include tours of demonstration sites and firsthand observation
of technology; informational sessions or webinars on various topics from technical briefs, local
regulations and local incentive programs, or policy topics such as the role of distributed
generation in the future of the electrical grid infrastructure. These outreach activities will
promote public awareness of renewable and energy efficient systems, as well as drive demand
for this technology.
Outreach for this technology could be conducted by an existing energy efficiency advocacy
entity such as the Environmental Protection Agency (EPA) Combined heat and Power
Partnership 4. In this case, the technology would be presented as one tool used to develop a
complete building energy utilization plan, such as is typically completed for solar or CHP
installations. Or this technology could be championed by a new organizing body, for example a
partnership similar to the EPA CHP partnership. The EPA CHP partnership serves as an
excellent model for the web presence such an organization could utilize to promote this
technology.
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Before this technology can be successfully brought to market, several education activities
should be taken. Generally, the technology has received sufficient development for market
adoption, such that all necessary components are currently available off-the-shelf. However,
there is need to: 1) educate consumers about the technology, how it works and its benefits, to
drive demand; and 2) educate manufacturers and installers of the market potential and the state
of modern technology options.
Consumers need to know the nature of fossil fuel energy sources and the carbon cycle to
appreciate and accurately value the carbon savings benefits this technology offers. Consumers
may also be interested in analyst expectations of energy prices from fossil fuels and the
expected landscape of energy generation options in the near future, as these expectations may
support conversion to renewable efficient energy systems such as this technology. Similarly,
highly informed consumers may also prioritize the secondary benefits of high quality lighting
and power systems; quality lighting offers physiological benefits to occupants such as improved
motivation and efficiency; quality power systems protect facilities from power outages and
downtime as well as power surges and equipment failures. All of these benefits could be
achieved with the proposed technology. The benefits of this technology needs to be
communicated to consumers to drive demand.
Manufacturers and installers similarly need to appreciate the benefits of this technology to
accurately weigh the potential value this technology would add to their existing product
offerings. However, manufacturer and installer education should fill gaps in knowledge;
battery manufacturers will need education on the lighting and solar sub-systems, while solar
installers will need education on DC lighting systems and li-iron energy storage. The exact
education requirements required to evaluate, develop, or implement this technology will
depend on the interested party’s experience level.
The capital cost investment of this technology generally indicates that demonstrations will be
most feasible when one or more sub-systems, such as lighting or solar generation, are to be
installed for other reasons, such as standard O&M replacement of luminaires or during
construction of a new facility. This technology demonstration would consist of the exact
luminaires and solar panels that might be used in any typical lighting or solar installation. As
opposed to a typical lighting or solar only installation, this demonstration would increase solar
value by utilizing power on site without increasing cost; or increase a lighting installation’s
value by powering the lighting load off of renewable solar power, also with increasing cost by
offsetting energy use. This technology demonstration could be deployed as part of a complete
facility overhaul and energy efficiency retrofit project where several facility systems will be
remodeled. This technology stands to improve the value of facility wide system upgrades by
integrating lighting upgrades with electric supply upgrades to improve the efficiency and
utilization of both systems. Such a demonstration would provide verification of the
functionality, energy and cost savings of this technology.
Further refinement of the technology could be achieved with additional product testing.
Additional demonstrations similar to that completed at our Davis, CA, facility could be

implemented with alternate off-the-shelf products to optimize the basic design and application
guidance materials.

APPENDIX G
Dual-Loop Daylighting Controls
Introduction
Controlling electric lighting based on available daylight introduced through windows and/or
skylights is critical to realizing the energy and economic benefits of daylight harvesting in
commercial buildings. The most effective way to reliably determine available daylight is
through the use of photo sensors. Traditionally, there have been two main photo sensor
strategies, both using a single photo sensor:
1. Closed-loop photo sensing: Using a photo sensor to sense daylight indoors, which is
affected by the electric lighting being controlled
2. Open-loop photo sensing: Using a photo sensor to sense daylight outdoors, which is
not affected by the electric lighting being controlled
Unfortunately, neither of these two strategies is effective in reliably determining available
daylight indoors. While the closed-loop strategy has been recognized as more effective than the
open-loop strategy, the closed-loop sensor signal is affected by changes in the geometry and
reflectance of interior surfaces. This constitutes a major shortcoming as it greatly reduces the
effectiveness and reliability of the closed-loop strategy. Changes to interior surface reflectance
and geometry can be long-term (as when new furniture or carpeting is introduced in a space),
or they can be short-term (occupants moving in the space, for example).
Long-term changes require re-commissioning, which is expensive, as it incurs labor costs and
requires a well-educated, well- trained commissioning agent. The short-term changes have
traditionally been addressed using a time delay between when the photo sensor signal changes
and when an adjustment is made to the electric lighting. While this approach works for such
short-term changes, it is still problematic for two reasons:
1. Long time delays can cause faulty lighting adjustments: The time delay is usually
customized for each installation, ranging from a few seconds to 30 or even 60 seconds,
and sometimes longer. This accounts for cases when people move slowly, or even stop,
while they are still affecting the signal of the photo sensor. If the time delay is not long
enough, then the system will eventually make faulty adjustments to the electric lighting
level.
2. End users may perceive delayed responses to real daylight changes as a reliability
issue: Time delays can also prevent the control system from changing electric lighting
levels when occupants perceive true daylight changes, such as when the sun comes out
or is obscured by clouds during partly cloudy days. If the system does not respond at
the time of the daylight change, then occupants may doubt that the system is working
properly. As a result, they may disable the system by covering the photo sensor, causing
electric lights to operate at full output and negating any daylight harvesting benefits.
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A study by the Heschong Mahone Group (currently TRC) on the effectiveness of daylighting
controls in side-lit applications found that more than half of the installed systems included in
the study were not achieving any savings at all. This was mostly because occupants disabled
them to prevent over-dimming and annoying light level fluctuations. The systems that were not
disabled by occupants were producing energy savings measuring less than half of what was
expected, mainly because of under-dimming.
Researchers, with funding from the Building Energy Research Grant (BERG), created a proof-ofconcept sensor to utilize both open-loop and closed-loop control strategies to provide more
reliable electric light control for top-lit applications. The dual-loop sensor design consists of two
sensors, an open-loop sensor facing towards the skylight (detecting daylight contribution), and
a closed-loop sensor facing the control space, which is able to detect total light (daylight and
electrical light) in the controlled space. By using both open-loop and closed-loop sensing, the
dual-loop system can very reliably differentiate between daylight changes and interior changes.
Moreover, it includes continuous automated commissioning of the closed loop sensor, which
accounts for changes in the geometry and reflectance of interior surfaces.
A prototype of the dual-loop system was installed at the West Sacramento Walmart store,
controlling 3 of the 12 rows of electric lighting, for more than 12 months. The prototype
demonstrated the excellent reliability of the dual loop sensing approach and produced 50%
more energy savings than the open-loop controlled that Walmart stores have been using for
many years and have not been satisfied.
As part of the Program, researchers also explored application of the dual-loop technology to
side-lit spaces. Side-lit spaces pose more challenges than top-lit spaces, as windows are different
from skylights in several key ways. Regularly spaced skylights provide fairly uniform daylight
levels, but daylight distribution through windows is very uneven, with much more daylight in
areas close to the windows than in parts of the room distant from the windows. Daylight
contributions from skylights also emanate from the same direction as contributions from electric
lighting. With windows, the daylight enters the space from a different direction than the electric
lighting.
The movement of occupants has almost no effect on daylight penetration through skylights, but
this movement can affect daylight penetration through windows to a significant degree.
Occupants may change the daylight levels in a space by obstructing part of the window
opening, or if the reflectance of their clothes differs from the glazing area they obstruct, they
may change the internally reflected component of daylight and electric light.

Project Approach
Work conducted under this project took the proof-of-concept dual-loop prototype from the
laboratory to the California market by partnering with lighting controls manufacturers in
development, testing and deployment of a commercial dual-loop daylighting control for top-lit
applications. WattStopper, an industry leader in lighting controls technology, manufactured a
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prototype dual-loop sensor to be tested by CLTC in its daylight harvesting laboratory then field
tested in the West Sacramento Walmart location.
In parallel with these commercialization support activities for the dual-loop technology for toplit applications, researchers carried out a number of experiments to determine an appropriate
configuration and application of the technology for side-lit spaces. Researchers first identified
the best combination of photo sensors, and various factors were considered, including positions,
view directions, fields of view, directional sensitivities, occupant movement, window treatment
changes, exterior changes, and variations in sky conditions and weather.

Pre-Commercial Dual-Loop Sensor for Top-Lit Applications
For use in all of the in-house testing, CLTC setup the WattStopper prototype next to a set of LiCOR photometric sensors on a north facing window at the CLTC facility in Davis, California
(Figure 1). Sensors were installed at approximately 5’6” from the floor. One Li-COR sensor
measured the exterior changes in daylight, while the other measured the interior combination of
artificial and natural light. The data from both the prototype sensor and the Li-COR sensors was
collected by a National Instruments PCI card and LabVIEW software. There were three main
goals for this in-house testing. First was to compare the performance of the WattStopper
prototype compared to laboratory photo sensors, then evaluate the performance of the openloop and closed-loop signal response for signal changes due to light level, and finally to
evaluate the performance of the prototypes system control abilities.
Figure 1: Precommercial prototype testing at CLTC daylight harvesting laboratory

WattStopper prototype testing at CLTC daylight harvesting laboratory.
Source: CLTC
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Comparison between Prototype and the Li-COR Photometric Sensor
To ensure the WattStopper prototype matched the performance of the laboratory proof of
concept prototype developed by CLTC, the signal, from both prototypes was collected and
compared. The prototype and the Li-COR sensors were not expected to have equal light level
readings because they had different angular sensitivities, and thus react to the same daylight
conditions differently. The dual loop algorithm is designed to use the ratio of the two sensors as
long as the sensors are positioned properly relative to each other. Figure 2 is a comparison of
the data received from both the LI-COR sensor and the WattStopper prototype over a two
minute span. The sensors observe different light levels, but have almost identical outputs
separated by a constant value of approximately 55 foot-candles.
Figure 2: Comparison of prototype open-loop sensor compared to LI-COR sensor.

Source: CLTC

Once the functionality of the prototype’s open loop sensor was evaluated, the second phase of
testing was the comparison of the prototype’s open loop and closed loop sensor signals. It is
important that there is a direct correlation in the signal response between the open loop and the
closed loop signals when daylight levels change. The dual loop algorithm uses the relative
percent change in open loop compared to the closed loop to determine when an occupant has
altered the space. To evaluate the correlation of the signal ratio CLTC recorded the photosensor
signal over four days from November 26th to November 29th. November 26 and 27 were cloudy
days, while November 28 and 29 were sunny. The results, shown in Figure 3 below, show that
both open loop and closed loop signals responded appropriately regardless of sky conditions.
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Figure 3: Sensor response under clear and cloudy sky conditions.

Source: CLTC
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Prototype Sensor Dual Loop Algorithm Evaluation
As the final part of the in-house testing of the WattStopper prototype, the WattStopper
prototype was evaluated in its ability control the electric lighting appropriately and its ability to
self-calibrate the lighting system. The testing included dimming electric light based on daylight
changes, as well as detecting changes in the building environment. A fully functional, dual loop
sensor will provide accurate open and closed loop signals to the lighting control system. The
lighting control system will use the dual loop signals and the dual loop algorithm to dim the
electric light as daylight rises past the set point dictated by the user. Figures 4 and 5 illustrate
the operation of the prototype with the dual-loop algorithm on November 6 and 7. In both
cases, the WattStopper prototype reduced the ballast voltage (green line) to maintain the light
levels (purple line) at the set point (orange line). Even with the rapidly changing daylight
conditions, light levels were maintained until daylight conditions provided enough light to turn
off the electric light completely.
Figure 4: Dual-Loop Sensor data collected over a winter day

Source: CLTC
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Figure 5: Dual-loop sensor test on a cloudy day

Source: CLTC

The dual loop algorithm determines when an occupant has altered the space by comparing the
relative percentage change of open loop and closed loop signals from the daylighting sensors.
When that percentage difference is greater than 6%, the system recalibrates itself. CLTC carried
out two occupant interference events to test the WattStopper prototype and its ability to
recognize changes in its environment. These events consisted of the introduction of a 3’ by 3’
piece of black felt and then of white paper approximately 10’ away from the sensor. These
events were chosen as the most extreme reflectance changes in an environment that the sensor
would encounter. Each occupant event caused a increase in the signal change rate between the
open and closed loop signals by approximately 100% and 300%, i.e. when the occupant
interference was introduced, the closed loop sensor signal value changed 100% and 300%
compared to the amount that the open loop sensor signal value changed (Figure 6). These
events triggered the recalibration mode of the system.
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Figure 6: Percent difference change between open-loop and closed-loop sensor signals.

White

Black Felt

Rate change due to occupance interference, collected as changes in
indoor surface reflectance were made

The results of the in-house evaluations allowed CLTC to move ahead to the field test portion of
the evaluation. CLTC was to install the WattStopper prototype into the West Sacramento
Walmart store, side by side with the CLTC proof-of-concept prototype.
Field Evaluation of the Precommercial Prototype
The WattStopper dual-loop sensor was installed in the same skylight as the CLTC proof-ofconcept prototype in the West Sacramento Walmart for evaluation (see Figure 7). During this
evaluation of the pre-commercial sensor, CLTC discovered that the pre-commercial sensor
behaved unexpectedly compared to the proof-of-concept dual-loop prototype. The
WattStopper pre-commercial sensor would have shorter transition times for dimming the
electrical lights, as well as dimming too early in the mornings and too late in the evenings, and
fluctuating levels during cloudy days.
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Figure 7: Laboratory prototype and precommercial prototype in field installation

Laboratory prototype dual-loop system with the WattStopper (circled in red) installed at Walmart.
Source: CLTC

Researchers identified two major issues as the most probable causes of the unexpected
behaviors: the WattStopper prototype’s closed-loop sensor did not behave in the same fashion
as the laboratory prototype and there was an anomaly during the lighting calibration. During
the discovery of the first issue, the CLTC prototype remained in control of the electrical lights.
The second issue was discovered during the evaluation when the pre-commercial prototype
was given control of the electrical lights.
Unexpected Sensor Behavior Due to Light Leakage
The WattStopper prototype and CLTC prototype were installed side by side in the skylight at
the West Sacramento Walmart. The researchers observed that the WattStopper closed-loop
sensor responded to light differently than the CLTC prototype. The graph in Figure 8 shows
the CLTC prototype’s closed-loop signal (blue line), open-loop signal (red line), set point (tan
line) and ballast voltage (green line). As the open-loop signal (red line) increases increases in
the morning, the ballast voltage is decreased to maintain the closed-loop (blue line) signal at the
set-point. The blue line remains flat from approximately 7:48 AM until about 9 AM, at that
point the light sensed by the closed loop sensor is above the set point, causing the electric lights
to turn off completely (0 ballast voltage). Once the electric light is turned off, the closed-loop
signal (blue line) increases and decreases in the same fashion as the open-loop signal (red line)
until the closed-loop (blue line) returns to the set point. The electric lights then turn on to
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maintain the blue line at the set point, this occurs around 3:15 PM. This is the expected
behavior for the dual-loop system.
The graph in Figure 9 shows the WattStopper prototype closed-loop signal (blue line) and openloop signal (red line) at the same time and location as Figure 8. The WattStopper graph only
has the daylighting sensor signals, and no set-point or ballast voltage, as that is still being
controlled by the CLTC prototype. As the open-loop signal increases, the closed-loop signal
also increases. At around 7:40 AM to around 9 AM, the closed loop signal should be flat to
match the set point being maintained by the dual loop system (controlled by the CLTC
prototype). The signal of the WattStopper closed-loop is not flat during that time; the signal
should match the behavior of the CLTC closed-loop signal. Instead the WattStopper closedloop signal follows the behavior of the open-loop signal.
Figure 8: Closed-loop and open-loop sensor signals from the laboratory prototype collected over
the course of a sunny winter day

Source: CLTC
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Figure 9: Closed-loop and open-loop sensor signals from the precommercial prototype collected
over the course of a winter day

Source: CLTC

The WattStopper closed-loop sensor was measuring the electric light change, but the daylight
was overwhelming the electric light so much that the researchers needed to zoom in on the
signal to verify that the closed-loop sensor was seeing the electric light change. The electric
light change to the closed-loop sensor was incredibly small.
Figure 10 shows the CLTC closed-loop sensor and ballast voltage for the same day as Figure 8,
but isolated to a 58 minute period starting at 7:40 AM. As the daylight increases, the ballast
voltage (green line) dimming the electric light decreases while the closed-loop signal (blue line)
remains flat. This reduces the amount of electric light produced to balance the increase in
daylight, allowing the system to maintain a relatively flat closed-loop signal (blue line). Figure
11 shows TWS closed-loop sensor during the same time period. As the daylight increases, the
effect of the decrease in ballast voltage (controlling the electric light) has minimal impact on
keeping the blue line flat.
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Figure 9: Electric light change over the course of a winter morning

Source: CLTC
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Figure 10: Closed-loop sensor signal of the precommercial prototype over the course of a winter
day

Source: CLTC

The researchers hypothesized that WattStopper prototype’s closed-loop sensor may receiving
light from the skylight directly due to light leaks in the prototype’s shell. The WattStopper
prototype was made with prototype plastic which allowed light to transmit through the plastic.
As a first step in trouble shooting the issue, CLTC researchers used black electrical tape to wrap
the WattStopper prototype to prevent light leakage through the plastic. The researcher tested a
different TWS prototype at the CLTC. The testing showed that there was light leakage between
the open-loop and the closed-loop sensors (the open-loop and closed-loop sensors are on
opposite sides of the device’s printed circuit board. The researchers used black electrical tape to
cover any gaps between the printed circuit board (PCB) and the plastic housing. This decreased
the light leakage and increased the effect of the electric light change on the close-loop sensor,
but this did not completely eliminate the light leakage. Noticing the PCB had vias near the
open-loop and closed-loop sensors (via is a hole in the PCB that allows electrical connection
between the two sides of the PCB). The researchers taped over the vias and the light leakage
was eliminated and the electric light had a greater effect on the sensor signal (Figure 12).
Researchers continued the evaluation of the WattStopper prototype in its modified form with
the taped PCB, Vias and housing.
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Figure 10: WattStopper Prototype

The picture on the left is the WattStopper prototype without any electrical tape. The picture on the right
shows how black electrical tape was used to prevent the light leakage.
Source: CLTC

Calibration Anomoly
The WattStopper prototype was then installed back into the West Sacramento Walmart location.
For the next phase of testing, instead of having the CLTC sensors control the dual-loop system,
the WattStopper prototype controlled the dual-loop system. In the dual-loop system controlled
by the CLTC prototype the system setpoint for the closed-loop light level is selected to be 5fc,
and this value is adjusted slightly every day due to the re-commissioning process.
On the March 5th, 2010 researchers switched controls of the dual-loop system at Walmart to the
WattStopper prototype. CLTC prototype signals were still recorded at the same time.When the
WattStopper prototype took control of the dual-loop system, the control algorithm conducted a
calibration procedure which involved turning the lights off, turning the lights on, and
decreasing the electric light from maximum to minimum. This procedure is used to
characterize the dimming profile of the sensors and ballasts. The researchers noticed that the
dimming profile was much more aggressive with the WattStopper sensors than when the CLTC
sensors were used.
According to the signals from both sets of sensors during the calibration, the electric light and
daylight contribution of the WattStopper closed-loop sensor signal differs greatly from those of
the CLTC closed-loop sensor signal (Table 1).
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Table 1: Sensor signal level from laboratory and precommercial prototype sensors collected for
several discrete operating conditions

Due to different spatial response and spectral response of the sensor, TWS photosensor is 56%
more sensitive to daylight than to electric light for the same illuminance. A comparison of
daylight and electric light contributions to the sensor signal of the laboratory and
precommercial prototypes is shown in Figure 11.
Figure 11: Relative daylight and electric light contributions to sensor signal

The characteristics of the WattStopper photosensor of being more sensitive to daylight than to
electric light can potentially cause three problems: 1) dimming starts too early in the morning
and too late in the afternoon, 2) fast dimming process and 3) cause dramatic light changes in the
cloudy days.
Issues due to Differences in Photosensor Sensitivity
1. Start to dim too early in the morning and dim too late in the afternoon
A lower setpoint is attributed to the low electric light signal seen by the WattStopper
photosensor when it is calibrated. In addition, the WattStopper photosensor receives higher
signal (Electric light and Daylight) in general than the CLTC sensor. With the same illuminance
level, when there is not sufficient daylight for the CLTC sensors to dim, the WattStopper detects
plenty of daylight. Thus, in the morning, the dual-loop system with the WattStopper prototype
dims much earlier due to a huge amount of daylight in the signal and a lower setpoint. In the
late afternoon, the WattStopper prototype dims much later due to the same reason. As a result,
over-dim of the lights during these periods of time occurs.
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1) Dim too fast (Over-dimming)
The WattStopper photosensor weighs daylight more than electric light, which causes the system
to dim very fast. When the system starts to dim, the light level change due to ballast voltage
adjustment each time is small, but the light level change due to daylight is huge. Therefore, the
system has to dim faster to meet up with the magnified daylight change, even though the real
daylight is not changing so rapidly. Thus, over-dimming happens. Figure 12 shows the
dimming of the dual-loop system with the CLTC sensors and Figure 15 shows the WattStopper
prototype on sunny days. The dual-loop system with CLTC sensors dims for 90 minutes, while
the dual-loop system with the WattStopper prototype dims only for 20 minutes.
Figure 12: Dual-loop sensor signals and ballast voltage over time in response to increasing
daylight
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Figure 13: Closed and open-loop sensor signals and ballast voltage over time in respose to
increasing daylight

2) Cause dramatic light changes in the cloudy days
In the cloudy days, the dual-loop system with the WattStopper prototype will cause dramatic
light changes in the space. The daylight changes so much that in the middle of the day the lights
will be turned back on. And lights will start to dim up and down due to further daylight
change. Since the WattStopper photosensor “magnifies” the daylight signal, the photosensor
“sees” an even greater daylight change. The system starts to dim in respond to this daylight
change. However, during the process of adjusting the electric light, the system needs to dim up
or down more because the photosensor weighs the electric light signal less. As a result, it is
possible for the WattStopper prototype to dim from 0V to the maximum voltage when there is a
cloud. While in the case of the dual-loop system with the CLTC sensors, the ballast might just
need to adjust from 0V to 3V. Below are two graphs for the dual-loop system with the CLTC
sensors and TWS sensors on cloudy days (Figure 16 and 17.). Two graphs are on the same scale
for comparison. From the graph, the ballast voltage (in green) adjusted gently from one level to
another when it is cloudy for the dual-loop system with the CLTC sensors. The graph on the
right shows dramatic ballast voltage change (green peaks) for the dual-loop system with TWS
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prototype. The quick change of the ballast voltage causes over-dimming and under-dimming
situations.
Figure 14: Sensor signals and ballast voltage over time on a cloudy day
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Figure 15: Sensor signals of the precommercial unit and ballast voltage over time on a cloudy day

After two weeks of using the WattStopper prototype the researchers contacted the store
manager and requested their opinion on how the system was working. The response was that
some of the employees and customers noticed a difference and “it’s not terrible, but may be too
low”. Due to the WattStopper sensor causing the dimming to be more aggressive and the
response from the manager and employees, the WattStopper prototype was removed from
controlling the dual-loop system and the CLTC sensors were put back in control after two
weeks.

Dual-Loop Controls for Side-Lit Applications
Researchers conducted multiple experiments to determine the best combination of photo
sensors to use for the dual-loop, side-daylighting prototype. Various factors were considered,
including sensor positions, sensor view directions, fields of view, directional sensitivities,
occupant movement, window treatment changes, exterior changes, and variations in sky
conditions and weather.
The final prototype utilized two sensors, placed at different locations in the daylit space. The
first was an open-loop sensor, called the reference sensor, placed inside the space looking
towards the window. This sensor monitored incoming daylight changes, including reflected
electric light off the window and window treatments. The second was a closed-loop sensor,
placed on the ceiling, and looking down at the task plane. Details on the optimal placement and
configuration of both sensors is provided below.
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Closed-loop Sensor
Results indicate that the best mounting location for the closed-loop photo sensor is on the
ceiling approximately in the middle of the daylit space, with the sensor facing down towards
the task area illuminated by the electric lighting (Figure 1). The sensor’s field of view should be
narrow and targeted at the task area below its mounting location. This placement location
produced the most constant light levels at the task areas, as measured by two additional
photosensors placed at the task plane (Figure 2). Tests of alternate, ceiling placement locations
for the closed-loop sensor produced greater fluctuations in task-level illuminance as compared
to placement in the middle of the space. Test results for alternate placements of the closed-loop
photosensor are provided in Table 1.
Figure 16: Optimal placement location of a single closed-loop
photosensor used in the dual-loop control prototype

Photo credit: CLTC
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Figure 17: Task-level photosensor locations

Photo credit: CLTC
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Table 2: Illuminance results for alternate placement locations of the closed-loop photosensor
Placement
location

Notes

Electric
lighting
range
(% of full
output)

Near window,
facing back of
space

Sensor top shielded to
reduce influence of
electric lighting on
photosensor reading

100% to 60%

Ceiling, near
window, facing
down

Narrow field of view

100% to 70%

Ceiling, back of
space, facing
down

Narrow field of view

Ceiling, middle
of space between
luminaires,
facing down

Narrow field of view

100% to 70%

100% to 70%

Task-plane
illuminance
range and %
fluctuation for
photosensor
nearest window

Task-plane
illuminance range
and % fluctuation
for photosensor
furthest from
window

32 fc to 25 fc

34 fc to 24 fc

22% reduction

29% reduction

32 fc to 27 fc

34 fc to 26 fc

16% reduction

24% reduction

32 fc to 29.5 fc

32fc to 25 fc

8% reduction

22% reduction

32 fc

32 fc to 26 fc

0% reduction

24% reduction

Open-Loop Sensor
A second set of experiments were conducted to determine the optimal mounting location for the
open-loop sensor (reference sensor). Results indicate the sensor must be located at least two feet
away and facing the window. The sensor was also shielded by a long cone to minimize the
electric lighting contribution in its reading (Figure 3). At this distance, light levels were
independent of the sensors vertical placement with respect to window height and window
treatments used in the test space. For other side-lit spaces, the configuration may be different,
depending on the location and size of the window aperture, as well as the shading device, if
any.
The open-loop sensor needs to be carefully configured so that only the window is within its
field of view; at the same time, the open-loop sensor must be positioned at a sufficient distance
from the window and window treatments such as Venetian blinds, to effectively sample the
daylight contribution of the window. Horizontal blinds can result in high-contrast lines of dark
and light across a window; if the open-loop sensor is positioned too close to the window and at
the wrong angle, this contrast can interfere with the sensor’s ability to accurately register the
daylight contribution of the window.
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Figure 3: Reference sensor placement (left) and a zoom-in view of the reference sensor with a
long black cylinder (right)

Photo credit: CLTC

Prototype Control Algorithm
A control algorithm was developed for the dual-loop prototype to sense daylight changes
reliably and control electric lights effectively based on the two photosensor signals. The
algorithm involved signal processing, and a series of calculations and control logic. The main
idea of the algorithm was that the electric lights would only be adjusted due to the changes of
incoming daylight. In the case of the geometry and reflectance changes of interior surfaces, the
controller would update the setpoint accordingly leaving the electric light output unchanged
(Figure 4).
Automatic Recalibration
Automatic re-calibration methods were developed to improve the prototype’s abilitity to
maintain correct setpoints during daylight variation and changes of reflectance of interior
surfaces in the space. Automatic re-calibration was accomplished in two ways. One was to
update the setpoint each time the closed-loop sensor signal changed due to changes of
reflectance of interior surfaces (Automatic re-calibration I). The second method was to update
the setpoint every time the electric lights were adjusted (Automatic re-calibration
II). An occupancy sensor was used in combination with the dual-loop protype to improve the
recalibration process by calibrating during vacancy. Both photosensor and occupancy sensor
signals were recorded every second for the calculations in the algorithm (Figure 5).
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Figure 18: Control Logic Diagram

Source: CLTC

Automatic re-calibration I – due to interior reflectance change only
If there is no change in the amount of incident daylight (the reference sensor signal did not
change), and the closed-loop sensor detected a light level change; the system considers this to be
the result of geometry or reflectance change of interior surfaces. In this case, the system
performs re-calibration by simply updating the setpoint with the same change rate as the
closed-loop sensor signal and scaling the dimming profile accordingly. As a result, the electric
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lights stay unchanged when the closed-loop sensor signal is affected by only an interior surface
change.
Automatic Re-calibration II - due to electric light adjustment:
When electric lights are adjusted, the system expects a change in the closed-loop sensor signal
based on the dimming profile with the same geometry and reflectance of the surfaces in the
space. If the actual change in the closed-loop sensor signal does not match the expected value, it
is concluded that there is a change in the geometry and reflectance of the surfaces in the space
and the setpoint should be updated.
Automatic re-calibration is also performed during vacancy. If the space is unoccupied for a
period of time and the electric lights are on, the recalibration algorithm switches off the electric
lights and uses the closed- loop sensor signal difference for re-calibration: The system updates
the setpoint and scales the dimming profile by comparing the electric light change due to the
light switching to the corresponding value stored in the dimming profile. Therefore, this recalibration ensures the system functions reliably by correcting the setpoint every time the space
is unoccupied with lights on.
Figure 19: Automatic Recalibration

Source: CLTC

Response to Changes in Daylight
The first test scenario examined the system’s response to daylight changes only. Figure 1
presents the system’s response due to incoming daylight changes recording over a 24-hour
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period. The results show that the system was able to maintain the designed light level (closedloop signal stays near or above the set point of 4 throughout the evaluation period) by
controlling the electric lights based on incoming daylight.
Electric lighting was switched on at 6 am for the start of the test. At 6:30 a.m., electric lights
started to dim down as daylight entered the space. At 7:20 a.m., the system shut off the electric
lights. From 7:20 a.m. to 3:11 p.m., the electric lights stayed off, as the daylight was sufficient to
maintain the work plane illuminance above the designed light level. After 3:11 p.m., the electric
lights were slowly dimmed up. Between 5:40 p.m. and 7:12 p.m., the electric lights were
adjusted frequently as clouds continued to contribute to significant daylight variability.
Figure 20: System operation based on response to daylight changes only

Source: CLTC

Response to Changes in Surface Reflectance
A series of tests were performed to mimic interior surface reflectance changes in the space. The
tests included placing black cardboard on the task plane then removing it, followed by placing a
big piece of white felt on the floor then removing it. In both cases, the electric lights should not
respond to the changes, and the set-point should fall back to its initial value after the space was
restored to its original state.
The test results indicated that the system was able to successfully and accurately perform the
automatic calibration necessary to avoid unneeded changes in electric light levels caused by
changes in surface reflectance only. Figure 2 shows the signals of both photosensors, as well as
the electric lighting output during the test, along with photographs of the test space taken
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throughout the day. The first photograph shows the original state of the space. The set-point of
the lighting system was 2.6 fc with an initial ballast voltage of 2.6V. The black cardboard was
then placed on the white table to change the reflectance of the table within the view of the
closed-loop sensor. The control system updated the setpoint from 2.6 fc to 2.3 fc, leaving the
ballast voltage unchanged at 2.6V. After 30 seconds, the black cardboard was taken away; the
setpoint returned to its original value (2.6 fc), and the ballast voltage was again maintained at
the same level. Later, a piece of white felt was placed on the floor, resulting in a setpoint
adjustment to 3 fc without changing the ballast voltage. Next, the blinds were closed, causing
changes to both the open- and closed-loop sensor signals. As a result, the electric lights were
dimmed up to a ballast voltage of 6.8V. Then the window 63 blinds were pulled up. Both
sensors detected the light level change, and the electric lights dimmed down to the previous
level. After the white felt was taken away, the setpoint fell back to its original level (2.6), while
the ballast voltage remained unchanged.
Figure 21: The system performs continuous calibration as the surface reflectance inside the space
changes

Source: CLTC
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Response to Changes in Occupancy and Incoming Daylight
The prototype type system was tested over a 12-hour period on a cloudy day to determine its
response to variable daylight and occupancy. Test results show that the multi-sensor lighting
control system was able to control the electric lights reliably when influenced by both sets of
stimuli.
Figure 3 shows the signals of both photosensors as well as the electric lighting output during a
cloudy day (March 16, 2011). In the morning, when the space had insufficient daylight, electric
lights were switched on with 20% electric light output. As incoming daylight increased and
overall light levels exceeded the setpoint, the electric lights started to dim and eventually
switched off around 10:45 a.m. At 12:30 p.m., after a period of occupant inactivity, the system
re-commissioned, which resulted in a slightly higher setpoint when the space was again
occupied around 1:30 p.m. Between 10:00 a.m. and 3:00 p.m., despite the very cloudy day, the
daylight was sufficient to keep electric lights off. After 3:00 p.m., the electric lights were
adjusted frequently as decreasing daylight resulted in light levels below the setpoint and clouds
continued to contribute to significant daylight variability. Daylight reduced continuously after
5:00 p.m., resulting in electric light adjustments that reached full light output around 6:30 p.m.
After the occupant left the space, the electric lights were switched off and the system
recommissioned.
Figure 22: System response to both changes in daylight and occupancy
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Project Outcomes
At the end of the evaluation of the pre-commercial prototype, CLTC informed WattStopper of
the issues found during evaluation. WattStopper developed an immediate solution for the
light leak. The production dual-loop sensor would have an O-ring placed around the closedloop sensor, sealing the sensor to the optic in the housing, creating a solid angle blocking any
potential light reflected internally within the sensor.
CLTC also informed WattStopper of the sensor ratio discrepancy and electrical light to daylight
ratio. CLTC and WattStopper came to the conclusion that the discrepancy is due to the spatial
and spectral response of the WattStopper sensors. This caused the closed-loop sensor to be
more sensitive to the daylight than to the electrical light, causing a greater than expected
response to daylight fluctuations. Solutions for this issue would be to adjust the values in the
algorithm to make up for the WattStopper closed-loop sensitivity, or to use a different sensor in
the production model.
The WattStopper Dual-Loop sensor became commercially available in March 2013 as the LMLS600 Dual-Loop sensor. Philips Lighting has also secured a license from UC Davis to incorporate
the dual-loop technology into their lighting controls offerings.
With respect to side-lit applications, results indicate that the best location for the closed-loop
photo sensor is on the ceiling, with the sensor facing the space that the electric lighting is
illuminating. The open-loop sensor needs to be carefully configured so that only the window is
within its field of view; at the same time, the open-loop sensor must be positioned at a sufficient
distance from the window and window treatments such as Venetian blinds, to minimize the
contrast gradient across the window. On a bright day, horizontal blinds can result in highcontrast lines of dark and light across a window; if the open-loop sensor is positioned too close
to the window and at the wrong angle, this contrast can interfere with the sensor’s ability to
accurately register outdoor daylight conditions.

Conclusions and Recommendations
Physical installation of a dual-loop skylight control system should not differ greatly from
traditional skylight sensors. Additional training beyond the scope of the manufacturers’
proprietary controls system would be minimal due to the self-commissioning algorithm
incorporated in the dual-loop system.
While the dual-loop photosensor for skylight applications focuses on daylighting controls for
electrical lights, it does not incorporate any skylighting controls such as louvers, suspended
particle devices (“smart glass”), or shade systems. Incorporating skylighting controls into the
dual-loop daylighting control system would allow for maintainence of desired light levels in
cases of desired low design light levels (applications such as museums and galleries, for
example). The system would be able to allow for a high daylighting level during desired
periods, while maintaining a lower design light level during other periods. This would allow
for a larger range of light levels in a space, maximizing daylighting utilization and occupant
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comfort. Further research into incorporating the dual-loop self-commissioning algorithm with
skylighting controls should be targeted towards suspended particle device developers, or shade
control system manufacturers.
In addition, when properly configured, the dual-loop implementation for side-lit spaces seems
to handle daylight and space changes very effectively; however, proper configuration requires
installation by knowledgeable and experienced installers, especially for the position of the
open-loop photo sensor, i.e., the photo sensor positioned with only the window(s) of the space
in its field of view.
Due to these installation challenges, the research and development team at CLTC decided to
explore alternative strategies for placing photo sensors in the space that would not require
knowledge, training or expertise. This exploration led to the concept of smart and ultra-smart
luminaires.
Smart luminaires have at least two integrated photo sensors and their own processor that reads
the signals form the photo sensors to determine the luminaire light output. Both sensors are
closed-loop sensors looking at spatially different areas in the space that the luminaire is
illuminating. Ultra-smart luminaires are smart luminaires that can also communicate with each
other, to collectively determine daylight changes in the space being controlled.
Integration of photo sensors in luminaires greatly reduces the cost of photo sensing because the
luminaires use only the photo sensing elements (no housing). The luminaires also do not
require commissioning, as both sensors are closed-loop and can be commissioning
automatically, just like the closed-loop sensor of the dual-loop system developed for skylights.
Moreover, the photo sensors are customized at the factory with regard to field of view and
directional sensitivity, so they work right out of the box.
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APPENDIX H:
Novel Office Lighting Design Strategies
Introduction
The benefits of task/ambient lighting systems for commercial office environments have been
demonstrated in previous PIER-sponsored research 1. However, many office spaces that utilize
task/ambient lighting systems experience an unfortunate side effect known as the “cave effect.”
Low ambient light levels coupled with carefully controlled light on work surfaces (task lighting)
leaves little available illumination on vertical surfaces. This can often make the space feel like a
dark “cave” and it can be an uninviting environment for occupants. This project aims to
develop strategies and technologies to better direct ambient light on to walls and other vertical
surfaces in order to minimize the cave effect in office environments. This research also has the
potential to decrease overall ambient lighting requirements by making rooms appear brighter
through the use of optimized light distribution strategies, which will contribute specifically to
Zero Net Energy (ZNE) commercial building designs and in general towards the statewide
efforts to reduce lighting energy use in the commercial building sectors per Assembly Bill 1109,
the California Lighting Efficiency and Toxins Reduction Act (AB 1109, Huffman, Chapter 534,
Statutes of 2007) as well as lower overall GHG emissions mandated by Executive Order (EO)
13514 2.

Project Approach
The research team began the project by specifying following site criteria to be considered during
selection of an appropriate space for the task/ambient lighting system demonstration:
∞ An open office space with an average size ranging from “small” to “medium” (~1000 to
~10000 sf). This stratification included a large percentage of existing offices and
increased the likelihood of anticipated results being replicated in similar scenarios.
∞ The prospective project partner needed to accommodate the installation of appropriate
wall wash luminaires and the testing procedures in the designated space.
∞ The project partner needed to support the collection of subjective evaluations of the
design concepts and associated performance (occupant surveys).
CLTC contacted a number of possible project partners and among the sites considered, the
California Department of Public Health (Figure 1: Building "P", CDPH Campus in Richmond,
CA; 2012 LEED Silver) was an ideal test bed for this project. The site’s manager reached out to
CLTC for support to upgrade their incumbent fluorescent lighting system with a new, energy
1

For instance CEC-500-02-004, M-18230, Task ambient lighting

2

http://www.epa.gov/oaintrnt/practices/eo13514.htm

1

saving system as an effort to get closer to net zero energy consumption. After the initial
presentation of the IA2.12 project and goals, the site members expressed explicit interest in
working with CLTC, and particularly to implement test luminaires and control strategies that
support their own goals in reducing light loads. In addition, based on a successful
demonstration, site managers indicated the design would become a “blueprint” for the rest of
appropriate building "P" spaces as well as other campus buildings in need on similar lighting
system retrofits.
Figure 1: Google Map view of facility site in Richmond, CA. Building "P" location in red

Source: Google Maps, 2014

The project team identified an open office space on the 2nd floor of Building “P” as a good match
with the site criteria. On top of empirical monitoring and evaluation methods, site manager’s
confirmed that office workers will be available to obtain subjective evaluation of the design
concepts and performance of the office space with a variety of optimized contrast ratios.
Researchers conducted an initial site visit to review the office cubicle layout, walls, finishes and
pre-retrofit luminaires. Images of this space are shown in Figure 2. The site managers also
provided blueprints of the existing lighting plan and electrical system details. The test bed area
was found to have a diverse layout of distinct cubicle geometries with a total of 40 cubicles and
a total area of approximately 5100 sf (85 ft. x 60 ft.). The space is nested within concrete walls
and private offices on the West and East, a glass wall to the South exterior, and an atrium to the
center of the building to the North. The area’s incumbent lighting system has five rows of 4’
long two-lamp T8 fluorescent fixtures (20 in each row, 100 in total). The system includes
minimal daylight harvesting controls and only the southernmost row of luminaires dim when
sufficient daylight is available (Day Light Zone 1, close to the window wall in the south).
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Figure 2: CDPH Building P, 2nd Floor, Immunization Branch

Source: CLTC

Figure 3: CDPH Building P, 2nd Floor, marked office space section "Immunization Branch" in red

Source: CLTC

Measurement of performance of existing system
Detailed CAD maps of the office space have been obtained showing local details like monitor
and keyboard orientation in the individual cubicles. Throughout the space, ten different cubicle
layouts are recognizable. The biggest difference among the configurations is cubicle size. There
are two main sizes, a smaller, single occupancy cubicle, and a larger, double occupancy cubicle.
All office furniture and cubicle partitions are sourced from State of California, Prison Industries
Authority. All configurations use identical materials and finishes. Cubicle size, furniture and
partitions always have significant effect on the photometric characteristics of the space, but
since the layout and material have been maintained through the projects duration they can be
regarded as static parameters once defined.
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The drop down ceiling within the test space is located nine feet from the floor and the preretrofit lighting pendants were hanging via aircraft cables at approximately 7.5 feet above the
floor. All pendants are oriented from west to east.
Figure 4: detailed CAD floor plan with cubicle layout & orientation of desks

Source: CDPH

Existing luminaires were Peerlite Cerra10CRM7-2x32 pendants
(details in the Appendix). There were five 80’ rows of (10 x 8’
sections per row) pendants in the space, with four T8 fluorescent
lamps per eight foot section. This equals to 50 eight foot pendant
sections or 200 T8-32 lamps. The luminous distribution of the
pendants was confirmed via sample to be 70% up and 30% down
(Semi-Indirect).
M&V analysis equipment – electrical
Monitoring and verification (M&V) equipment was specified after an audit of the CDPH-P
Immunization Branch electrical circuit configuration at the demonstration site. All M&V
components were installed on site by the site electrician in late October 2013. The voltage at the
site is a three phase 277-volt alternating current (AC) setting. CLTC specified and installed
M&V equipment at the site including three current transducers (CTs), one Continental Control
Systems (CCS) WattNode meter, three Onset pulse adapters and one Onset data logger unit.
After sourcing the metering equipment, CLTC tested all the items under laboratory conditions
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to verify functionality. A total of three branch circuits were recorded. Figure 6 depicts a
simplified schematic of all the installation hardware deployed (208V system shown, 277V at
site). The three breaker panel branches are recorded using industry standard split core current
transformers (CT) from Magnelab, model “SCT-0750-050” (Serial# 4725-007).
Figure 5: electrical M&V equipment, lab bench test

Source: CLTC

Figure 6: electrical M&V installation schematic (left); current transducer (CT) (right)

Source: CCS (left); CLTC (right)
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The split core current transformers feed pulses towards the CCS WattNode.
One unit of model type “WNB-3Y-480-P-P3” was used for this application (Serial# 099518).
Onset pulse adapters (PA) transfer pulses from the WattNode to the logger. Three PA’s, model
S-UCC-M006, were deployed. (Figure 7).
Figure 7: CCS WattNode (left); Onset Pulse Adapter (PA) (right)

Source: CLTC

An Onset pulse logger Model H22-001 (Serial# 10281838) was used to accumulate and store the
pulses for frequent collection and calculation. The breaker panel at the site is an electronically
controlled system by the Wattstopper, Lighting Control Panel, model HIN48-G-48CC (Figure 8).
Figure 8: Onset pulse logger H22-001 (left); Lighting Control Panel HIN48 (right)

Source: CLTC

Traditional office hours from 8 am to 5 pm result in approximately 2600 hours use per year. The
picture below shows a short sample log visualization of the pre-retrofit conditions through the
Onset software user interface from October 29th, 2013 from 6am till beyond midnight for three
logged circuits:
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Figure 9: energy log visualization through Onset software for one day, Oct. 29 2013

Source: CLTC

The start time to turn the site to ON is visible at the left hand of the graph, in this instance
shortly after 7am. Over the whole workday, including vacant times over lunch, the majority of
the lighting load is at 100%. A distinctive load drop around 6pm indicates the Wattstopper
control panel (see Figure 8) is turning all fixtures off at a preset time. As the graph shows,
around 630pm all fixtures are turned on again. Reviewing the collected logs over several
months indicated a portion of the staff seem to frequently work longer hours till past 8pm.
Janitorial staff can be seen to be active between 730pm to 930pm and sometimes up to 10pm.
Short term collected log data indicated the pre-retrofit system has an average use of
approximate 2810 hours per year at full load. Further details to the collected energy log data
will be discussed in the project outcome section.
M&V analysis equipment – photometric, Illuminance
To compare the photometric performance of the incumbent luminaires with the new system
and settings, photometric measurements were taken in-situ. The tools to conduct M&V
Illuminance (E = density of light incident on a surface, foot-candle or lux) and Luminance (L =
concentration of light directed towards the eye, candela/sf or /m^2) measurements were
reviewed, tested and prepared in the lab prior to the actual field tests. A custom Tripod setup
with five Illuminance meters, Konica Minolta T-10A, was used to efficiently collect horizontal
and vertical Illuminance values at eye level and at desk or ground level via PC and MicrosoftExcel (Figure 10).
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Figure 10: Minolta T-S10w illuminometer chain; CAD assembly of head; tripod & laptop at the site

Source: Konica Minolta (left) ; CLTC (middle and right)

The IES Handbook 3 indicates a general eye level of 4 feet = 48 inches for taking vertical
Illuminance measurements and the custom T-10A meter assembly was adjusted in the field
accordingly on the tripod setup. Horizontal Illuminance measurements were also taken at floor
and desk level at selected locations. Illuminance values for a total of 24 dedicated locations were
collected at night time to exclude daylight variances. On the north oriented floor map all
measurements locations are marked as seen in Figure 11. All collected values for pre- and postretrofit have been compiled in an Illuminance comparison chart and provided as an appendix at
the end of this reporlt. Results are discussed in the project outcome section.

IESNA Handbook, 10th edition, 2010, Table 32.2, Illuminance Recommendations for Video Conferencing
/Faces
3
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Figure 11: CDPH-P, Immunization Branch,
north oriented floor map, Illuminance measurement points 01 till 24

Source: CLTC

To insure repeatability for secondary measurements and comparison, the sensor setup and
facing direction per sensor were documented. Sensor #1 was always directed perpendicular to
face south; #2 facing west; #3 facing north; #4 facing east; #5 facing the ceiling. Sensor #6 was
used to capture either cubicle desk values or floor values (see Figure 12).
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Figure 12: Illuminance meter positioning for desk (left) and floor (right) values

Source: CLTC

M&V analysis equipment – photometric, Luminance
The Nikon Coolpix 5400 digital camera with Fish-Eye lens FC-E9 (Figure 13, left) was used to
record a series of pictures with defined preset exposure settings through varied shutter speed
and ISO values to be later used in the Photolux software (see appendix for additional details)
for Luminance approximation.
Figure 13: Nikon Coolpix 5400 with fish eye lens (left); camera setup on site facing ceiling (right)

Source: CLTC
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These pictures were collected in six dedicated locations with the camera facing perpendicular
towards the wall (east and west wall, #01-#06), and 24 dedicated locations with the camera
facing perpendicular towards the ceiling (#07-#30) (see Figure 13, right).
Since the collection of pictures was done in a meandering order through the space for time
efficiency, renaming of the positions made sense to be able to faster correlate positions in a grid.
Pre-retrofit and post retrofit values are easier to compare this way. On the north oriented floor
map, horizontal (A to E) and vertical (R1 to R5) grid markers have been noted on the floor plan
on the side similar to a chess board. An annotation “h” is necessary to distinguish the six
horizontal (towards the wall) views. (Nomenclature example: hR1-A); the vertical views have
no extra annotation (Nomenclature example: R1-A).
Figure 14: Luminance picture locations, #01 to #06 towards wall (grey box, bold typeface), #07 to
#30 towards ceiling (white box, normal typeface), Grid markers A-E (left on picture) and R1-R5 (top
of picture)

Source: CLTC

To correlate the pictures taken to an average eye level for female and male occupants at sitting
height there is a wide range of anthropometric data bases with varying degrees of percentile
available, for instance the “Anthropometric Data of Federal Aviation Administration” or the
BIFMA 4 ergonomics Guidelines.

4

Business and Institutional Furniture Manufacturers, http://www.bifma.org/
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For this test bed scenario the tripod and camera was set up to have the fish-eye lens at a height
of 48 inches from ground plane, based on the IES handbook recommended height to collect
Illuminance values for video conferencing, face level. This also correlates to the average eye
level at sitting height for unisex office space occupants according to BIFMA Ergonomics
Guidelines G1-2013. The collected pictures from Position hR1-A (= #01) to R1-E (= #30) have
been processed via the luminance calculation program Photolux, a software developed through
the French ENTPE and SoftEnergy.
Points of interest were selected to be MIN and MAX Luminance values of ceiling tiles and
luminaires, wall sections with adjacent offices and surrounding office cubicle furniture. A
sample of the resulting calculated luminance mapping through Photolux is shown below for the
Position hR1-A (horizontal wall view, #01).
Figure 15: Position hR1-A (#01) local overview and resulting Photolux calculations, pre-retrofit

Source: CLTC

While compiling the Luminance values the 30 collection points showed unique local features.
As example four different positions are shown in Figure 16 to Figure 19 to give a rough
presentation of the range of differences throughout the space. All four pictures are shown in the
pre-retrofit stage.
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Figure 16: horizontal view, wall with concrete pillar, pre-retrofit

Source: CLTC

The first example position hR5-C is in general evenly lit. Overall low contrast ratio (CR) values
between the different materials like ceiling tiles, wall, concrete pillar, a closed office door and
glass wall section are within 1:15 up to 1:50. Biggest jump in contrast is along the light fixtures
to the wall and dark glass or other dark material sections.
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Figure 17: horizontal view, wall with dark private offices, pre-retrofit

Source: CLTC

The second example position hR1-C has slightly increased CR values up to 1:100 due to dark
spots at the unlit private offices and wall hangings.
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Figure 18: horizontal view, wall with dark private offices, very dark south wall walkway, pre-retrofit

Source: CLTC

The third example position hR5-E can be regarded as one of the worst case scenarios in regards
to contrast ratio. This transitional section at the edge of the office shows very high CR values
due to a shift from normal illuminated wall to an unlit dark corridor. During the day this
section will be lit more evenly, but at dusk and into the night this section has a CR of over 100
and with a sharp cutoff.
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Figure 19: vertical view, ceiling, pre-retrofit

Source: CLTC

The forth and last example position R3-A shows a typical ceiling view throughout the space.
The CR values for the ceiling tiles of this pre-retrofit location has been calculated to
approximately 22.3. One detail in this picture needs to be pointed out: a pendant in the lower
dark section of the picture has a Luminance of 2040cd/m^2 in front of a background with
3.3cd/m^2 leading to a CR value of 1:618. Outliers like these are expected in real life
environment and will be noted. To be able to draw conclusions for the near field of view, some
of these outliers may be filtered out of the ratio matrix to reduce the level of variance.
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Development of Vertical Illumination Strategies
To develop vertical illumination strategies several sources have been reviewed. The IES
handbook (currently 10th Edition) is the standard reference for North America and
recommended contrast ratios (CR) related to the various tasks that are likely to occur in a
typical office environment have been collected. Since there are measurement procedures for
Luminance and Illuminance, as described in the M&V section, the contrast ratios have been
collated in separate tables. The separated CR-values are specified in Table 1: “Luminance ratio
recommendations”, Table 2: “Illuminance ratio recommendations” and Table 3: “Illuminance
values for horizontal (Eh) and vertical (Ev) incident, related to work task and age of occupant”.
Table 1: IES Handbook, 10th Edition, Luminance ratios

Source: IES Handbook 10th Edition, collated Table by CLTC

Table 2: IES Handbook, 10th Edition, Illuminance ratios

Source: IES Handbook 10th Edition, collated Table by CLTC

17

Table 3: IES Handbook, 10th Edition, Illuminance values & uniformity targets

Source: IES Handbook 10th Edition, collated Table by CLTC

Two relevant, international references have also been considered and are included shown in
Table 4. These are the Health and Safety Guide “lighting at work”, HSG38 5; and the Chartered
Institute of Building Services Engineers Code for interior lighting, CIBSE-LG7 6. Both documents
are not as stringent and detailed with specific contrast ratios as IES, but both appear to be
relevant and worth to be considered for the strategy discussion. CIBSE-LG7 is closely correlated
to the standard “BS EN 12464-1:2002, Light and Lighting - Lighting of work places - Part 1:
Indoor work places”, which seem more concerned with typical European glare ratings and high
color rendering rates of Ra80+, than distinct Luminance or Illuminance values and ratios.
Table 4: International references from UK: HSG38, CIBSE-SSL-LG7

Source: HSG38, CIBSE-SSL-LG7; collated Table by CLTC

For this work, the evaluation will rely predominantly on IES recommended values and ratios of
the pre-retrofit system performance compared to the new to be implemented strategy and postretrofit system performance.

5

Lighting at work, HSG38, Health and Safety Executive, 1997, ISBN 9-78071761232-1, second Edition

6

Lighting Guide 7: Office lighting, LG07, CIBSE, 2005, ISBN 9-78190328752-1
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Contrast Ratio related office space research publications
The search for publications regarding contrast ratio related research in office space environment
revealed two major documents to discuss:

∞ A 28 page strong report from the National Research Council Canada, NRCC43061, “Preferred luminous conditions in open-plan offices, research and practice
recommendations” from 2000 7
∞ LD+A page 70-72, “POEs for Green Buildings” 8, April 2012.
An excerpt of the NRCC report indicates the high relevance to this project and overall field of
research:
“This paper compares research participants’ office lighting choices to recommended practice and
existing research, and concludes with practical recommendations for lighting installations.
Participants were given the opportunity to choose lighting conditions for VDT office work as part
of an experiment concerning the effects of individual control over lighting on task performance
and satisfaction. Most participants’ choices bettered current energy code specifications for
lighting energy use, while largely following both CIBSE and IESNA recommended practice for
desktop Illuminance. Average luminance ratios between the VDT screen and background were
lower than recommended practice but consistent with other investigations...”
“Various investigations have attempted to determine preferred [wall:ceiling] luminance ratios,
task:wall luminance ratios, average luminance and the like, but no consensus is apparent. The
answer is complicated by the high degree of individual variability in these preferences and by the
fact that a wide range of luminous conditions are acceptable to most people.”
The methodology of NRCC-43061 describes a controlled environment, windowless open-plan
office space containing six workstations as seen in Figure 20 with typical furniture layout and
typical materials used. Three dimmable lighting circuits were used, marked 1, 2 and 3 in Figure
21. All luminaires used are reported to have the same 3500K CCT with 80 CRI and electronic
ballasts. Since the report was not aimed at correlating energy use with luminous conditions, the
luminaires are not further detailed. Even though not explicitly stated, it is likely that all lamps
were linear fluorescent T8 or T5 – this detail will feed into later test bed scenario mockups.

Veitch, J. A., & Newsham, G. R. (2000). Preferred luminous conditions in open-plan offices: Research
and practice recommendations. Lighting Research and Technology, 32, 199-212.
7

8LD+A,

April 2012, page 70-72, “POEs for Green Buildings”, Benjamin J. Birt, Guy R. Newsham, Jennifer
A. Veitch, Chantal Arsenault
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Figure 20: NRCC-43061, medium size office overview

Source: NRCC-43061

Figure 21: NRCC-43061, test bed plan, test stations (WS2, WS5) and luminaire markup

Source: NRCC-43061

Two excerpts of the photometric data collection procedure contained in this publication served
as a key reference for forthcoming simulations via CAD/AGI32 as well as for measurements
performed at the CDPH site:
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“Illuminances at the location of the head of a seated person (top, forward, left, right, and back).
These were used to derive six cubic Illuminance values [as described by Cuttle 9]: horizontal
Illuminance, scalar Illuminance, cylindrical Illuminance, the [vector: scalar] ratio, the
cylindrical: horizontal ratio, and the vertical Illuminance at the eye. These indicators have been
proposed as meaningful predictors of interior lighting effects.
“…CapCalc digital images 10 of the entire workstation. The workstation images were used to
derive field-of-view luminance values based on Loe et al,(6) using an averaging procedure to
convert from luminance values based on individual pixels to values based on an approximate spot
size. Figure 3 displays a photograph of the field of view and Figure 4 a line diagram showing the
derivation of key values.”
Figure 22 and Figure 23 show details of the workstation at the NRCC test office and the
schematic overview for measurement points and areas of interest.
Figure 22: NRCC-43061, workstation with single VDT and overall field of view

Source: NRCC-43061

9

Cuttle C Cubic illumination Lighting Research and Technology 29(1) 1-14 (1997)

10

Rea MS and Jeffrey I G A new luminance and image analysis system for lighting and

vision I equipment and calibration Journal of the Illuminating Engineering Society 19(1) 64-72 (1990)

21

Figure 23: NRCC-43061, workstation and measurement points schematic

Source: NRCC-43061

LD+A report, April 2012:
The LD+A report describes in detail the post-occupancy evaluation (POE) of green buildings in
Canada and the northern US conducted by a research team at the National Research Council
(NRC) 11. The data collection procedures and verification methodology utilized in this study are
very similar to the NRCC-43061 report since some of the same authors/researchers were
involved. One new procedure that emerged since 2000 is the use of high dynamic range (HDR)
photography for luminance value collection at the workstation seated head position, as
described in the photometric M&V section. This LD+A report does also not cover energy
consumption but focuses on correlation of light levels and reflective surfaces found in 946
evaluated workstation spaces, IES recommended photometric values and correlated satisfaction
level of occupants interviewed.

11LD+A,

April 2012, page 70-72, “POEs for Green Buildings”, Benjamin J. Birt, Guy R. Newsham, Jennifer
A. Veitch, Chantal Arsenault
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Theoretical Test Bed - Simulations
Based on the six-cell office layout outlined in NRCC-43061, a virtual test bed scenario was
generated in the computer aided design (CAD) software AGI32. The simulation was not meant
to find a specific solution, but to rapidly test initial layout ideas, get a better overview of all
variables involved and see how the virtual test bed and correlated CR values react to changes of
single variables. Three scenarios were tested and evaluated:
Scenario “A” exclusively uses fluorescent recessed troffers with T12 lamps. It can be
considered a “worst case” scenario in the range of possible office lighting designs. This
setup is intended to mimic decades-old technology that was still applicable at the time of
the NRCC reports publishing in the year 2000. (Details of this iteration plan and
analysis tables are included in the appendix)
Scenario “B” is an intermediate solution with a mix of technologies unlikely to be seen in
an office setting. Half the luminaires are static T12 troffers, and the remaining 50% is a
mix of T5HO pendants and newer LED wall wash luminaires. The T5HO and LEDs are
dimmed to a level to best match predetermined lighting power density (LPD) values
and generate optimized CR values. (Details of this iteration plan and analysis tables are
included in the appendix)
Scenario “C” is the best solution in terms of energy-efficiency. It uses a mix of T5HO &
LED luminaires, including under cabinet and task lamps. All luminaires are deliberately
placed and dimmed for best possible CR values and a pre-set overall LPD of just 0.45
Watts per square foot (W/sf), which is significantly below the Title 24 - 2013 maximum
allowed LPD of 0.75 W/sf (Details of each iteration and subsequent analysis is included
in the appendix to this report).
Table 5 shows test iteration “C” and all variables determined for the virtual test runs.
On the left side of the table is the category, on the right side the variables with chosen cell(s)
marked in green color:
•
•
•
•
•
•
•
•

Office Space Size - 4 variables:
type A (x < 250sf = personal office) to D (x>40,000 sf = large open office)
Cubicle Size - 3 variables: S (6’x6’), M (6’x8’), L (8’x8’)
Degree of Detail for the CAD mockup - 3 variables: low, medium and detailed
Lighting Distribution in space - 4 variables: general, localized, local, refined mix
Goal Illumination LPD - 5 variables: 1.5 W/sf to 50% of Title 24-2008 (0.45 W/sf)
Goal Contrast Ratios - 3 variables: NRCC equivalent, IESNA/CIBSE and “best”
Surface Reflectance - 7 variables: (all values were kept the same throughout the tests)
Lighting Setup – 6 variables: Recessed, Ceiling, Up-Down pendant, wall wash, task light
and under cabinet.
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Table 5: AGI iteration plan “C”, specification of office size, cubicles, lighting distribution, goal
LPD, goal CR’s, surface reflectance and luminaires used for this scenario colored in green aim for
a “best case scenario”

Sou
rce: CLTC

Figure 24 shows the CAD mockup in AGI32 to mimic the NRCC cubicle layout in the chosen
office space size. The single VDT monitor has been replaced with current technology dual TFT
displays. Pendant luminaire details such as air craft cables have been omitted in the CAD
mockups.
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Figure 24: AGI32 setup “C”, workstation near field and far field vertical and horizontal surfaces

Source: CLTC

Based on aforementioned AGI32 setup, a virtual Illuminance and luminance analysis was
conducted for the described three iterations A, B, C. Specific data points on the desk, VDT,
cubicle wall and room wall were selected for use in calculating six contrast ratios in the space.
CR values are shown in Table 6. Going back to the initial review of best practice contrast ratios
propagated by the NRCC report, CIBSE and the IES handbook, all recommended contrast ratios
are consistent among the three sources except for the [room wall:VDT] ratio.
The IES handbook recommends a ratio of 1:10, while the NRCC report states a ratio of 1:20
acceptable. No recommended [room wall: ceiling] CR values have been identified from the
sources.
Table 6: CR value pair set per IES Handbook and CIBSE

Source: CLTC
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Figure 26A and 26B show the typical CAD view from the occupant’s point of view and cubicle
top view of Illuminance (E) values, respectively. Figure 27A and 27B show Luminance (L)
values. All four pictures represent conditions in test iteration scenario “C”, which aims for best
possible CR values with a mix of 1x4 LED troffers, T5HO pendants, T5HO wall wash, LED
under cabinet and LED task light luminaires.
Figure 25A: AGI32 setup field of view, 26B: top view, Illuminance analysis (both scenario “C”)

Source: CLTC

Figure 26A: AGI32 setup, field of view; 27B: top view, Luminance analysis (both scenario “C”)

Source: CLTC

The three AGI32 iterations were conducted with luminaire placement in the virtual office space
carefully optimized to achieve best contrast ratio results. The quantities of each luminaire type
were deliberately chosen to reach the targeted LPD. All relevant values for desk, VDT, cubicle
wall and room have been collected to calculate resulting CR values, as shown in Table 7.
Detailed views of the three test tables are included in the appendix. Green cells are set or goal
values. Purple cells are values collected through AGI32, and cells in blue are calculated. Several
iterations of variable parameters such as luminaire quantity and placement in the room were
tested to achieve lowest contrast ratios. The resulting CR values for the three iterations were
able to be brought close to the recommended ratios as shown in Table 6.
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Table 7: Analysis of CR values based on AGI iteration with resulting LPD (iteration “C”)

Source: CLTC

The theoretical test bed scenario indicates that choosing specific luminaire types and correlated
distribution pattern, 3-dimensional placement in the specific environment and the ability to
seamlessly dim high-efficacy luminaires can radically lower LPD while at the same time
minimize Contrast Ratios, if the system is planned and executed carefully. Simulation of high
efficacy wall wash luminaires, under-cabinet and task lighting further indicates reduced LPD
values to exceed T24-2013 recommended values, while being able to minimize contrast ratios to
even lower values than recommended by IESNA. Consideration of all mentioned variables,
environmental parameters, and luminaire parameters of this virtual test are vital to achieving
minimal CR values and ultra low LPD. These theoretical tests did not include the use of control
systems, which could have positive as well as negative effects on the site’s occupant’s
perception and/or wellbeing, depending on the control systems features, commissioning and
use.
Demonstration Site – Strategy Implementation and Testing
Lessons learned from the virtual test bed iterations have been used for planning the site
installation at the California Department of Public Health open office, Immunization Branch in
order to test strategies and technologies. Fixed site parameters identified were:
∞ Office Space Size - 1 parameter: similar to type C (open office with 5100sf)
∞ Cubicle Size - 2 parameters: S (6’x6’) and M (6’x8’)
∞ Illumination LPD – the incumbent T8 pendants have a calculated LPD of 1.12 W/sf
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Following parameters were selected for the revision of this specific test bed scenario through an
AGI32 mockup:
∞ Degree of Detail for the CAD/AGI32 mockup - 1 parameter: medium
∞ Lighting Distribution in space - 4 parameters: a refined mix of pendant and wall wash
luminaires with optimized dimming settings per luminaire to achieve lowest CR values
on vertical surfaces in the field of view.
∞ Lighting Setup – 2 parameters: Up-Down pendant, wall wash
∞ Goal Illumination LPD – a bandwidth from at a maximum 0.75 W/sf (Title24 - 2013) to
below 0.45 W/sf for the total office space area lighting
∞ Goal Contrast Ratios - 2 parameters: IESNA recommended value pair ratios, or lower
In cooperation with the test site, two possible LED pendant luminaire replacements for the
incumbent T8 pendants solution were identified. The two choices were a Finelite pendant
model “16S”, and the Acuity Peerless pendant model “Bruno”. Both luminaires were compared
to each other considering parameters such as CCT, total lumen output, energy use, efficacy
(lm/W), CRI, R9, L90/L80/L70 as applicable and also warranty options. Table 8 shows a
comparison of the parameters of both pendants in an initial combination with one wall wash
luminaire from each of the respective manufacturer.
Details about the manufacturers offered control system with associated system features like
scheduling, occupancy controls, multi-level dimming, daylight harvesting, trimming and
personal control capability were also compiled, as well as an anticipated LPD when forecasting
the quantities and dimming settings of the luminaire combination per manufacturer. Green cells
show favorable features, orange are less favorable compared to the other luminaire.
Color intensity indicates the significance of a parameter – length of warranty for instance.
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Table 8: main pendant SSL luminaire - Finelite vs. Peerless parameter matrix

Source: CLTC

The final choice for the pendant fixture was the Acuity/Peerless “Bruno” (BRM9L), based on the
luminaires advertised high efficacy of 109.7 lm/W, as well as some of the control systems
features such as user interface (UI), commissioning details, communication connections and
overall lower anticipated LPD. Detailed specifications of the “Bruno” pendant and the nLight
control system are included in the Appendix.
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Figure 27: Acuity Peerless "Bruno" linear LED pendant (BRM9L) appearance and schematic

Source: Acuity / Peerless

Wall wash luminaire selection process
To achieve optimized contrast ratios throughout the office space, the wall wash had to be
carefully selected out of the manufacturers array of appropriate luminaires to work with the
decided pendant model “Bruno” and the overarching control system. Fixed parameters for the
selection included 3500K CCT, 80+ CRI, dimming capabilities through the nLight control
system, preferred high efficacy and physical looks matching to the Bruno pendant design.
An initial step towards the wall wash selection was a high level review of available luminaires
via the Acuity website, www.Visual-3D.com 12. This website provides efficient means to choose
from a wide array of Acuity brand luminaires out of a database. With the web tool users can
virtual and interactive build a test wall and generate placement of luminaires in the ceiling or as
pendants. Based on the associated .ies files per luminaire, Illuminance values and contrast ratios
are immediately generated. Fixture quantity, spacing and setback can be adjusted on the fly to
optimize settings. Figure 8 shows a picture of the web-tool. The wall size specified is based on
the installation site’s west and east wall dimensions: 56ft wide, 9ft tall, 4 luminaires per wall,
setback of 5ft. The webtool was used to get an initial understanding of the luminaires
considered, but detailed analysis was subsequent conducted in AGI32.

12

http://www.visual-3d.com/tools/vertical/
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Figure 28: Acuity “visual-3d.com“webtool. Details of fixture, .ies-plot, fc-isoplot
see appendix for higher resolution

Source: Acuity / Peerless

Even though the online tool is limited to only one luminaire type (no mix of several luminaire
types possible), for one wall (not a room, corner or wall-to-ceiling comparison) and Illuminance
values, it is a valid tool to get an initial overview of the range of wall wash luminaires available
through the various Acuity brands and to narrow down the pool of luminaires based on
predefined goals. Among the list of initial SSL wall wash types reviewed 13 shown in Table 9 are:
∞
∞
∞
∞
∞

Gotham, ECSSW-35-09-4DSR-LD
Gotham, ECSSW-35-12-6AR-LD
Gotham, ECSRW 35/10 4AR
Gotham, ECSRW 35/14 6AR
Gotham, Evo LW 35/18 4AR 120
∞ Gotham, Evo LW 35/18 6AR 120

13

(website version 01.21)
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Table 9: Acuity “visual-3d.com“webtool; compiled wall wash luminaires for comparison

Source: Acuity / Peerless; collated by CLTC

All of the Gotham ceiling recessed wall wash fixtures were identified to be insufficient for the
project’s needs. None of the reviewed units was able to illuminate the corner of the wall
adjacent to the ceiling, leading to increased CR values in that zone.
Other luminaires recommended by Acuity contacts as side-lid SSL solutions were significantly
better in regards to even wall illumination and the wall-to-ceiling corner ratios. But
unfortunately here the 2D web tool reaches its limits of simulation capability - the three fixtures
tested did not fall in the specific category of a wall wash luminaire but were rather universal
down lights that would create unnecessary hot spots in the room with the Bruno pendants
nearby.
The three general down light SSL luminaires reviewed and shown in Table 10 were:
∞ Lithonia, RT5D LED 35K
∞ Mark, NOLLD-22 N35AD RCF
∞ Mark, NOLLD 22 H35AD RCF
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Table 10: Acuity “visual-3d.com“ webtool, Lithonia and Mark brand SSL down lights

Source: Acuity / Peerless; collated by CLTC

The final choice was made to use the Pinnacle EX3-WW wall wash pendant. The luminaire
matches the color temperature of 3500K, a CRI of 82+, achieves reasonable even illumination up
to the wall-ceiling corner, has an efficacy of 44.6 lm/W, is controllable via the nLight system and
matches the architectural look of the Bruno pendant.
Table 11: Acuity “visual-3d.com“ webtool, Pinnacle EX3-WW-35HO-4

Source: Acuity / Peerless; collated by CLTC

Figure 29: Acuity Pinnacle EX3-WW appearance and schematic

Source: Acuity / Peerless
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Wall wash luminaire implementation process
After deciding to use the luminaire combination of Bruno pendants, Pinnacle EX3 wall wash
and nLight controls, an optimized positioning exercise for the luminaires within the virtual test
site was conducted. Adjusted dimming levels also needed evaluation to ensure best
illumination and resulting CR values in-situ while aiming to lower the LPD values significantly
below 0.75 W/sf.
AGI32 was used to mimic the office space of the CDPH-P Immunization branch as virtual test
bed. The level of the CAD model detail was kept low for this evaluation step to focus on
efficient generation of several iterations of local placement in the office space followed with
varying dimming levels. The specific size of the office was build and the major horizontal
surfaces at desk height (28in. away from floor = A.F.F.) placed according to the cubicles main
orientation. Cubicle walls and workstation details were omitted. Table 12 shows top- and
dimensional- views of the model space. The Bruno pendants are oriented in five rows of 20 four
foot sections from west (left wall) to east (right wall). Pendant row spacing is based on the
actual ceiling grid, air vents, pillars and staggering of the existing cubicle layout on site. The
color change of the dimming values correlates to Illuminance from 0 lux (blue) to 1000 lux (red).
Green has the equivalent of 500 lux, which is close to the expected Illuminance level on the
horizontal task plane for a majority of office space applications and tasks per the IES handbook.
Table 12: AGI32 model of CDPH-P Immunization Branch open office, table top @ 28”A.F.F.,
Illuminance. Top view and southwest corner facing north-northeast, four different dimming levels.

Source: CLTC

Based on the iterations shown in Table 12 it is reasonable to assume that the office space with
the Bruno pendant setup as planned will be evenly lit with no horizontal hot spots when
dimmed between 60 to 50% of the maximum output level and may be able to be dimmed to
even lower settings to achieve more energy savings without diminishing workforce. These low
settings enable long term lumen maintenance and may increase the total life time of the
luminaires.
Total LPD for this theoretical setup with no wall wash luminaires included is calculated to
reach as low as 0.36 W/sf. Considering cubicle walls and dividers are missing in this mock up,
the in situ LPD value is expected to be higher to achieve recommended light levels on the task
plane.
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After the position and approximate dimming range of the Bruno pendants was determined,
several iterations of positioning and dimming values for the wall wash have been processed.
Figure 30 and Figure 31 show one of the promising iterations for optimized CR values with
acceptable task Illuminance.
Figure 30: look towards west wall, Illuminance plot, Bruno pendant (30%) & EX3 wall wash (80%)

Source: CLTC

Figure 31: look towards west wall, Illuminance plot with key colors, Bruno pendant (30%) & EX3
wall wash (80%)

Source: CLTC

The Bruno pendant was dimmed to 30% of the maximum output and the Pinnacle EX3 dimmed
to 80% of maximum output. This resulted in lowering the calculated LPD to 0.28 W/sf. In situ
settings are anticipated to have higher LPD values due to additional office furniture.
M&V procedure adjustments at the test site
Through the initial energy logging phase of the pre-retrofit time interval, it became obvious that
the logging values collected via the hobo loggers did not match up with the anticipated power
values per associated breaker line. A brief review of the office site revealed several T8 lamps
had ceased to function since installation of the logging equipment (Figure 32).
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Figure 32 A, B: Pre-retrofit pendants with several failed T8-lamps in the space

Source: CLTC

One pendant was physically opened and the used T8 fluorescent lamps (F032/835/ECO, Figure
33A) and ballast nomenclature (Universal Triad B232IUNVNP-B, Figure 33B) were noted. The
specification sheet for the driver was researched and used for anticipated calculated load based
on the ballast configuration factor with the two T8-32W per ballast, and the total lamp quantity
count throughout the office space.
Figure 33 A, B: Used T8 lamps; and ballast throughout the site

Source: CLTC

In the process of confirming the installed logging equipment at the site to function as intended
and to actually log the correct power draw, a one-time measurement (OTM) with a mobile
Fluke power quality analyzer, type 43B, was performed. The Fluke 43B is capable of analyzing a
wide variety of possible voltages and phase-settings, in this case the 277VAC three-phase circuit
of the breaker panel associated with the open office space. A high accuracy clamp-on AC
current probe (Fluke i50S) was used to measure actual power draw of the energized office
lighting and compare the values to the logged pulses. Specific details to the electrical functions
and accuracy levels of the Fluke components are attached in the appendix of this memorandum.
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Alongside this OTM process, the initially installed 50A current transducers (CT) were found to
be oversized and to reduce accuracy levels. Since the maximum load of each of the three
monitored breaker lines did not surpass 2000 Watt at 277VAC, not more than 8 Ampere draw is
to be expected. The 50A CT’s have been replaced with more appropriate 20A CT’s.
Figure 34: Change from 50A to 20A CTs; OTM with i50S probe and Fluke 43B power analyzer

Source: CLTC

The OTM was repeated after the CT exchange. The power logger data, the anticipated
calculated load based on lamp quantities and the OTM monitored values were compared and a
match within a few percent per breaker line with an accuracy spread from 0.72% to 4.24% was
achieved.
Evaluation - bench test of Pinnacle luminaires, nLight controls
The Pinnacle wall wash pendants and nLight control hardware were received and bench tested.
The configuration test was conducted as planned to be installed at the site; with four pendants
controlled by one nLight nPP16-D dimmable relay and three nLight nIO-D dimming controllers
(specification datasheets are attached in the appendix of this memorandum). Figure 35 A shows
the electrical controls bench test setup with wiring, Figure 35 B the nLight software user
interface (UI) of the nLight Commissioning Tool.
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Figure 35 A, B: Electrical controls bench test with Pinnacle pendants; nLight web browser UI

Source: CLTC

A power-to-dimming ratio analysis was conducted on one of the Pinnacle pendants using one
of each nPP16-D and nIO-D controller module units. CLTC’s Xitron 2802 power analyzer was
used to capture the power draw, a Fluke 287 RMS Multimeter to capture the dimming voltage
of the 0-10V control wires of each module.
The dimming values from 0% (OFF, represented by value 0.001V in the graph) to 100% (full ON
at 10V dimming control) were set via the nLight web browser user interface. Power draw and
dimming voltage values in 10% steps were collected in an Excel table for graphical
visualization. Both resulting graphs have an almost linear response from 0% to 80% followed by
a plateau with no change in power draw from 80% to 100% ON. Comparing both modules
dimming curves, “nPP16D” versus “nIO”, both have virtually the same control curve
“footprint” (Figure 36 and Figure 37) with ~1.1W power use in OFF position per module.
Figure 36: 10% step control curve “footprint” of “nIO-D” 0-10V controller via nLight browser-UI

Source: CLTC
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Figure 37: 10% step control curve “footprint” of “nPP16-D” 0-10V controller captured from nLight
software

Source: CLTC

Evaluation - bench test of Bruno luminaires and nLight controls:
One preliminary 4-ft Bruno pendant sample was provided by Acuity with internal control
module nEPP5 and two different wall switches, a manual controller type “nPODM-4L-DX-WH”
and a touchscreen unit “nPOD-GFX-WH”. The first bench test was commenced similar to the
previous test with the Pinnacle pendants; as before the nLight user interface was used in 10%
steps to control the integrated nEPP5 module. The resulting power draw and dimming voltage
values in 10% steps were again collected in an Excel table for graphical visualization and
revealed an unexpected logarithmic dimming-curve.
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Figure 38: 10% step control curve “footprint” of the nEPP5 0-10V controller via nLight browser-UI

Source: CLTC

The test was repeated without the use of the browser UI and with the two provided wall switch
types nPODM and nPOD-GFX as shown in Figure 39 . The two switches had the capability to
control the driver in 5% steps, yet the resulting graph still showed a logarithmic dimming-curve
for both switches (Figure 40).
Figure 39 A, B, C: test setup of Bruno fixture controls analysis, nPODM, nPOD-GFX

Source: CLTC
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Figure 40: 5% step control curve “footprint” of the nEPP5 0-10V controller via wall switches

Source: CLTC

Evaluation - photometric analysis of luminaires
An in-depth performance analysis of the two sample luminaires Peerless Bruno and the
Pinnacle EX3 were commenced through electrical and photometric tests to confirm improved
performance of the new luminaire type over the incumbent models.
The electrical test equipment included a calibrated power supply unit, California Instruments
model 2253ix; two power analyzer, Yokogawa PZ4000 and Xitron 2802 for power
measurements. Harmonic distortion (THD) measurements were taken with the PZ4000’s
harmonics mode. Photometric measurements were made with a SMS-500 Spectrometer in a 2
meter integrating sphere with LabSphere software. Auxiliary correction was applied for fixture
self-absorptions. Flicker data was collected with a filter rate of 200Hz, with dimmer controls
according to Title 20 Section 1605.3.l.F.2. 14 Figure 41 is exemplary showing the 2m integrating
sphere test setup for photometric evaluation.

“Dimmer controls that can directly control lamps shall provide electrical outputs to lamps for reduced
flicker operation through the dimming range so that the light output has an amplitude modulation of less
than 30 percent for frequencies less than 200 Hz without causing premature lamp failure.”
14
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Test parameters for each luminaire sample type included:
Power percentage (in %, 10% dimming steps for both Bruno and EX3)
Power rating (Watt = w)
Correlated luminous flux (lumen = lm)
Color corrected temperature (CCT) (Kelvin = K)
Resulting efficacy (lumen/Watt = lm/W)
Flicker (%)
Flicker index
Voltage (Volt = volt)
Current (Ampere = A)
Power factor
Total harmonic distortion (UTHD% for potential and ITHD% for current)
Color rendering index (CRI) (R1 to R14; RA)
Two chromaticity diagrams (CIE 1931, 2degree and CIE 1976 UCS, both with an
overview and zoom compared to 7- and 4-step MacAdam Ellipse equivalent)
∞ spectral power distribution (SPD) between 350nm and 800nm
∞
∞
∞
∞
∞
∞
∞
∞
∞
∞
∞
∞
∞

Figure 41 A, B: Pinnacle EX3 test setup with control module nPP16-D in 2m integrating sphere

Source: CLTC
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Acuity Peerless Bruno BRM9L
Following tables and figures show the Peerless Bruno fixture’s electrical values, photometric
parameters, two chromaticity diagrams and SPD graph in relation to dimming values.
Table 13: Bruno BRM9L, Electrical, Photometric, CRI results

Source: CLTC
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Figure 42: Bruno BRM9L, CIE-1931, 2 Deg Chromaticity mapping, overview

Source: CLTC

Figure 43: Bruno BRM9L, CIE-1931, 2 Deg Chromaticity mapping, zoom

Source: CLTC

44

Figure 44: Bruno BRM9L, CIE-1976 UCS Chromaticity mapping, overview

Source CLTC

Figure 45: Bruno BRM9L, CIE-1976 UCD Chromaticity mapping, zoom

Source CLTC
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Figure 46: Bruno BRM9L, Spectral Power Distribution

Source: CLTC

Both Chromaticity diagrams indicate relative stable color trueness within the 4-step MacAdam
ellipse Equivalent color space, except for 20% and lower dimming setting with a major shift
outside of the 3500K 7-step MacAdam ellipse color space. Efficacy is dropping from 105.4 lm/W
at 100% (0% dimmed = 4635 lm flux) over 58.7lm/W at 60% (40% dimmed = 222 lm, < 5% of max
flux) to 11.9 lm/W at 40% (60% dimmed = 17.9 lm flux, < 0.4% of max flux), a clear indicator of
the logarithmic dimming curve. Flicker rises noticeable below the 50% dimming level.
Follow up discussions with Acuity and the lighting representative revealed all of the ordered
Bruno pendants eldoLED drivers were pre-programmed to dim in logarithmic manner, an
effort to match DALI specifications and to inverse mimic the eye’s logarithmic sensitivity and
have the light levels appear to be linear to the eye’s responsiveness when dimmed or increased.
The drivers logarithmic dimming control with the used nLight software and graphical wall
pods were only able to provide 10% steps, which would result effectively in only four
noticeable steps of dimming (at 90%, 80%, 70% and 60%). Newer nLight software and/or
controller capable to control 5% steps or even finer resolution may be possible solutions in the
near future, in the meantime CLTC advised the project partner to program all Bruno pendants
on site to linear dimming if possible.
Photometric as well as in-depth electrical analysis of the incumbent T8 fluorescent luminaires
was not possible since all pendants at the site spanned 8 feet and did not fit in the CLTC 2m
integrating sphere.
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Acuity Pinnacle EX3-WW-35HO-4 results
Following tables and figures show the Pinnacle EX3-WW fixture’s electrical values, photometric
parameters, two chromaticity diagrams and SPD graph in relation to dimming values:
Table 14: Pinnacle EX-WW, Electrical, Photometric, CRI results

Source CLTC

47

Figure 47: Pinnacle EX-WW, CIE-1931, 2 Deg Chromaticity mapping, overview

Source CLTC

Figure 48: Pinnacle EX-WW, CIE-1931, 2 Deg Chromaticity mapping, zoom

Source CLTC
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Figure 49: Pinnacle EX-WW, CIE-1976 UCS Chromaticity mapping, overview

Source CLTC

Figure 50: Pinnacle EX-WW, CIE-1976 UCS Chromaticity mapping, zoom

Source CLTC

49

Figure 51: Pinnacle EX-WW, Spectral Power Distribution

Source CLTC

The photometric analysis of the Pinnacle wall wash pendant confirmed stable color trueness
within the 4-step MacAdam ellipse Equivalent color space. The efficacy with 47 lumen per Watt
was slightly better than initially calculated. CRI of 82 Ra was achieved throughout the whole
dimming range. R9 values with an average of 16.4 for all ten dimming settings (spread from
16.1 to 16.7) fell short off the advertised R9 >=20. Dimming controls through the nLight
controller were as expected.

Site Installation
Delivery and installation of the luminaires had several delays through August and October
2014. In November the contractor began exchanging the incumbent T8 pendants with the new
LED “Bruno” pendants as well as installing the Pinnacle wall wash pendants. CLTC provided
technical and troubleshooting support for the contractor regarding mechanical issues, missing
hardware and controls wiring to the nLight system and was in contact with the commissioning
team from Acuity to adjust settings according to the previous planned CAD settings to achieve
minimized contrast ratios. Installation and trouble shooting of malfunctioning pendants
(drivers, LED boards and imbedded sensors) continued through January 2015. Figure 52 and
Figure 53 show some of the final physical installation steps at the site.
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Figure 52: Installation of the Peerless Bruno pendants in the office space, November 13th, 2014

Source: CLTC

Figure 53: Installation of the EX3 pendants in the office space, Nov.18th, 2014; nLight wall pods

Source: CLTC
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Both pictures show the luminaires in non-commissioned state. The commissioning was
commenced through the nLight system in late December 2014. Lessons learned from the
correlated dimming curves have been implemented in choosing the best setting for lowest
contrast ratios based on the AGI32 test iterations. The settings were set and evaluated in the
field early January 2015.

Project Outcomes
M&V photometric analysis, Illuminance
For easier reference, the layout of the 24 measurement points at the test space and the custom
Tripod setup orientation of sensors to collect horizontal and vertical Illuminance values at eye,
desk or ground level are again shown below (same as Figure 10).
Figure 54: CDPH-P, Immunization Branch, north oriented floor map,
Illuminance measurement positions #01 till #24.

Source: CLTC
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Figure 55: Minolta T-S10w illuminometer orientation and positioning on site

Source: CLTC

The Illuminance comparison chart with in-situ illumination values is included in the appendix
in larger scale, for better readability. All collected values have been processed as graphs for
easier comparison and discussion. Blue lines show the incumbent T8 compact fluorescent
system, Red the new LED system. Figure 56 and Figure 57 show the visualized results of points
#01 (west wall) to #12 (east wall).
Figure 56: Illuminance levels through test area, position #01 to #12, Tripod sensor head

Source: CLTC
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Figure 57: Illuminance levels through test area, position #01 to #12,
selected desk and floor measurements

Source: CLTC

All luminaires were set to 100% ON (no dimming) during all measurements, to be able to collect
maximum Illuminance and Luminance values. The results of points #01 to #12 show two major
trends for the Illuminance throughout the office space: The Luminance light levels of the new
LED system are reduced and are now more even distributed along these twelve measurement
points in the test area.
For instance the horizontal downlight light levels (see Figure 56, center of picture, “up” sensor)
have changed from the old systems low of 38.4 fc and peak of 78.2 fc (max-min ratio 2.04:1) to
more even 37.7 fc to 48.2 fc (max-min ratio 1.28:1). This sensor picked up significant higher light
levels on position #01 and position #12, since the wall wash pendants were measured while
operating at non-optimized 100% ON at the time of measurements taken. The system allows to
adjust the dimming value of the wall wash pendants to achieve optimized illumination of 40fc
with a lower dimming setting. All vertical sensor results align with the previous statements of
10% to 30% lower Illuminance values and less variance in Illumination throughout the space.
The incumbent system desk-level values had a recorded minimum of 17.3fc (=186 lux), a
maximum of 48.8fc (=525 lux) and an average of 35.7 fc (=385 lux). These static values correlate
with the higher end of general IES recommendations for various office space use and
applications as well as the within the recommended uniformity targets 15.
The new LED system desk-level values have a recorded minimum of 18.5fc (=199 lux), a
maximum outlier value of 56.8fc (=611 lux) and an average of 29.7 fc (=320 lux). These values
correlate still with the higher end of general IES recommendations for various office space use
applications as well as the within the recommended uniformity targets, but additionally allow
for future refined adjustment by users and facility management through the new advanced

IESNA Handbook, 10th edition, 2010, Table 32.2 Office Facilities Illuminance Recommendations,
Horizontal (Eh) Targets, Age 25-65.

15
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lighting control system (ALCS). Figure 58 and Figure 59show the visualized results of position
#13 (north edge of office area, close to building center attrium) to #24 (south window envelope).
Figure 58: Illuminance levels through test area, position 13 to 24, Tripod sensor head

Source: CLTC

Figure 59: Illuminance levels through test area, position #13 to #24,
selected desk and floor measurements

Source: CLTC

The results of positon #13 to #24 show the same two trends for the Illuminance values recorded
throughout the office space as positions #01 till #12 (reduced overal and more even light levels),
albeit not as distinct as the west-east axis positions. Peak outlier values may be induced by the
chosen physical measurement location and low granularity of measurement positions in the test
bed area. These outlier values appear to skew the outcome of max-min ratio comparison to a
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worse result than without the outlier values. For instance the horizontal downlight levels (see
Figure 58, center of picture, “up” sensor) have changed from the old systems low of 31.4 fc and
peak of 76.4 fc (max-min ratio 2.43:1) to 31.0 fc up to 104.2 fc (max-min ratio 3.36:1). But if the
horizontal measurements for positions #13 and #24 are regarded as outliers (Pinnacle wall wash
pendants inducing higher lightlevels at 100% ON), the max-min ratio without these points
calculate to a lower value of 2.31:1. Considering the LPD reduction from the original baseline of
1.12 W/sqft to 0.48 W/sqft, the Illuminance minimum and maximum values throughout the test
bed are well maintained for office applications.

M&V photometric analysis, Luminance:
For easier reference, the layout of the 30 measurement positions in the test space are again
shown below. Pre-retrofit and post-retrofit analysis values have been prepared per introduced
nomenclature (horizontal example: hR1-A; vertical example: R1-A).
Figure 60: Luminance measurement positions

Source: CLTC

The Luminance comparison chart with in-situ values have been compiled and are included in
the appendix. Since all work stations on site are customized by their respective users and
therefore showed too much variance in display model, settings, orientation in space and general
work place setup, all contrast ratios calculations have focused on parameters that were
controllable via the research team. Only Max-Min contrast ratio evaluations of the adjacent east
and west office walls and the ceiling have been conducted.
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Perceived lowest and highest Luminance values collected in the field through the fish eye lense
field of view were manually selected. Values of ceiling tile, wall, concrete section, wood door,
wall hangings, glass and the luminaire itself (selection of specific materials only where
applicable) have been selected and collected. Following examples of Photolux Luminance
measurements show examples of the collected 30 position results of PRE- retrofit (left) and
POST-retrofit (right) next to each other. Values shown are in candela per square meter (cd/m^2)
Figure 61: Position hR1-A, horizontal view, pre left, post right

Source: CLTC

Figure 62: Position hR1-C, horizontal view, pre left, post right

Source: CLTC
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Figure 63: Position hR5-C, horizontal view, pre left, post right

Source: CLTC

Figure 64: Position hR5-E, horizontal view, pre left, post right

Source: CLTC

58

Figure 65 and Figure 66 show the significant difference of uplight hot spots towards the ceiling
tiles and associated high contrast ratios with the incumbent system on the left and the lower
overall Luminance values for the new LED system on the right.
Figure 65: Position R1-A, vertical view towards ceiling, pre left, post right

Source: CLTC

Figure 66: Position R3-A, vertical view towards ceiling, pre left, post right

Source: CLTC
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Contrast Ratio (CR) analysis, Pre & Post comparison
All collected lowest and highest Luminance values in the field of view of ceiling tile, wall,
concrete section, wood door, and wall hangings resulted in calculated contrast ratio values as
shown in Table 16 and Table 17. Resulting contrast ratios have been prepared as bar-graphs for
comparison of Pre- and Post-retrofit system. Pre-retrofit results are shown on the left of each bar
pair in blue, Post-retrofit results are shown on the right of each bar pair in red. Calculated
values where not weighted based on quantity of occurrence.
Barring exposed luminaire glare points and highly reflective glass surfaces, all identified major
surface materials of interest and related horizontal contrast ratios in the near and far field of
view where able to be kept very close to or lower than the incumbent systems results (Figure
67). Wood doors had a slightly higher contrast ratio due to higher reflection of the luminaire on
the semi glossy finish of the doors.
Figure 67: Luminance Ratio comparison horizontal, vertical – no glass, no luminaire

Source: CLTC
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The vertical contrast ratios for wall, concrete, and wood door where able to be kept very close to
the incumbent systems results. Best results of minimized CR can be seen in the ceiling tiles, with
a ratio reduction to about half of the previous system. The contrast ratio calculation of all
surfaces in the field of view showed a significant reduction of contrast up to a factor of 5,
mainly due to the high uplight component of the incumbent system. The resulting high contrast
of ~100:1 at the ceiling tiles is shown at the far right in Figure 68.
Figure 68: Luminance Ratio comparison vertical – no glass, no luminaire

Source: CLTC

When including exposed luminaire glare points and highly reflective glass surfaces, the new
LED system had significantly higher contrast ratios for both the horizontal and vertical view
evaluation. Glary luminaire hot spots in the dark and reflective glass were more noticeable and
are negatively affecting the CR comparison if included in the general analysis:
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Figure 69: Luminance Ratio comparison horizontal - with glass outliers

Source: CLTC

For the vertical measurements the camera setup and use of fish eye lens with look upwards to
the ceiling proofed to be an efficient way of calculating Luminance values in the test space with
that many positions to cover, yet this approach does not reflect the human eye’s actual field of
view, the natural head tilt or the normal view orientation of an occupant in the workspace. Due
to this measurement procedure, the camera recorded unshielded direct light from high power
LEDs of the wall wash pendants, that otherwise would have been unlikely to be noticed by an
occupant in the space. Luminance values of up to 75600 cd/m^2 (and possibly higher) of the
exposed LEDs were recorded, while the incumbent T8 fluorescent lamps had a maximum
Luminance of 426 cd/m^2 on the fixture and 851 cd/m^2 at the ceiling tile. These outlier values,
if taken into the contrast calculation, cause for extreme MAX-MIN ratios of more than 5000:1, as
can be seen in Figure 69. Based on this incident it appears noteworthy that is critical to include
glare control for future development of LED wall wash luminaires.
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Figure 70: Luminance Ratio comparison vertical - with glass and luminaire outliers

Source: CLTC

Even though no dedicated workstation and PC monitor measurements have been conducted,
monitor settings and background images are known to negatively impact CR values in the field
of view. Typical luminance of today’s TFT monitors is advertised to range from 250-500 cd/m2.
Another point to consider is that latest monitor generations have the tendency to use a semiglossy display surface and glossy bezel, predominantly advertised to increase the quality of
video appearance, with extremely negative effects in regards of glare and overall reflections
visible on the screen and the bezel. Good work monitors have anti-glare coatings comparable to
good workstation laptop displays or have additional filters installed and flat finish bezels. Due
to these factors it may be that any of the [wall:VDT] ratios at the site be varying significantly
based on the specific monitor used per cubicle. Some values, especially when looking at
reflective materials with black background (glass window sections of unused west and east side
private offices) or when looking directly towards the luminaire with darker surroundings close
by are peaking significantly over contrast ratios of over 100:1.
Recent advent of private computing and handheld devices such as cellphones and other mobile
devices also affect CR values, for instance the iPhone 5 and 6 are both advertised with up to 500
cd/m^2 luminance.
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Financial Outlook
While specifying a system like the above proposed, financial considerations have to be made.
By minimizing LPD, additional energy and financial savings can be expected to be realized. For
the life cycle analysis the yearly rate of use, also called effective full-load hours (EFLH), is an
important figure. A significant discrepancy was recognized between the yearly anticipated use
of the lighting system per the initially used DEER-2001 database with a blanket amount of 2600
per anno, compared to the energy logs collected by CLTC. The latest DEER database 16 states for
linear fluorescent lamps in small offices (<20.000 sf) an EFLH of 2590 hours. Data collected by
CLTC over a total of 356 days from August 2013 till March 2015 indicated the site to have an
average EFLH of 9.4 hours per day (including holidays, vacation etc.), which equals to 3431
hours yearly use.
Future installations should make sure to capture details like the yearly operational hours and
vacation days, observances or core vacation times as close as possible to not prematurely
disregard advanced lighting system options with the aim for optimized contrast ratios as a
financial unobtainable solution. Seasonal fluctuations, daylight savings time, actual long
working hours of employees and additional usage hours through cleaning or security staff is
recommended to be considered in the total hours of usage calculations. 24/7 emergency lamps
calculate to 8760 hours per year and can have major impact on the achievable energy savings.
Through careful site optimized planning, calculations of anticipated light power density values
and the expected contrast ratios through AGI32, the installed LED system achieved through
logging equipment confirmed 0.39 W/sf with main pendants at 100% load and wall wash at 50%
dimming setting = 74% load.
When including the emergency pendants of the office space, the LPD increased to 0.45 W/sf,
which is still a significantly lower lighting power density of 40% less than the recommended
values of Title 24-13 with 0.75 W/sf.
Table 15: LPD calculations, PRE vs POST

CDPH-P-IB, LPD results
Duration of energy logging
load measured on site, circuit 7, 9, 11; all 100%
60 days average logged load
Area size
resulting LPD
including 6x emergency lamps, 24/7 (not logged)
resulting LPD

unit key
PRE
POST savings
days
1
60
Watt 5046.8
Watt
2012.9 3033.9
square foot 5100
5100
0
W / sf 0.99
0.39
0.59
Watt
W / sf

5735
1.12

2276.9
0.45

3458.1
0.68

Source: CLTC

16

http://www.deeresources.com/files/DEER2011/download/2011_DEER_Documentation_Appendices.pdf
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The total pre-retrofit energy use for this office section included a quantity of 188x 32W-T8
fluorescent lamps with a yearly use of 3431 hours, and 12x 32W-T8 fluorescent emergency
lamps with 8760 hours use per year, accumulating to 23,344.2 kWh per year. The new LED
system, with 94x 44W LED main pendants at 100% load, 8x wall wash pendants at 74% load
(32.5W at 50% dim setting), and 6x 44W LED emergency lamps with 8760 hours use per year at
100% load, calculates to a yearly energy use of 9847.1 kWh, or an overall savings from static
incumbent to static LED system of 57.8% (13497.1 kWh p.a.).
Table 16: Energy use calculations PRE vs. POST

CDPH-P-IB, kWh per year results (based
on logged data)
94x pendant EFLH (=effective full load
hours per year)
8x Wall Wash EFLH
based on logged data: circuits 7,9,11
Percent PRE vs. POST, savings
CDPH-P-IB, kWh per year results (mix of
logged data and 6x fixtures extrapolated
data)
including 6x emergency lamps, 24/7, EFLH
logged circuits 7,9,11 with calculated
emergency lighting
Percent PRE vs. POST, savings
CDPH-P-IB, kWh per year results
(anticipated savings)
anticipated possible with minor fine
tuning of nLight system
adjusted circuits 7,9,11; with calculated
emergency lighting
Percent PRE vs. POST, savings

unit key
EFLH
EFLH
kWh per year
percent

EFLH
kWh per year
percent
unit key

PRE

POST

savings

3431
0
17315.6
100%

3431
3431
7634.5
44.1%

9681.1
55.9%

PRE
8760

POST
8760

savings

23344.2
100%

9847.1
42.2%

13497.1
57.8%

PRE

POST

savings

EFLH
kWh per year
percent

2810
23344.2
100%

8483.4
36.3%

14860.8
63.7%

Source: CLTC

The energy use of the the new LED system has been logged from December 29th till February
28th 2015 for a total of 60 days. The logging time window included several weeks of on-site
trouble shooting of several luminaires by the installer and local users adjusting the office
lighting to their likings - therefore collected data is not conclusive for the to be expected
possible energy savings for fine adjusted dimming settings with optimized contrast ratios and
activated daylighting dimming. Minor finetuning of the nLight advanced lighting control
system is highly likely to reduce EFLH closer to the DEER database stated hours of office use,
with resulting energy savings beyond the 60% mark. Future data collection would be required
for accurate analysis and projection of advanced tuning procedures including daylighting and
occupancy controls activated.
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Pre- and Post-retrofit user survey
CLTC conducted an online survey with the employee’s working in the Building P, 2nd Floor,
Immunization Branch (IB), open office space and the ten adjacent offices in the west and east of
the open office area to capture subjective perception information about the light levels from the
workers. The goal of the survey was to obtain subjective evaluation of the old lighting systems
performance and, in a second step, to capture the change after the new lighting system is
installed, commissioned and operated for a period of time in an attempt to assess the occupant’s
visual comfort correlated to light levels in open space offices, specifically regarding contrast
ratios induced by light distribution and surrounding materials in the near and far field of view.
Sample surveys were conducted along the guidelines of the “Office of Behavioral and Social
Sciences Research” 17, the “Department of Health and Human Services” 18 and “National
Institutes of Health”; specifically the document “Sample Surveys” 19 was referenced.
Conducted sample surveys were selecting units from the defined study population (also called
target population) of the CDPH office workers and included subgroups (also called domains)
by recording information/data on the units. Sampling error and Coverage error were kept
minimal, since all employees of the test area (=individuals of the population) were contacted to
participate in the surveys and the number of responses indicate a participation of close to 100%
of employees. Nonresponse error answers (such as abstention) are included and have potential
for bias, even though the survey mechanism was developed so that abstention had to be a
chosen value (active abstention decision). Measurement error is error in the responses for a
sampled individual that for example is due to misrepresentation of an answer or a concern for
revealing sensitive behaviors. Measurement error may lead to bias or increased variance, and is
difficult to quantify without auxiliary information. Specification Error and Processing Error
have been sought to be eliminated but may be included. Survey Weights have not been used;
confidence level and margin of error have not been calculated for this survey.
The survey is using several semantic scales and was carefully designed, along the ethical codes
and regulations of human subjects in research 20, to have no collection of personal identifiers
such as name, specific age and the like. The location of the employee’s cubicle was kept vague
to not be linkable to a specific employee. Participation was voluntarily and the survey was
designed to have neither negative nor positive impact on employability, personal reputation or
personal finances. No incentives where given. Participants had the chance to withdraw at any
time, or decline to answer specific questions or complete specific tasks at any time during the

17

http://www.esourceresearch.org/

18

http://www.hhs.gov/

Sarah M. Nusser, and Mike D.Larsen. "Sample Surveys". Iowa State University, 2009
http://lib.dr.iastate.edu/cgi/viewcontent.cgi?article=1000&context=stat_las_pubs
http://www.esourceresearch.org/tabid/374/default.aspx
19

20

Collaborative Institutional Training Initiative, Social & Behavioral Research (Citi-IRB) ID: 4398690
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survey process without any negative affects to them. There were no risks anticipated or
recorded in the participation of this survey.
Figure 71: online survey, result excerpt

Source: CLTC

The survey included a total of 16 unique questions in eleven question sections. Four survey
sections had specific questions to indicate general location of the occupants work space, use of
under cabinet task lighting, age group bracket or associated gender group. Seven survey
sections with 12 total questions requested to rate via a Likert style semantic scale. The most
used semantic scale was based on a five-point rating option, for instance from “highly
unacceptable” (rated “-2”) over “-Indifferent” (rated “0”) to “highly acceptable” (rated “2”) and
included a separate “skip = abstention” option, which was combined with the indifferent votes.
The same five-point scale was used to capture the satisfaction level of the investigated lighting
system at the time of the survey (local work place and building wide), to evaluate light levels at
the occupant’s work place (more or less light desired) and the perceived importance of lighting
at work and at home. A seven-point scale was used for Section 3, the desire for more or less
light.
A copy of the full pre-retrofit online survey questions with the semantic scale utilized per
question is attached in the appendix of this report. The Post retrofit online survey was kept
along the same quantity, same scales and intent of questions, but changed to reflect the LED
system terminology.
The surveys were commenced through an online portal (Google online survey) for both the preretrofit and post-retrofit lighting system. Both survey results have been collected and analyzed
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via Excel and have been collated in “Diverging Step Stacked Bar”charts. Following results show
the questions, analyzed answers and used color coding key.
Section 1 asked about the location of the anonymous occupants; the results of this section have
been omitted in this report. Section 2 of the survey asked three Likert style five-point questions
regarding the satisfaction of the occupant’s perceived even light levels throughout their office
area workplace; the ease of work with documents; and ease of work with monitors.
Figure 72: Section 2 questions and results, Pre & Post

Source: CLTC

The comparison of the pre versus post LED-retrofit analysis indicates that the light levels are
perceived as less even than the incumbent system. This can be explained by the granular
controls of the lighting system and the new capability of occupants to control the overhead
lighting over or close to their cubicle. The perceived ease of work with documents and monitor
did have a significant change towards better illumination for both task.
Section 3 of the survey asked two Likert style seven-point questions regarding the desire of the
occupants for more or less light at their work place.
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Figure 73: Section 3 questions and results, Pre & Post

Source: CLTC

The comparison of the pre- versus post- LED-retrofit analysis indicates that the light levels of
the LED system are overall perceived as reduced compared to the incumbent system. This is
indicated by an increase of wishing for more lighting, and a moderate decrease of occupants
wishing for less lighting. The increase of wishing for more lighting is explained when
considering the significant reduction of the overall LPD of the incumbent system from 1.12 W/sf
to the LED-system LPD of 0.48 W/sf when at full load (including all wall wash pendants, not
including emergency lighting circuits). Based on the analyzed results the majority of occupants
are in the perception result bracket of “content” up to “highly satisfied” with the light levels of
the new system.
Section 4 is a follow up question to Section 3, gaining insight in the change of use of additional,
but localized under-cabinet lighting or additional task lighting at the occupant’s work place.
Figure 74: Section 4 questions and results, Pre & Post

Source: CLTC

Parallel to the reduction of the overall LPD in the office space, and with the increased wish for
more lighting, the use of under cabinet and additional localized task lamps has increase
significantly. This is a welcomed development, since higher energy savings as well as optimized
contrast rations may be achieved if occupants optimize the lighting to their individual likings.
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Section 5 of the survey asked three Likert style five-point questions regarding the satisfaction of
the occupant’s perceived even light levels throughout the surrounding workspace of the open
office area; the look of office objects; and look of personal objects.
Figure 75: Section 5 questions and results, Pre & Post

Source: CLTC

The comparison of the pre versus post LED-retrofit analysis indicates that the even illumination
of the LED system is again overall perceived as reduced compared to the incumbent system.
This can be attributed to the highly granular adjustable lighting system and local variances in
settings. The look of office objects and personal items did not result in a significant change.
Section 6 asks two Likert style five-point questions regarding the satisfaction of the occupant’s
perceived even light levels throughout the whole building and the perceived safety throughout
the building.
Figure 76: Section 6 questions and results, Pre & Post

Source: CLTC

The comparison of the pre versus post LED-retrofit analysis indicates that the even illumination
throughout the building is generally well or indifferent perceived. The perception of safety has
shifted significantly over the switching period from incumbent to LED system: over 40% losses
70

in the strong agreement of perceived safety have been recorded. The research population
indicates a small quantity of 4% to evaluate the feeling of safety to be diminished.
Section 7 asks two Likert style five-point questions regarding the perceived importance of the
occupant’s lighting at work and at home.
Figure 77: Section 7 questions and results, Pre & Post

Source: CLTC

The comparison of the pre versus post LED-retrofit analysis indicates that the perceived
importance at the work place has lost a strong agreement and moved more towards general
agreement. No negative perceived importance was recorded.
Section 8 focused on the collection of age bracket and gender association of the surveyed
participant. It is noticeable that within a timeframe of four months (pre-retrofit survey roll out:
October 2014, post-retrofit survey roll out: February 2015) there had been a significant change in
the workforce, age group and gender mix. The quantity of female workers had increased
(formerly 38%, now 46%), the quantity of males reduced slightly (from 28.6% to 23.1%) and the
gender “other” bracket and abstention bracket stayed almost unchanged.
Figure 78: Section 8 questions and results, Pre & Post

Source: CLTC

The age bracket of 40-50 has increased significantly (from 4.8% to 23.1%), and the age bracket of
50-60 has decreased (from 23.8% to 3.8%). Such strong fluctuations can be attributed to the small
sample size of the test population, as well as to possible measurement error.
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Quotes from responders – Pre-retrofit feedback results collected through the survey:
“I have felt that the light within my office is inadequate for a long time and assumed nothing
would/could be done about it.”
“Lighting automatically shuts off at 6pm. If we are working past 6:00, we need to go and manually
turn on the lights we need, or use task lamps (which alone are insufficient).”
“I have a standing desk (and I'm quite tall) and the overhead light is directly above my computer. I
find it to be too bright and would prefer if the overhead lights were dimmer.” “Although it may not be
feasible, it'd be ideal if I could turn off or dim just the lights directly above me.”
“Overhead lights seem to automatically turn off every evening at 6 pm, which is a slight nuisance for
those of us that are still working after this time and have to turn the lights back on.”
“As long as lighting is not to bright/fluorescent and no glare on computer screens and adequate light
to work, I am happy.”
Quotes from responders – Post-retrofit feedback results collected through the survey:
“The fellas did a fantastic job with the design, aesthetics and workmanship. Since I work near the
window, I would prefer that the lights stay off. I personally prefer natural lighting on a sunny day
than the glarish office lights- HOWEVER- if one must light up a building, they work nicely.”
“The availability and my satisfaction with the lighting is very dependent on the weather outside.
When it is clear outside, I feel that the LED lights compliment the natural light well. When it is
overcast outside, the LED lights are a bit glaring and provide very uneven light throughout my
cubicle. I have two computers and the lighting is very different at each.”
“… We need instructions with a map to show how each person can change the lights without messing
up someone else's. Seems like the set-up is so much more complicated with little improvement to the
lighting or even worse conditions than before.”
“Entire office gets so dark after 6pm. The only light that remains on is the one by my cube. The lights
should automatically shut off at least by 7pm. “
“I sit at cubicles that are not directly over, light and I often have to use a desk lamp to read my
documents. Also I cannot adjust the light level near my desk. Lastly the auto adjust is not helpful
because I am far from the window so natural light that supplements others do not benefit me. I did
not have as many issues with the old lighting system.”
“Currently I don't think it's possible to really say because the lights have not been programmed yet,
AND/OR we have not been instructed in how they work. We need something in writing such as
"First person who gets to work turns on the buttons in the silver box. Each person can adjust the
light in his/her cubicle by _____ (how? does it work?)" That's what we really need: instructions… “
“It would be great to get some training on how to control the lights.”
Survey Conclusions
The majority of occupants noted uneven light levels through the office space based on the new
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introduced controllability of the lighting system with control granularity down to the single 4ft
fixture section. At the same time work with documents and work with monitors have been
perceived to be significantly easier. The desire for less light at the workplace was slightly
reduced, while the desire for more light increased comparatively stronger. The correlated use of
task lamps for occupants with higher luminance needs did increase significantly. The perceived
look of office objects as well as personal objects did change marginally. Even light levels
throughout the building did change marginally, but the perceived feeling of being safe did
change drastically – this result may be related to something else than lighting alone, but reason
is unclear as of now. The importance of lighting at work and at home both stayed completely on
the deemed important side of the scale and changed marginally.
The total population size changed from the pre-retrofit survey population quantity of 21 in
October 2014, to the post-retrofit population quantity of 26 in February 2015; correlated age
groups as well as gender aggregate changed notable in the time between both surveys.
Collected written statements from the surveyed office workers indicate that the Wattstopper
breaker panel still operates with the pre-programmed 6:00pm turn-off event from the
incumbent system programming. CLTC advised CDPH to disable this feature if permissible,
since several notes indicate this feature is considered to be bothersome to the staff members.
Several workers requested better documentation and better training to use the new system. It
was unclear to several occupants, which one of the seven control pods for the office space
would control their own or adjacent cubicle pendant. This is a clear indicator the
commissioning and training process for new advanced lighting control system can be
significantly enhanced and refined to ensure all users understand new systems capabilities,
settings, use and can subsequent optimize the use of the lighting system as intended for best
amenity and optimized energy savings.
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Technology Transfer
CLTC worked with manufacturing partners such as Finelite with Enlighted controls,
AcuityBrands Peerless, Pinnacle and nLight controls, as well as test-bed partner California
Department of Public Health, Richmond CA in PG&E territory to support the objectives of Wall
wash for Task-ambient Demand Responsive Ambient Lighting development for energy savings
through reduced contrast ratios in office applications. This project included research, virtual
testing, installation and continued monitoring of products commercially available at the time of
start of this project. This work supported latest industry developments and education on the
Wall wash for Task-ambient Demand Responsive Ambient Lighting.
Production Cost and Production Level Improvements:
Due to limited access to manufacturers proprietary information CLTC is not able to estimate at
this time the cost of production of the technology. For early LED products, the small form
factors of replacement lamps presented manufacturing challenges which led to very high first
costs. LED lamp prices are expected to decrease significantly over time and much more than
luminaires. LED luminaires are more material-intensive and are more expensive on a first cost
per kilolumen basis. The average cost for a commercial LED luminaire is projected to fall from
$105 per kilolumen in 2013 to $27.6 in 2030 21. All hardware components were sourced as shelf
serial production items with a Technology Readiness assessment Level of TRL9 22 and are
available through AcuityBrands and selected representatives on request. The prototype system
including wall wash luminaires developed by CLTC was finalized as functional prototype with
at least TRL7. Results of this project may be used to refine product implementation and extend
the TRL results in the future, specifically in regards of product troubleshooting, inclusive
technical documentation and the commissioning process including end user training.
Market Analysis, Demand and Economic Rationale
Most commercial and industrial buildings use interior lighting for offices. These fixtures
commonly operate at full load over extended hours and in the past have been controlled with
simple wall switches or with time clocks. Dimmable LEDs and sophisticated controls can offer
much greater efficiency, quality of light and controllability both optically and in combination
with occupancy sensors and daylighting controls. The careful planning and implementation of
luminaires in an office environment can help to lower contrast ratios and thus minimize dismal
work conditions.
In 2007, California consumed an estimated total of 57,213 gigawatt-hours (GWh) of electricity
for residential interior, commercial and outdoor lighting, with commercial interior lighting
accounting for approximately 50 percent of this total at 28,714 gigawatt hours. By 2010,
statewide consumption had dropped to 52,688 GWh, with the commercial interior sector at
25,769 GWh, or about 48.9 percent of the total 23, while office floor space had continuously
21 Energy Savings Forecast of Solid-State Lighting in General Illumination Applications, Prepared for U.S. D.O.E. by Navigant
Consulting, Inc., August 2014 – page 51, Table E.9

22

DOE-G-413.3-4A, page 9-10

23

Lighting Electricity Use in California – Baseline Assessment to Support AB 1109, CLTC May 2014).
http://www.energy.ca.gov/2014publications/CEC-500-2014-039/CEC-500-2014-039.pdf
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expanded. Widespread adoption of LED lighting for general illumination applications is posed
to be the single, largest advancement in lighting efficiency during the 21st century.
The commercial and industrial sector is an important potential market for LED technology. It
represents a significant untapped potential of energy savings and underscores the importance
of a comprehensive next generation LED lighting and manufacturer training to target efficiency
improvements.
The Department of Energy captures office lighting in their reports in the categories “Recessed
Down lights” (separated in ~52.5% residential and ~47.5% commercial), “Task Lighting” and
“Office Under shelf Lighting”. A 2008 niche report 24 states the then market penetration of LEDs
in the three categories was assumed to be close to zero percent for each section – an assumption
that is not true today, as LED luminaires have been implemented in all three categories in the
recent past. The estimates stated in the report are still of interest, since the three lighting
categories for commercial and office use alone consumed a total of 71.1 TWh in 2007, with
potential electricity savings of 53.0 TWh/yr. if all of the applicable lights were replaced with
LED products with luminaire efficacies of 60.9 lm/W for Commercial Down lights, 38.3 lm/W
for Task Lighting and 45.5 lm/W for Office Under shelf Lighting (DOE, 2008c, 2007c). These
potential electricity savings are equivalent to a primary energy savings of 565.3 TBtu/yr. at the
power plant. The maximum energy savings of LEDs in all three categories is equivalent to the
annual output of 8.4 large (1000 MW) coal power plants or the annual electricity consumption
of over 1.3 million households.
Recent indoor luminaire developments as of July 2014, traced through the DoE LED Lighting
Facts database 25, 26, show maximum levels of beyond 120 lm/W luminous efficacy of LED
luminaires introduced in Q2 2014 and a mean efficacy of 75 lm/W, a significant higher efficacy
compared to the 2007 anticipated values. Trends indicate further enhancements towards higher
efficacies in the near future. The indoor sector is therefore a significant potential market for LED
technology implementation. It represents a significant untapped potential for energy savings
and underscores the importance of well-developed next generation LED lighting systems to
target efficiency improvements.
LED lighting sales (based on lumen-hours) are projected to increase from about 3 percent in
2013 to 48 percent in 2020 and 84 percent by 2030. That rapid growth between today and 2020 is
large due to newly enacted efficiency standards and LEDs costs reaching highly-competitive
levels. LEDs market share are expected to grow in the coming years. Competitive improvement
in efficacy, service life and price is expected to drive growing demand for LED general lighting.
In 2010, LED lamps typically had reported lifetimes of 25,000 hours, while early LED luminaires

24

http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/nichefinalreport_october2008.pdf

25

http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/lf-snapshot_ambient-lighting.pdf

26

http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/snapshot2014_indoor-luminaires.pdf
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had longer lifetimes of 50,000 hours. By 2030, these values are projected to increase to 50,000
hours for lamps and 100,000 for luminaires 27.

Market Barriers
Because of the high efficacy and increasing penetration of LED products, significant energy
savings are predicted for the commercial sector, with a 53 percent decrease in energy
consumption compared to a no-LED scenario by 20307. The biggest barrier for widespread use
of LED luminaires are the associated high cost per luminaire and the resulting time interval to
recover the cost through annual savings depending on the local energy prices. Recent luminaire
manufacturer for indoor lighting systems are including advanced control system components in
the luminaires, and the price of remote control components for luminaires not prepared to
include controls have shown to add less than 10% to the luminaire price. The gained energy
savings through advanced scheduling, daylighting features and facility management amenities
promise validity of the added system components for faster return of invested funds.

Retailer Viability
Key drivers behind the sales of more energy-efficient lighting and control systems have been
utility rebates, incentives and standards mandated by national and state energy codes such as
Title 24, Part 6 28 when adding, conducting alterations or retrofitting certain percentages of
luminaires at a site installation. In case of specific luminaire combinations, use of occupancy
sensors or daylighting sensors, and when using networked or RF system components, retailers
and specifier are the go to professional to help implementing ideal solutions for the specific site
application.

End-user Benefits
Studies have shown that when implementing multi-level adaptive controls in commercial
system settings with advanced LED luminaires, several variable factors such as “occupant
behavior, building design, site orientation, availability of daylight, device settings and level of
commissioning” 29 will have significant impact on the system requirements. Research indicate
that when using multiple strategies (combination of occupancy controls, personal tuning,
daylight harvesting, institutional tuning) energy savings in excess of 38% can be achieved
additional to the initial change from incumbent luminaire to the new LED system. Longer light
source lifetime and less maintenance are additional factors that help to reduce associated costs.
Incentives and rebate programs will help early adopters in regards of financing and to lower the
payback time.

27 Energy Savings Forecast of Solid-State Lighting in General Illumination Applications, Prepared for U.S. D.O.E. by Navigant
Consulting, Inc., August 2014, Page 12 http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/energysavingsforecast14.pdf
28http://www.energy.ca.gov/2012publications/CEC-400-2012-004/CEC-400-2012-004-CMF-REV2.pdf
29LCA,

Craig DiLouie, Estimated Energy Savings with Lighting Controls, 16.Oct.2013
http://lightingcontrolsassociation.org/estimating-energy-savings-with-lighting-controls/
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Rebates and Incentives
Lighting systems can be expensive to update and some utility companies offer rebates or
incentives. For instance, Pacific Gas and Electric Co. offer specific rebates related to energy
brackets 30. Under the replacement lamp incentives, consumers earn instant rebates from
participating lighting distributors when they purchase and install qualifying replacement
lamps 31. The replacement fixture and retrofit kit incentives are designed to help cover the
installation costs of qualifying fixtures or kits. The requirements for this installation were met
and the installed new LED-luminaires were eligible for rebates (PG&E rebate code LD146,
$30/fixture 32)

Project Level Market Connections
CLTC conducted a variety of project-level market connections activities in support of the
research conducted under Task 2.12 Wall wash for Task-Ambient Demand Responsive
Lighting. Activities focused on increasing market awareness and giving guidance for consumers
interested in the task-ambient lighting approach. CLTC worked extensively with lighting
manufacturers to build and provide appropriate lighting solutions to meet the task-ambient
design strategy. The concept of task ambient systems, especially in office applications, was
consistently championed by CLTC researchers and staff members throughout the course of this
research project (2009-2014). A brief description of selected activities is provided below along
with links to supporting documents.
Outreach to Manufacturers
CLTC worked with Acuity Brands Peerless and Pinnacle as well as Finelite to evaluate and
refine proposed Task-Ambient luminaire installation and advanced control lighting system
(ALCS) for office applications. CLTC provided a demonstration site for in-situ field testing and
increased visibility of products to aid information distribution. Various products of different
luminaire manufacturers have been reviewed and in cooperation with the test site stake holders
two system pairs of area and wall wash luminaire from Acuity and Finelite where decided to
investigate for further evaluation:
•
•
•
•

Acuity Peerless, “Bruno”
Acuity Pinnacle, “Edge EX3”
Finelite, “16S”
Finelite, “HPW

[weblink]
[weblink]
[weblink]
[weblink]

Other Market Connection Highlights
In addition to the technological demonstrations listed in the previous section, CLTC has
performed additional market connection activities to aid the development and implementation
of this technology
30

http://www.pge.com/includes/docs/pdfs/mybusiness/energysavingsrebates/incentivesbyindustry/ee_business_rebate_app_final.pdf
31

http://www.pge.com/includes/docs/pdfs/mybusiness/energysavingsrebates/incentivesbyindustry/lighting_catalog_final.pdf

32

http://www.lightingfacts.com/ca
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∞ Webinar series, “Layers of Light”,
Kelly Cunningham CLTC and Terry Clark, Finelite; April 2012
∞ Pacific Industrial and Business Association (PIBA) Ergonomics Event,
Prof. Konstantinos Papamichael, Kelly Cunningham; December 2012

Conclusions and Recommendations
While several publications are available for layered approaches to lighting use in office settings
and analysis of discomforting glare perception in interior working environments 33, not a lot of
specific material and research is available for the evaluation of these areas based on near and far
field contrast ratios through carefully orchestrated layered ambient and task lighting. The
layered lighting approach, using a mix of overhead lighting, wall wash luminaires, task
lighting, under cabinet luminaires and eventual accent lighting, are each unique from a formal
industrial design approach. This result in unique engineering needs based on the intended use
and correlated light levels per luminaire type (from low/ambient to high/task).
The optical capabilities of each luminaire for amicable ambient or task lighting, as well as the
quality of lighting in regards to color temperature and color rendering of the SSL components
used, are of high importance and have considerable variation within the luminaire types
available 34. Intuitive user interfaces for operation and flicker free dimmable drivers should be
considered a standard user expectation, but interoperability between system components is not
guaranteed. Advanced controls currently involve a plethora of parameters such as occupancy
sensors, multilevel switching, manual dimming, daylight harvesting, advanced lighting control
systems (ALCS) use with time clock and advanced scheduling, energy management systems
(EMS), preset scene controls, workstation specific controls or institutional tuning rules.
While the named controls offer many amenities and great energy saving potentials 35, a
combination of any of the named luminaires with their inherent capabilities and any of the
various controls make it a challenge for site owners and specifiers to achieve optimized lighting
settings for all possible iterations. These challenges support the need and potential for advanced
training materials and knowledge transfer programs, such as the California Advanced Lighting
Controls Training Program (CalCTP).
It is noteworthy that relatively simple lighting considerations such as color temperature, control
over discomforting glare (optimized for the intended site and anticipated users), smooth rampup and ramp-down dimming controls or, for instance, a well executed commissioning
procedure with user training can make a significant difference in the subjective user experience
For instance LpR Article: “Discomfort Glare Perception of Non-Uniform Light Sources in an Office
Setting”, L. M. Geerdinck, J. R. Van Gheluwe and M.C.J.M. Vissenberg; 2014.Sep.18
33

34

http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/snapshot2014_indoor-luminaires.pdf

35

LCA, Craig DiLouie, “Estimated Energy Savings with Lighting Controls”, 2013.Oct.16
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and amiability of mentioned hard- and software system components. Advanced controls,
including remote options through smart phones or tablets, are emerging in the recent past and
are gaining traction on the market. Future embedding of demand response system features
appears to be in close reach through software solutions that make use of current remote control
systems and sophisticated EMS building automation solutions.

Manufacturer Adoption and Deployment Requirements:
Manufacturers interested in development of Wall wash for Task-ambient Demand Responsive
Ambient Lighting shall consider and include the following elements / options in their product
lines:
1. Offer luminaires that utilize latest high efficacy and quality LED sources at the time of
manufacturing. Near future SSL evolution should be anticipated so thermal solutions
are planned accordingly and can be used for longer production runs with changing LED
generations.
2. Quick-mount and solder less LED chip holder from manufacturer such as Molex, TE,
Ideal, etc. are efficient solutions to streamline production accuracy and associated costs.
3. SSL engine developments as promoted through the Zhaga consortium standardized
“books” help to optimize the combination of light source, heat management, optical
control options, serviceability and interoperability of future luminaire developments.
4. SSL engines, driver and control system items as well as sensors shall be easily
serviceable in case of premature failure or shipping damages.
5. Dimming drivers shall be flicker 36- and audible noise-free. It is strongly advised for
manufacturer to clearly communicate all aspects of the driver settings in the technical
specification documents; such as linear or logarithmic dimming curve correlated to
percentual dimming values of the supplied control software or of system conform
hardware switches.
6. Pre-programmed lumen maintenance features that keep drivers locked in a lower than
maximum state (industry jargon “N100” for maximum output or “N80” for locked at
80%) shall be clearly communicated, so designed spaces do not suffer from low light
levels because of N80 settings.
7. System dimming shall be compatible to latest wall dimmer switches 37 for permanent
mounted luminaires such as recessed troffers, pendants or wall sconces.
8. Develop Luminaires that surpass statewide (for instance Title24) or nationwide (for
instance EnergyStar) requirements to outperform socket based solutions.
9. Develop and provide detailed and clearly formulated product specification sheets, CAD
files (.IES, Revit, etc.) and other marketing materials to support sales.

36

per CIE 17.443 e-ILV and ANSI/IES RP-16-10 and ongoing developed best practice

Per IEC 60969 Ed.2, NEMA-SSL7, 4E, CELMA, EST, Title20/24, CEC and ongoing developed best
practice
37
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Future Research, Development & Demonstration Opportunities:
While much research has been accomplished, and a wide range of product elements are now
available on the commercial market, CLTC sees some gaps that remain to be explored in order
to improve product performance and quality, predictable planning, ease of implementation and
subsequent cost-effectiveness. Areas for future research include:
1. While latest linear pendant and task light LED products achieve over 100 lm/W efficacy,
overall efficacy levels of LED wall wash luminaires are still comparatevely low. There
seem to be a distinct lag between the fast paced development speed of new SSL chip
generations with higher efficacy and associated higher prices for the bulk of linear
pendants, and established niche wall wash product developments whereas a high
efficacy LED source may also trigger secondary changes to the luminaire design such as
thermal management, optics and possibly other related hardware issues. Foresight of
development trends and quicker integration of latest SSL generations will help to
continuously increase total luminaire efficacy.
2. Further developments of standardized lighting engine components such as Zhaga
consortium books, innovative mounting solutions for LED and optics, and advanced
materials will help to minimize the efforts to develop new luminaires and insure faster
and more widespread adoption of qualitative, efficient and easily maintained LED
luminaires. The Zhaga “books” for instance are well defined, standardized sections and
lend themselves for future code and standards approaches on state and federal level.
3. CAD-modelling for an optimized mix of several LED luminaires to achieve low contrast
ratios in office applications proofed to be a laborious and time consuming task.
With a specific goal lighting power density (LPD) value in mind, each of the mix of area
lighting pendants, wall wash luminaires, task lights and under-cabinet luminaires in
various dimming levels, some also equipped with daylighting features, affect the whole
site and the resulting contrast ratios, and therefore made it very difficult to find ideal
system settings. When comparing CAD model simulated photometrics with real life at
site collected Illuminance and Luminance values, results can vary significantly based on
the accuracy and level of detail of the CAD model. Future work related to this project
will benefit from higher detailed CAD models and ongoing planning expertise towards
holistic understanding of contrast ratios of multi-variable feed-back systems.
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Appendix: Test Data
Test bed AGI small office mockup, Iteration plan "A"
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test bed AGI small office mockup, Iteration results "A"
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Test bed AGI small office mockup, Iteration plan "B"
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Test bed AGI small office mockup, Iteration results "B"
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Test bed AGI small office mockup, Iteration plan "C"
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test bed AGI small office mockup, Iteration results "C"
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SSL pendant comparison of Finelite and Acuity
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Photometric M&V: Luminance results table for Pre and Post system
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Photometric M&V: Luminance Contrast Ratio, horizontal
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Photometric M&V: Luminance Contrast Ratio, vertical

92

93

Photometric M&V: Luminance Contrast Ratio, horizontal - no glass and luminaire

Photometric M&V: Luminance Contrast Ratio, vertical - no glass and luminaire
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Photometric M&V: Luminance Contrast Ratio, horizontal - with glass and luminaire outliers

Photometric M&V: Luminance Contrast Ratio, vertical - with glass and luminaire outliers
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Survey CDPH-P-IB, Lighting, Pre-LED-RevF, #1-3
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Survey CDPH-P-IB, Lighting, Pre-LED-RevF, Page #2-3
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Survey CDPH-P-IB, Lighting, Pre-LED-RevF, #3-3
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APPENDIX I:
Task 2.17 – Adaptive Lighting for Secondary Spaces
Introduction
Secondary spaces such as corridors and stair wells are often characterized by low occupancy,
which makes them a logical choice for deployment of adaptive lighting solutions. Adaptive
lighting facilitates dynamic light level adjustment based on occupancy, daylight and
scheduling. This energy saving strategy is more often accepted by occupants of secondary
spaces because these are common spaces that occupants do not feel individual ownership over.
Therefore, light levels and light level changes are not personal to occupants, and occupants are
less likely to associate their personal preferences with the state of the lighting system. Lack of
assumed personal ownership over the lighting in a space allows for greater design flexibility;
including periods of reduced illuminance to save energy.

Project Approach
The goal of this project is to develop lighting technology packages for secondary spaces that
optimize light output and save energy using adaptive control strategies based on area
occupancy, daylight and demand response (DR) control requirements. To meet these goals,
researchers focused on design, development and demonstration of targeted lighting control
strategies and systems.
The research team developed a system specification for smart corridor lighting that utilizes
intelligent control strategies to optimize safety and lighting performance with minimal overall
energy use. Illuminance modeling was performed for both fluorescent and LED products.
Current codes and standards requirements were utilized to determine other aspects of the
performance specification. Based on these specifications, researchers designed and installed
prototype smart lighting in typical corridor spaces. A variety of control systems, luminaires
and locations were utilized to create a diverse demonstration portfolio, which showcases the
diversity and flexibility of adaptive concept.
In addition to product development and demonstration, researchers completed market
adoption and support activities to help accelerate industry uptake and influence future codes
and standards to ensure broad adoption of adaptive lighting strategies. Researchers worked
closely with several manufactures on smart lighting products for corridors and developed the
curriculum for the California Advanced Lighting Controls Training Program (CALCTP) for
electrical contractors.

1

Project Outcomes
The two primary outcomes of this research are a lighting system specification for secondary
spaces and demonstrated energy use and cost data that California ratepayers may be used to
understand potential savings of future adaptive lighting retrofit projects. Development details
and results are provided in the following section.

Smart Lighting Specification for Secondary Spaces
The Smart Lighting for Secondary Spaces product specification formed through market review
of luminaires, illuminance modeling of secondary spaces, further research into codes/ standards
and economic analysis. Details on this development process are provided below.
Specification Development
A survey of the current stairwell fixture offerings on the market led to the selection of the 10
common luminaries used in stairwell applications. Product performance criteria as stated in
manufacturer’s product literature is provided in Table 1.
Technicians created a model stairwell design for use with computer-based illuminance
modeling. The model represents the most complicated geometry found in a secondary space.
The stairwell mode used commonly found surface reflectance values: ceiling 80 percent, walls
50 percent, floor 20 percent. Illuminance measurements were calculated for points along a two
foot by two foot grid at the finished floor. The model included three landings, five feet by 10
feet, and two sets of stairs. A screen capture of the computer model is shown in Figure 1. A
summary of photometric values gathered from the specification sheets and the calculated
illuminance values are listed in Table 1.
Figure 1: Screenshot of computer stairwell model

Source: CLTC
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Table 1: Photometric modeling results using common stairwell luminaires

Manufacturer

Light
Output
(lumens)

Illuminance (fc)
Power
(W)

Luminaire
Efficacy

Average

Maximum

Minimum

Uniformity
Ratio
Ave/
Max/
Min
Min

Linear Fluorescent – (1) T8 lamp
Product A
(Standard Strip No Lens)

2,728

36

76

3.4

6.3

1.3

2.6

4.9

Product B
(Security Light)

2,098

34

62

3.2

6.5

1.1

2.9

5.9

Product C

2,552

30

85

3.6

6.3

1.5

2.4

4.2

Linear Fluorescent – (2) T8 lamps
Product D

4,283

53

81

6.3

11.4

2.8

2.3

4.1

Product E

4,282

56

76

4.1

16.3

1.1

3.8

14.8

Product F

4,214

55

76

4.6

7.6

2.6

1.8

2.9

Linear Fluorescent – (3) T8 lamps
Product G

5,469

90

61

6.6

11.6

2.9

2.3

4.0

Product H

5,170

100

52

7.4

12.4

3.4

2.2

3.7

LED
Product I

3,348

45

74

3.2

8.1

1.0

3.2

8.1

Project J

1,911

24

80

2.3

3.7

1.2

1.9

3.1

Source: CLTC

Researchers compiled a list of lighting recommendations from the Illuminating Engineering
Society (IES). The list included recommended minimum maintained average horizontal
illuminance at grade and uniformity rations. Resulting are listed in Table 2. Comparing the
modeled data from Table 1 (Illuminance – Minimum) to the recommended values in Table 2
shows that existing, commercially available products can meet and/or exceed recommended
illuminance values for most common applications.
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Table 2: Minimum Recommended Maintained Illuminance while Occupied

IES RP Document

Application

Minimum
Maintained
Illuminance while
Occupied (fc)

Stairs

RP-1: Office Lighting

5

Corridors

RP-2: Merchandising Areas Lighting
RP-3: Lighting for Educational Facilities
RP-7: Practice for Industrial Lighting
RP-28: Lighting and the Visual Environment for Senior
Living
RP-29: Lighting for Hospital and Health Care Facilities
RP-30: Museum and Art Gallery Lighting

5

Stairs

0.7

Corridors

0.9

Stairs

2

Corridors

10

Stairs

5

Corridors

5

Stairs

30

Corridors

30 at Day/10 at Night

Stairs

10-20

Corridors

5-20

Stairs

10-30

Corridors

10-30

Source: IES Handbook

System Performance Specification
Based on current market analysis, photometric modeling, IES recommended practices and
emerging technologies, researchers developed the following performance specification for
adaptive secondary luminaires. Market research shows that the typical fixture used in the
stairwell application offers the following options:
∞ Correlated Color Temperature: 3500 K, 4000 K or 5000 K
∞ Voltage: Universal, 120 V or 277 V
∞ Knockouts: Ceiling or Wall mount
∞ Length: 1 foot, 2 foot or 4 foot
∞ Diffuser: Clear Prismatic, White Opal, Vandal Resistant, Tamper Proof
∞ Weather Rating: Dry, Damp or Wet
∞ Battery Backup
∞ Canadian Market
Adaptive Luminaire Performance Requirements:
∞ UL Listed
∞ Sensor Fail to 100 percent light output
∞ LED Status indicator on controls
∞ Minimum illuminance at grade by NFPA code: 1 foot candle
4

Tables 3 and 4 contain metrics to guide the design and/or selection of secondary space
luminaires based on photometric performance, energy consumption, sensor technology,
warranty and a fixture price point for a system that achieves a three year payback. Payback
calculations were conducted assuming 30 percent occupancy of the space whose baseline
operates continuously throughout the year; 20 percent power consumption while unoccupied;
and an average energy cost of $0.125 per kilowatt-hour (kWh). The price range brackets worst
and best case retrofit scenarios. Low-end pricing assumes a retrofit of a 2-lamp T8, electronic
ballasted fixture with an average input power of 55 watts. High-end pricing assumes a retrofit
of a 2-lamp T12, magnetic ballast fixture with an average input power of 90 watts.
Good, better, and best options were defined by maintaining equivalent delivered lumens while
decreasing the system wattage and meeting other performance targets. CRI, sensor technology
and warranty are based on current market offerings with the anticipation of further technology
improvement and development.
Table 3: Fixture Design Guidelines
Baseline

Replacement

T12
2-Lamp
Magnetic
Ballast

T8
2-Lamp
700
Series

Good

Better

Best

5,469

4,300

4,300

4,300

4,300

Wattage

90

55

50

45

40

Efficacy

61

78

86

96

108

CRI

70

75

80

85

90

Parameter

Delivered Lumens

Sensor Technology

-

-

PIR

US or
Microwave

DualTechnology
or Microwave

Sensor Field Adjustment
Interface

-

-

Trimpot

Trimpot

DIP Switch

Control Input

-

-

Contact
Closure
(Bi-Level)

Contact
Closure
(Bi-Level)

Full Dimming

Level Transition Method

-

-

Step

Step

Ramp

Warranty

-

-

3 year

5 year

7 year

L70 based on TM-21

-

-

50,000

75,000

100,000

Price Point
(T8 Replacement)

-

-

$56

$68

$81

Price Point
(T12 Replacement)

-

-

$171

$183

$196

Source: CLTC
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System Demonstrations
Based on system performance specifications, researchers deployed prototype lighting systems
for both laboratory demonstration and field demonstrations a several host sites throughout
California. There are many controls solutions appropriate for adaptive lighting systems. The
lighting systems selected for this series of demonstrations consist of luminaires equipped with
one of three control systems: WattStopper Digital Lighting Management System (DLM),
Enlighted Systems, or Lutron Energi TriPak controls. The demonstration projects allowed for a
thorough evaluation of each system under controlled and real-world conditions. One of the
main field demonstrations, University of California San Francisco, includes all three systems, in
a side-by-side, in-situ comparison. Outcomes from all demonstrations are provided below and
organized according to control system manufacturer and site.
Laboratory Demonstration
Laboratory demonstrations consisted of two corridors that intersected at a “T”. The layout of
these corridors can be seen in
Figure 3Existing luminaires consisted of pendent or surface mounted fluorescent pendants. The
adaptive lighting control strategy utilized for this demonstration consisted of individual bi-level
dimming zones (one luminaire and occupancy sensor per zone). The most unique feature of this
demonstration was the “T” intersection of the two corridors. Sensors were place in the middle
of the corridor to capture any occupants rounding the corner.
∞ System specification (back Hall):
∞ Seven 1’x4’ fluorescent troffers with T5 lamps
∞ 0-10V dimming ballast
∞ LMDC-100 dual-technology occupancy sensor (luminaire mount)
∞ LMDX-100 dual-technology occupancy sensor (corner mount at T)
∞ LMRC-213 Series Digital On/Off/0-10 Volt Dimming Room Controller
∞ System specification (middle hall):
∞ Four surface mount fluorescent fixtures with T8 lamps
∞ 0-10V dimming ballasts
∞ LMDX-100 dual-technology occupancy sensor (corner mount at T)
∞ LMRC-213 dimming relay
∞ LMRC-213 Series Digital On/Off/0-10 Volt Dimming Room Controller
Each room controller was connected to a LMBC-300 Digital Network Bridge. The Network
Bridge connects to the LMSM-6E Digital Network Segment Manager, which allows the lighting
controls to be integrated with other building management systems.
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Figure 2: WattStopper Digital Lighting Management Network

LMBC-300 Digital Network Bridge and the LMSM-6E
Series Digital Network Segment Manager
Source: WattStopper

Figure 3: CLTC WattStopper Corridor Demonstration Layout

Corridor outlined in green, middle corridor outlined in blue
Source: CLTC
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Field Demonstrations: System 1
Demonstration System 1 utilized the Digital Lighting Management (DLM) by WattStopper, the
same system tested in laboratory demonstrations. DLM is a wired lighting control system with
plug-and-play functionality. Each device in the lighting network is connected with low-voltage,
CAT5 cable, in a free topology that allows for quick installation. Configuration is automatic and
the DLM platform offers remote accessibility.
UCSF Medical Sciences Building, 11th Floor
The demonstration at the UCSF Medical Sciences Building, 11th floor, included 14 existing,
surface mounted, fluorescent luminaires. The adaptive lighting strategy utilized for this site
included zone and occupancy-based bi-level lighting and dimming control. The corridor’s
luminaires were split into two zones allowing the luminaires in each zone (1/2 of hall in each
zone) to dim to 20 percent of full output following a 5-minute timeout period without occupant
activity.
To accommodate this design strategy, luminaires were re-ballasted with 0-10V dimming
ballasts to accommodate high / low dimming controlled by WattStopper’s Digital Lighting
Management (DLM) control devices. System components included two occupancy sensors in
order to provide full coverage of the demonstration space and a dimming room control that
allowed for two zones of control.
System specification:
∞ Luminaire: two 28W T8 fluorescent lamps
∞ 0-10V dimming ballast
∞ LMDX-100 Digital Dual Technology Corner Mount Occupancy Sensor
∞ LMDC-100 Digital Dual Technology Ceiling Mount Occupancy Sensor
∞ LMRC-213 Series Digital On/Off/0-10 Volt Dimming Room Controller
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Figure 4: UCSF Medical Sciences Building 11th Floor WattStopper Corridor Demonstration

Source:CLTC and UCSF

Field Demonstration – System 2
Enlighted is a networked lighting control system that allows occupancy sensors and other
control devices to communicate wirelessly with the Enlighted gateway. The gateway
communicates with an Enlighted energy manager which stores information from the sensors
and luminaires, including power usage. Additionally the Enlighted system reports lamp and
ballast outages allowing a facility manager to be alerted to the exact nature of the outage and
location in the building.
Demonstration Location: UCSF Mount Zion Hospital, Corridor
The Mount Zion Hospital corridor demonstration contained a total of nineteen recessed
fluorescent troffers, Figure 6. Existing luminaires did not utilized local or networked lighting
controls. The lighting was operated approximately 12 hours per day.
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For this demonstration, the adaptive control strategy consisted of individual lighting zones
controlled by the Enlighted lighting control system. Luminaires were controlled by occupancy
sensors, with luminaires dimming to 20 percent of full output during vacant periods.
Each luminaire was retrofitted with 0-10v dimmable driver, Enlighted system controller and
Enlighted sensor. The components of the Enlighted system can be seen in Figure 6. Each
luminaire is individually controlled by its occupancy sensor and the operating profile is stored
in the controller.
System Specification:
∞ 2-lamp 28W T8 luminaires
∞ 0-10v dimmable driver
∞ Enlighted controller
∞ Enlighted sensor: occupancy function only
∞ Enlighted gateway

Figure 5: Enlighted System Components - Smart Sensor, Gateway and Energy Manager

Souce:Enlighted
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Figure 6: UCSF Medical Center at Mount Zion, corridor demonstration area

Source: CLTC and UCSF Medical Center

Demonstration Location: USF Hayes-Healey Dormitory, 7th Floor
Existing luminaires at the USF Hayes-Healey Dormitory consisted of surface mounted
fluorescent luminaires containing 3-30W T8 lamps. Due to the high energy use, several of these
luminaires were de-lamped. This corridor was pre-monitored to determine its occupancy rate
and it was determined to be 43 percent, which is quite high for a corridor. From this it was
determined that an occupancy-only, adaptive lighting technique alone would not save enough
energy to justify the retrofit.
The adaptive control strategy consisted of occupancy-based bi-level dimming, daylight
harvesting, and high-end trim. The overall light levels were trimmed using the Enlighted
system, with a high/occupied level of power output at 40 percent for 10 foot candles (fc) and a
low/unoccupied level of 10 percent for 2.5 fc. These light levels are based on IES guidelines for
independent passageways for people less than 25 years of age. This low light level also provides
more that 1fc the minimum illuminance for the path of egress according to the National Fire
Protection Association. The Enlighted sensors also contain photocells allowing them to perform
daylight harvesting however, do to their installation location and site constraints. Daylight
harvesting provided negligible energy savings.
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The existing luminaires were replaced with Cree CR-LE 1x4 LED luminaires with integrated
Enlighted sensors. The preinstalled sensors made for quicker installation at the site.
∞ System specification:
∞ LED surface mount luminaire
∞ Enlighted sensor: occupancy and photocell functions
∞ Enlighted gateway
∞ Enlighted energy manager
Figure 7: USF Hayes-Healy Dormitory Post Retrofit

Source: CLTC
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Field Demonstration – System 3
Energi TriPak® is a control system consisting of wireless sensors, switches, dimmers, and
remote controls offered by Lutron Electronics. Luminaires are equipped with a wireless
dimming module that communicates with the sensors and switches, making the system
excellent for retrofit applications where the cost or constraints of a wired system would be
prohibitive.
Demonstration Location: UCSF Medical Sciences Building, 3rd Floor
The demonstration at the UCSF Medical Sciences Building, 3rd floor, consisted of the retrofit of
17 fluorescent, surface mount luminaires (Figure 13). Luminaires did not utilize any adaptive
controls and operated continuously, 24 hours a day.
The adaptive lighting strategy adopted for this demonstration included multi-zone, occupancy
based bi-level dimming. This demonstration utilized two zones enabling further potential
energy savings when only half of the hall is in use allowing the other half to remain dimmed.
During vacancy, luminaires dim to 20 percent of their total output.
Luminaires were retrofitted with Lutron Ecosystem H-series dimming ballasts. The ballasts
work in combination with relays or wireless dimming modules. For this demonstration wireless
dimming modules were used to facilitate a less-intrusive installation. The dimming module on
each luminaire communicated with a wireless occupancy sensor. Two sensors were installed
controlling two different groups. Pictures of the components of this local control system can be
found in Figure 8.
System Specifications:
∞ 14 luminaires: 31W T8 U-lamps 3 luminaires Two 17W T8 lamps
∞ PowPak Energi TriPack dimming modules
∞ Wireless Clear connect RF Occupancy Sensor (2 total)

Figure 8: Lutron Radio Powr Savr Occupancy Sensor, PowPak Energi TriPak dimming module,
and EcoSystem H-Series ballast.

Source: Lutron

13

Figure 9: UCSF Medical Sciences Building 3rd Floor Lutron Corridor Demonstration

Source: UCSF and CLTC

Latham Square - Oakland, California
The demonstration at Latham Square in Oakland, CA, included a multiple floor corridor retrofit
touching a total of 176 3-lamps 32W T8 luminaires. Existing luminaires were replaced with 2lamp 32W fluorescent retrofit kits with Lutron dimming ballasts. These corridors utilized the
Lutron Radio Power Savr for full PIR coverage in conjunction with the wireless PowPak
dimming modules. These luminaires were commissioned with multiple zones per corridor on
each floor and adaptive lighting based on occupancy. Further information on the Latham
Square can be found through California Energy Commission’s Public Interest Energy Research
Program Case Study.
System Specifications:
∞ 176 luminaires: 2-lamp 32W T8 lamps
∞ Lutron H-Series dimming ballasts
∞ Lutron Radio Power Savr – PIR occupancy sensor
∞ PowPak Energi Tripak dimming module
14

Figure 10: Latham Square Lutron Corridor

Source: CLTC

Energy Use
Field demonstrations were monitored for a period of at 30 days using either Onset HOBO
UX90-006M or Wattstopper IT200 occupancy/relative light loggers. This data was used to
determine the average occupancy rate for each demonstration space. A summary of the
occupancy rates and energy savings from each of the demonstrations is shown in Table 4. The
average occupancy rate from these demonstrations is 19 percent. The integration of smart
controls, at these sites, saved 53-86 percent energy as compared to baseline systems without
controls.
Table 4: Summary of Demonstration Site Energy Savings and Occupancy Rates
Occupancy
Rate

Energy
Savings
(%)

WattStopper - DLM

16.4%

53%

UCSF - Medical Sciences Buildings

Enlighted

13.8%

68%

USF - Hayes Healy Building

Enlighted

43.0%

82%

UCSF - Medical Center at Mount Zion

Lutron

12.3%

57%

Latham Square

Lutron

8.0%

86%

Demonstration Site

Control System

UCSF - Medical Sciences Buildings

Source: CLTC
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Table 5 through Table 9 provide comparisons of the baseline and post-retrofit energy
consumption for the field demonstrations discussed in the previous section. These show the
cost savings estimated for each demonstration site. These demonstrations saved from $435 to
$738 a year with an average of 220kWh savings per luminaire. Cost savings were calculated
using a site-specific blended electricity rate of $0.14 per kWh.
Table 5: Energy use and cost analysis of the UCSF WattStopper DLM hallway demonstration
Technology

Power
Low Mode
(W)

Power
High Mode
(W)

Fixture
Quantity

Annual Use - Annual Use - Annual Energy
Annual
Low Mode High Mode Consumption Energy Cost
(hours)
(hours)
(kWh)
($)

Incumbent

n/a

48

14

0

8,760

5,887

$824

DLM

14

67

14

7,323

1,437

2,783

$390

3,104

$435

Annual Savings
Source: CLTC

Table 6: Energy use and cost analysis of the UCSF Enlighted hallway demonstration
Technology

Power
Low Mode
(W)

Power
High Mode
(W)

Fixture
Quantity

Annual Use - Annual Use - Annual Energy
Annual
Low Mode High Mode Consumption Energy Cost
(hours)
(hours)
(kWh)
($)

Incumbent

n/a

48

19

0

5,840

5,326

$746

Enlighted

10

50

19

5,022

818

1,731

$242

3,604

$505

Annual Savings
Source: CLTC

Table 7: Energy use and cost analysis of the USF Hayes-Healy Enlighted hallway demonstration
Technology

Power
Low Mode
(W)

Power
High Mode
(W)

Fixture
Quantity

Annual Use - Annual Use - Annual Energy
Annual
Low Mode High Mode Consumption Energy Cost
(hours)
(hours)
(kWh)
($)

Incumbent

n/a

30

20

0

8,760

5,256

$736

LED & Enlighted

2.3

9.2

20

4,993

3,767

923

$129

4,333

$607

Annual Savings
Source: CLTC

Table 8: Energy use and cost analysis of the UCSF Lutron hallway demonstration
Technology

Power
Low Mode
(W)

Power
High Mode
(W)

Fixture
Quantity

Incumbent

n/a

48

17

0

8,760

7,148

$1,001

Lutron Energi TriPak

14

70

17

7,683

1,077

3,111

$435

4,038

$565

Annual Savings
Source: CLTC
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Annual Use - Annual Use - Annual Energy
Annual
Low Mode High Mode Consumption Energy Cost
(hours)
(hours)
(kWh)
($)

Table 9: Energy use and cost analysis of the Latham Square Lutron hallway demonstration per
luminaire
Technology

Power
Low Mode
(W)

Power
High Mode
(W)

Fixture
Quantity

Incumbent

n/a

86

176

0

8,760

132,591

$18,563

7

68

176

8,059

701

18,316

$2,564

114,275

$15,999

Lutron

Annual
Annual Use - Annual Use - Annual Energy
Low Mode High Mode Consumption Energy Cost
(kWh)
($)
(hours)
(hours)

Annual Savings
Source: CLTC

Project Costs and Economic Analysis
The simple payback, life cycle cost and benefit analysis are calculated for some of the prototype
demonstrations of the smart lighting systems completed in secondary spaces.
Simple Payback
Simple payback as defined as the incremental investment (initial project costs) divided by the
incremental annual cash flow 1. For all of the systems at UCSF, only new controls were installed,
which reduced the incremental investment allowing for a shorter payback. The USF payback
period is especially long despite having the largest percent of energy savings because the
project included installation of new LED luminaires in addition to new control systems, which
increased the incremental investment.
Table 10: Simple paybacks for the corridor demonstrations
Simple
Payback
(years)

Product
UCSF WattStopper DLM

4.2

UCSF Enlighted

12.5

USF Enlighted

20

UCSF Lutron

2.7

Latham Square

3.3

Source: CLTC

Life Cycle Cost and Benefit Analysis
Life cycle cost and benefit analysis was performed for the UCSF demonstrations and results of
this analysis are provided in Table 11 through Table 13. The UCSF demonstrations are all very
similar in size and they included installation of adaptive controls only.
A life cycle cost and benefit analysis considers systems costs over time, as well as initial
investment costs. For all three of the UCSF demonstrations, the annual power and maintenance
costs were reduced by adding the control system. The initial costs of the WattStopper DLM,
1

IES Recommended Practice, RP-31-96.
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Enlighted, and Lutron TriPak control systems are $1,973, $6,801 and $1,642 respectively. The
networked control system (Enlighted) incurred a significantly higher initial cost, which could
not be offset by energy savings over the course of the systems 15 year useful life. All other
systems showed a lower total cost of ownership over the life of the system.
Table 11: UCSF Life Cycle Cost and Benefit Analysis – Incumbent compared to addition of
WattStopper Controls
Initial Costs

Incumbent

WattStopper
DLM

Material Cost

n/a

$1,280

Installation Cost

n/a

$532

Subtotal of Install Costs

n/a

$1,812

Initial Taxes-8.75%

n/a

$159

Salvage Value- Recycling Costs

($2)

Total Costs

($2)

($2)
$1,973

Annual Power and Maintenance Costs
Lighting Utility Costs

$824

$389

Lamp Replacement Costs

$41

$41

Ballast Replacement Costs

$63

$171

Luminaire Cleaning Costs

$79

$79

$4

$4

$1,011

$684

$15,163

$12,233

Recycling Costs
Total Annual Costs
Costs over a 15 year Useful Life
Source: CLTC

Table 12: UCSF Life Cycle Cost and Benefit Analysis - Incumbent compared to addition of
Enlighted controls.
Initial Costs

Incumbent

Material Cost

n/a

Enlighted
$5,800

Installation Cost

n/a

$457

Subtotal of Install Costs

n/a

$6,257

Initial Taxes-8.75%

n/a

$547

Salvage Value- Recycling Costs

($3)

Total Costs

($3)

($3)
$6,801

Annual Power and Maintenance Costs
$746

$241

Lamp Replacement Costs

Lighting Utility Costs

$37

$37

Ballast Replacement Costs

$57

$155

$107

$107

$5

$5

$952

$545

$14,277

$14,976

Luminaire Cleaning Costs
Recycling Costs
Total Annual Costs
Costs over a 15 year Useful Life
Source: CLTC
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Table 13: UCSF Life Cycle Cost and Benefit Analysis – Incumbent compared to addition of new
Lutron controls.
Initial Costs

Incumbent

Lutron Energi
TriPak

Material Cost

$0

$980

Installation Cost

$0

$532

Subtotal of Install Costs

$0

$1,512

Initial Taxes-8.75%

$0

$132

Salvage Value- Recycling Costs

($3)

Total Costs

($3)

($3)
$1,642

Annual Power and Maintenance Costs
Lighting Utility Costs

$746

$241

Lamp Replacement Costs

$152

$152

Ballast Replacement Costs

$76

$139

Luminaire Cleaning Costs

$95

$95

Recycling Costs
Total Annual Costs
Costs over a 15 year Useful Life

$6

$6

$1,075

$633

$16,122

$11,137

Source: CLTC

Market Adoption and Support Activities
The CLTC worked to increase market connections through outreach activities and technology
demonstrations. These activities provide educational information regarding the performance
capabilities of smart lighting strategies, the energy savings potential and the practicality of these
strategies. This information is aimed to educate stakeholders such as lighting manufactures,
controls manufacturers lighting design professionals, building owners and standard-setting
bodies that affect the market.
Manufacturer Adoption and Deployment Requirements
CLTC worked with manufacturers to develop new products for smart corridor applications by
providing vision for product progression, demonstration sites for in field testing and case
studies for information distribution. Control manufacturers such as Adura and Lutron
Electronics participated in adaptive corridor demonstrations.
As a support activity CLTC developed a contractor training program. As more smart lighting
products have appeared on the market, there has been a demand for skilled contractors,
electricians and technicians that are capable of properly installing and commissioning such
technologies. The CLTC has developed an educational program called California Advanced
Lighting Controls Training Program (CALCTP). This program has been successful in educating
contractors about advanced lighting controls such as those used in smart corridors. Programs
such as could be expanded by manufacturers in order to provide additional information on
specific technologies and design strategies associated with their products.
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Building Codes and Appliance Standards
One of the goals for market acceptance is adoption of an energy saving measure into building
codes or appliance standards. Case studies and other research documentation are used as
supporting evidence to achieve codes and standards enhancements. In Title 24, Part 6 2013, shut
off controls, which automatically reduce or shut off luminaires when the space is vacant, have
been added as a compliance path for corridor lighting. Adaptive lighting or another energy
saving technique is now mandatory for corridors in California.
http://www.energy.ca.gov/title24/2013standards/
Additional evidence of uptake can also be found in ASHERAE 90.1 2013. All corridors except
those corridors present in a manufacturing facility must now use adaptive lighting, or as
ASHRAE has termed it, “Automatic partial off,” as a path to compliance. ASHRAE defines
“Automatic partial off” as a strategy in which the lighting power usage is reduced by at least 50
percent automatically in 20 minutes or fewer after the occupants have left the space.

Conclusions and Recommendations
Adaptive lighting control systems are an excellent solution for low-occupancy spaces such as
corridors and stairwells. The demonstrations reviewed in this document had an average
occupancy rate of just 19 percent resulting in an average energy savings of nearly 70 percent as
compared to incumbent systems. Additional value can be added to basic occupancy sensing
when using an adaptive control system, such as daylight harvesting, high-end trim
adjustments, maintenance reporting and integration with existing building management
systems.
Further research opportunities should focus on development or demonstration of open
automated demand response (ADR) solutions targeted specifically at secondary spaces. This is a
feature that is currently in development with networked control systems and local utilities;
however, it has seen limited deployment in the field.
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APPENDIX J:
Agricultural Sector Adaptive Lighting Demonstrations
Introduction
Agricultural energy end use accounts for 7% of California’s total energy use. Ten percent of the
electricity utilized in agriculture is utilized for lighting. 1 Most of the lighting energy is utilized
for greenhouse, nurseries, as well as fruit and tree applications accounting for 0.2% of
California’s total energy use. These applications often used specialized luminaires that produce
specific wavelengths of light for certain developmental stages throughout a plant’s life. Due to
the small potential for lighting energy savings in California’s primary agricultural facilities,
researchers examined secondary buildings involved in the agriculture value chain.
California’s agricultural value chain contains multiple industry types that work together as a
system to create consumable products. The various sectors, as seen in Figure 1, consist of
support, production, processing/packaging and distribution. By addressing these space types,
adaptive lighting can make a significant savings impact.
Figure 1: California’s Agriculture Value Chain

Source: Center of Excellence, Research Brief 2011, Agriculture Value Chain for California

Project Approach
Market research was performed to determine the lighting energy use related to California’s
primary and secondary agricultural buildings, as well as to determine potential lighting energy
savings opportunities. As discussed, secondary buildings represent a significant share of
California buildings. Therefore, researchers partnered with a production, processing and
distribution facility located in Northern California to demonstrate the benefits of adaptive
indoor lighting. Research focused on a design, installation and evaluation of existing and newly

1

On Farm Energy Use Characterizations 2005

1

demonstration systems. New systems were designed to meet Title 24 standards and
Illuminating Engineering Societies recommended illuminance levels. Details regarding this
demonstration project are provided below.

Demonstration Site
The Sierra Nevada Brewing Company located in Chico, California was selected as a
demonstration site. This is a facility where beer is brewed, bottled and distributed. The
demonstration site is a series of cold storage warehouses used to store pallets of bottled beer
and kegs before shipping. This site would fall under distribution in the agriculture value chain.
This space is made up of 4 connected cold storage warehouses, a beer library and the keg box.
The layout of these spaces is shown in Figure 2. The warehouses are connected to the bottling
area and shipping dock. The total combined area of the warehouses is about 75,000 square feet
(sf) with a ceiling height of 25’. Most of these spaces are held at 60 degrees Fahrenheit (°F) with
exception of Warehouse 4 and the Keg Box, which are held at 45 and 42 °F, respectively.
Figure 2: Overview of the Refrigerated Warehouses at Project Demonstration Site

Source: Sierra Nevada Brewing Company/CLTC

The main traffic in this space is from forklift drivers storing, retrieving and relocating pallets of
product produced within the facility. The general layout of the warehouses, luminaires and
pallet stacks is shown in Figure 3. The pallet stack landscape is ever changing, occupying set
rows perpendicular to the aisle ways. These rows are demarked with paint on the ground. Each
row is filled back to front with stacks up to 20’ high. Each row is not necessarily full at a given
2

time. Additional foot traffic to the Beer Library is occasional. The operating hours for this site
are Monday through Friday with two eight hour shifts; the first from 8am to 4pm and the
second from 4pm to midnight.
Figure 3: Sierra Nevada warehouse – luminaire (black rectangles) and pallet layout (blue grids) for
Warehouse 1-3 (from right to left)

Source: CLTC

Existing Lighting Systems
Most of the existing luminaires installed in the cold storage facilities are 4-lamp, 4 foot, T5
fluorescent strip fixtures suspended approximately 2ft from the ceiling using safety chain.
Some of the newer areas, such as the Keg Box and Warehouse 4, have induction high bay
luminaires with integrated occupancy sensors. In warehouses 2 and 3, every other luminaire is
turned off as an energy-saving measure. All luminaires are controlled by standard manual
switches, except for two luminaires in the Warehouse 3 entry corridor, which are controlled by
a manual timer switch. Both of these technologies are shown in Figure 4. Table 1 contains
luminaire information by space, providing details about the source type, existing lighting
controls, quantity, power (W) and estimated light output (lumens).
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Figure 4: Incumbent fluorescent (left) and Induction (right)

Source: Sierra Nevada Brewing Company/CLTC

Table 1: Existing Lighting Systems Information by Space
Space
Warehouse 1
Warehouse 2
Warehouse 3

Source Type
4-lamp, 54W T5
fluorescent
4-lamp, 54W T5
fluorescent
4-lamp, 54W T5
fluorescent

Warehouse 4

Induction

Keg Box

Induction

Library

4 lamp, 28W T8
fluorescent

Controls

Fixture
Quantity

Total
Power (W)

Mean
Lamp
Lumens

None

7

229

18620

None

8

229

18620

None

9

229

18620

9

165

1500

8

165

1500

4

98

11780

Individual occupancy
sensor
Individual occupancy
sensor
Twist Timer Switch

Current Issues
A primary issue associated with the current luminaires is their placement with respect to
storage stacks in the facility. In the warehouses, the pallet stacks are 20’ high, leaving just 5’
between the top of the stack and the ceiling. Multiple luminaires are hung above storage areas
such that their light is blocked by the pallet stack. This is illustrated in Figure 5. These
luminaires would be better positioned in the aisle ways illuminating the sides of the pallet
stacks, giving the forklift operators the ability to easily distinguish the position of their forks in
relation to the pallets. Another issue related to placement is the energy saving strategy of
turning off every other luminaire. This measure was taken in two of the warehouses, two and
three, and it greatly reduces the lighting uniformity.
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Another issue is associated with the existing occupancy sensors on the induction fixtures. The
staff complain that the luminaires controlled by occupancy sensors take too long to turn on.
This may be due to the reduced temperature of the environment affecting the luminaires start
time or it could be that the integrated occupancy sensors need a higher sensitivity and increased
field of detection in order to turn lights on more quickly as forklifts approach.
Figure 5: Lighting blocked by pallet stack

Source: Sierra Nevada Brewing Company/CLTC

Monitoring and Verification
The monitoring and verification plan for this site includes quantifying both the photometric and
the electrical performance of luminaires at the facility. Performance will be characterized for the
incumbent system and the adaptive LED system. Below is the description of the specified
equipment for the monitoring and verification activities.
Photometric Performance
To determine the photometric performance of both the incumbent and adaptive luminaires,
illuminance mapping will be performed in the space. The illuminance measurements will be
recorded both horizontally and in four planes vertically, utilizing the equipment shown in Table
2.
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Table 2: Photometric Performance Characterization Equipment
Measurement

Manufacturer

Model

Illuminance (footcandles, fc)

Konica Minolta

T-10A

5 plane
Illuminance (footcandles, fc)

Konica Minolta

T-10A

Image

Source: http://sensing.konicaminolta.us/ and CLTC

The device used to measure the illuminance in 5 planes employs 5 illuminance meter heads
oriented 90 degrees from one another as seen in the left of Figure 6. This device is mounted on
an adjustable tripod, as seen in the right of Figure 6. These devices are connected to a computer
that automatically records the illuminance of all 5 sensors simultaneously.
Figure 6: 5-Plane Illuminance Meter Device

Source: CLTC
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The illuminance measurements were performed at the task level. As the Illuminating
Engineering Society’s Lighting Handbook did not specifically include recommendations for
measurement locations at warehouse spaces with forklift traffic, the task surfaces were
determined during the site visit through observation and discussions with the site manager.
Tasks conducted at the facility include:
∞ Navigation through the space with either an unloaded or loaded forklift.
∞ Identification of pallets based on the barcode label.
∞ Selection and placement of pallets utilizing a forklift.
The first task surface identified is the floor. The forklift drivers need to clearly see the floor for
both the first and third task. The second and third task require vertical illuminance from the
floor up to approximately 20 ft., as seen in Figure 7. Proper illumination on this surface will
allow the forklift operators to identify the labels and the slots in the pallet used to lift them.
Figure 7: Typical Aisle and Cold Storage Area

Photo Credit: Sierra Nevada/CLTC

Energy Characterization
Circuit-level energy use will be collected on lighting circuits serving the demonstration space.
The circuits containing the lighting for warehouses one, two and three will be monitored at the
electrical panel utilizing current transformers (CT), a WattNode Pulse device and a data logger.
The WattNode Pulse is a device that measures energy usage by way of CTs and voltage inputs.
7

These devices can be seen in Table 3. Energy consumption is converted by the WattNode into
pulses. The pulses are recorded by the HOBO data logger are also in Table 3. The pulses are
then used to calculate the energy usage.
Table 3: Energy Performance Characterization Equipment
Measurement

Manufacturer

Continental
Controls Systems
LLC

Energy (kilowatt
hour, kWh)

Model

Image

ACT-0750-020

Continental
Controls Systems
LLC

WNB-3Y-480-P
opt P3

HOBO

UX120-17

Source: http://www.ccontrolsys.com and http://www.onsetcomp.com/

The monitoring period of these devices will be dependent on the controls technology installed.
The Advanced Lighting Control System (ALCS) Measurement and Verification Guidelines, a
document utilized by California utilities, recommends a baseline monitoring period no shorter
than 14 days. An additional 14 days of monitoring is recommended for each of the additional
control strategies:
∞ Full output
∞ Tuned
∞ Tuned and Occupancy Controlled
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For each additional layer of control two weeks of monitoring should be added. The frequency of
the measurements will be at least every five minutes.
Monitoring and Verification Procedures
The illuminance mapping procedure and the installation procedure for the electrical monitoring
equipment are described in the following sections.
Illuminance Mapping Procedure
The illuminance mapping should be performed in the most representative space of the
demonstration site. The procedure below will be followed to measure the illuminance at full
output of both the incumbent luminaires and the new adaptive luminaires in warehouse 3. A
4x4 foot grid will be used to determine the points in the aisle way for both the horizontal and
vertical illuminance measurements. Permanent landmarks such as luminaire locations and
painted lines (8 feet apart) on the concrete to demark the pallet rows, Figure 8, should be used
to orient the grid.
Figure 8: Pallet Stacks and Painted Rows

Source: CLTC

1. The horizontal illuminance measurements shall be taken at the floor utilizing the Konica
Minolta T-10A. The illuminance values will need to be recorded manually.
2. The vertical illuminance measurements will be performed using the 5-plane illuminance
meter device. Adjust the tripod to the height of the vertical measurements, measuring
from the floor to the center of the vertical sensors. Record the orientation of the
illuminance meter heads and ensure that the tripod remains oriented in the same
direction throughout the measurements.
9

3. Determine the points on the 4’x4’ grid by centering the grid in the 12.5’ aisle way. The
length of the grid will start beneath the first luminaire in the aisle way and end under
the third. During this step, it is important to note any permanent landmarks such as the
pallet stack lines and luminaires to aid the mapping process.
4. Systematically record the illuminance measurements on the grid. Ensure that additional
light from the other warehouses, forklifts or from outside are not included into the
illuminance measurements recorded.
Energy Monitoring Equipment Installation
Identification of the appropriate circuits will determine the amount of energy monitoring
equipment needed per panel and will be completed before the following installation procedure.
1. Using HOBOware and correct cabling, reset the HOBO data logger and initialize the
appropriate sampling rate. Ensure that the speed at which the logger will fill is noted so
that the data can be retrieved before the logger begins to over write data. The loggers
will begin logging after the trigger button is pressed.
2. Assemble the system with the desired number of channels; normally one CT is used for
each circuit. See Error! Reference source not found. for the two channel set up. Attach
the legs of the CT to the terminal block screws on the lower left hand side of the
WattNode. The upper left hand terminal blocks of the WattNode are wired to the HOBO
data logger as seen in Error! Reference source not found.. It is recommended that this
system is installed, as described in the next step, on a source of a known wattage,
allowing the wattage from the data recorded to be confirmed/calibrated before
deploying the system in the field.
3. At the demonstration site, the equipment installation will be completed at the electrical
panel. First have the installer turn on and off the branch circuits confirming that they are
the correct loads that are desired for monitoring. Next, install the CTs on the desired
branch circuits. Have the installer create a neutral line, a ground and the three separate
line voltage inputs in the panel. These will connect to the terminal screw blocks on the
right side of the WattNode. At this point, if everything has been done correctly the
status lights will all flash green on the WattNode. Please see the appendix for
troubleshooting activities. Fit all of the components into the circuit breaker as in Figure
9. Start recording the data by pressing the trigger button on the HOBO data logger.
4. Confirm the data by allowing the logger to log for several time steps and then download
the entries using HOBOware. After opening the HOBOware software and connecting
the logging device select “readout the device.” Select all of the count series before
selecting “plot”. The number of counts displayed by the series data and the time step are
the only measurement needed to determine the power utilizing the equation below.
After the wattage is calculated confirmed the value by measuring the wattage of the
circuits with a multimeter.
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5. After the monitoring period has ended, have the installer uninstall the equipment.
Download the data from the HOBOware energy logger.
Figure 9: Energy Monitoring Equipment Installed in a Panel

Source: CLTC

Photometric Design and Luminaire Selection
One of the goals of this demonstration is to meet the needs of the project site using adaptive
lighting technology. To do this, the CLTC will address the site’s current lighting issues through
a demonstration plan focused on correcting the lighting distribution and control issues. A
market review was used to survey the market and determine the specifications that would help
to ensure a quality product. Next illuminance mapping was performed to ensure the new
product would meet recommended illuminance and power density standards.
Product Market Review
Based on an overview of commercially available LED high bay luminaires, the following
performance specifications were selected:
∞ CRI > 80
∞ CCT: 2700K – 4100K
∞ Efficacy > 100
∞ IP Rated for damp environments (IP61) or better
∞ Minimum temperature of at least 0 degrees centigrade
∞ Warranty > 5 year
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These specifications were selected to ensure new luminaires improve the quality of light as
compared to existing sources and operate better in the cold environment. Figure 10 shows three
different luminaires from three different manufactures that currently meet the specifications.
Figure 10: Luminaires currently on the market that meet the specifications: GE Albeo ABH2,
Lithonia IBL and Philips HBX

Sources: www.gelighting.com, www.lithonia.com, www.lightingproducts.philips.com

There are three different options for adaptive controls for LED high bays. All three of these
options include integrated occupancy sensors. The first is fixture integrated sensors that have
on/off functionality only. These sensors turn the lights on when motion is sensed and turn the
lights off when the space becomes vacant and a set period of time has elapsed. This technology
should include adjustable sensor sensitivity and time-out period. The second option also
involves fixture integrated sensors; however, these will dim the luminaire to a lower light level
instead of turning them completely off. The occupancy based dimming technology should
include adjustable sensor sensitivity, time out period and low dim level.
The third option is integrated sensors with wireless networked controls. Networked lighting
controls allow the luminaires to change their adaptive lighting strategy based on a time
schedule, allow for institutional tuning, demand response and often provide enhanced
monitoring and maintenance reporting features. For example, during operating hours the
luminaires could have a high occupied mode (100% light output) and a dimmed unoccupied
mode (50% light output), whereas during closed hours the luminaires could turn on to just 50%
output for occupied mode and turn off completely in unoccupied mode. There are additional
functionalities that are possible with networked controls, such as zoning the luminaires together
to act as one group based on signals from any of the occupancy sensors associated with that
group. The cost and benefits of these three control options will be explored to determine the
appropriate adaptive controls for this site.
To address the issue of the occupancy sensor sensitivity any occupancy sensor specified should
have adjustability in both sensitivity and time out. These specifications will allow for maximum
sensor flexibility.
Design Selection Process
The nLIGHT enabled Lithonia Lighting I-Beam LED High Bay Luminaire with occupancy
sensor met all of the requirements for this site. The I-beam comes in multiple distributions and
lumen packages. To fully specify the luminaire a layout of the existing space was created in
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AGi32 modeling software. To reduce rendering time an individual model of the first
warehouse, Figure 11, and the third warehouse, Figure 12, were created to represent the two
different spacing schemes used throughout the site. The existing luminaire locations are to be
utilized in the design as much as possible.
Figure 11: Design for Warehouse 1

Source: CLTC
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Figure 12: Design done for Warehouse 2 and 3

Source: CLTC

The Illuminating Engineering Society(IES) recommends a horizontal illuminance of 10 fc and a
vertical illuminance of 5fc for warehousing and storage of bulky items with large labels. The
recommended uniformity ratio for average to minimum measurements is 5:1. The red isolines
shown in Figure 11 and Figure 12 indicate the locations where the 10fc is reached. In Table 5
and Table 6 the results of the simulations of the various lumen packages and distributions for
warehouses 2 and 3 and warehouse 1 configurations are shown.
The goals for these designs are to reach the appropriate illuminance level and uniformity. For
each one of these designs the best uniformity is found first. The next step is to ensure the light
levels are appropriate. In the case of the warehouse 1 the IBL_24L_WD fixture was chosen
because it had the best uniformity and the closest horizontal and vertical light levels. These
levels can be trimmed down utilizing the control system. For warehouse 2 and warehouse 3 the
IBL_12L_WD was selected for its uniformity. The light levels are slightly lower than
recommended, but the designs were created with a light loss factor (LLF) of 0.7 to simulate end
of life for the LED products. Research has shown that the LLF may be slightly aggressive. In
addition, the fixtures should perform slightly better in the cold environment of the warehouses.
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Table 4: IES Recommended Illuminance Targets for Warehousing and Storage of Bulky Items with
Large Labels
Horizontal Illuminance

10 fc

Vertical Illuminance

5 fc

Uniformity Ratio (avg./min.)

5:1

Table 5: Warehouse 2 and 3 Illuminance

Product
IBL_9L_ND
IBL_9L_WD

Avg
10.7
6.9

Horizontal Illuminance(at finished floor)
Aisle way only
Warehouse floor
Max Min Avg/Min
Avg Max Min Avg/min
13.1 3.5
10.6 2.5 13.1 0.1
24.7
8.4 2.5
2.8 2.5
8.4 0.2
12.5

IBL_12L_ND
IBL_12L_WD
IBL_18L_ND
IBL_18L_WD

13.4
8.6
21.1
13.6

16.4
10.6
25.8
16.7

4.3
3.2
6.9
5.0

3.1
2.7
3.1
2.7

3.1
3.1
4.9
4.9

16.4
10.6
25.8
16.7

0.1
0.2
0.2
0.4

30.9
15.6
24.4
12.3

Vertical Illuminance (62.5")
Right and Left Aisle way
Avg Max Min Avg/min
4.2
5.8 1.5
2.8
2.8
3.9 1.1
2.6
5.3
3.5
8.4
5.6

7.2
4.9
11.4
7.7

1.9
1.4
3.0
2.2

2.8
2.5
2.8
2.5

Table 6: Warehouse 1 Illuminance
Horizontal Illuminance(at finished floor)
Product
IBL_18L_ND
IBL_18L_WD
IBL_24L_ND
IBL_24L_WD

Avg
14.5
9.3
18.0
11.6

Aisle way only
Max Min Avg/Min
21.9 3.4
4.3
13.4 2.9
3.2
27.2 4.3
4.2
16.6 3.7
3.1

Avg
4.1
3.7
5.1
4.6

Warehouse floor
Max Min Avg/min
21.9 0.1
41.0
13.4 0.2
18.7
27.2 0.1
50.9
16.6 0.2
23.2

Vertical Illuminance (62.5")
Right and Left Aisle way
Avg Max Min Avg/min
5.9 10.7 1.7
3.5
4.0
7.0 1.4
2.8
7.3 13.4 2.1
3.5
4.9
8.7 1.7
2.9

The luminaires installed for this demonstration must meet the Title 24 requirements for
luminaire alterations. The maximum lighting power density for commercial and industrial
storage areas under the area category method is 0.6 Watts per square foot (W/ft2). The lighting
power density of all 3 warehouses combined is 0.06w/ft2. The Title 24 requirements for controls
in aisles and open areas in warehouses should reduce power by 50% when the areas are
unoccupied.
nLIGHT occupancy sensors are utilized to perform a bi-level dimming scheme. The occupancy
control component selected is the nLIGHT nCMRB 6 WIFI. This high bay occupancy sensor is
nLIGHT enabled and works autonomously. The occupancy sensor communicates over WIFI.
The sensor has adjustable intensity passive infrared (PIR) technology. The sensor is used in
combination with the nIO D, a low voltage device that allows for 0-10v dimming.
This system allows for autonomous occupancy based dimmable fixtures. The control strategy
utilized by these sensors is three tiers of light levels based on time outs. When the space is
occupied the fixture turns on to the high level. After a selected period of time after the
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occupancy was last sensed the fixture will dim to the low level. After a longer period without
occupancy the lights will turn off.
This system also needs the necessary Title 24 controls requirements. This system currently
meets the area control each area has on/off switches. The multi-level lighting controls will be
met through lumen maintenance. Finally the shut- off requirements will be met through
occupancy sensing control that will shut off the lights when the space when unoccupied

Project Outcomes
Energy savings as a result of the change to LED technology as well as the savings from the high
end trim and the addition of occupancy sensors are summarized below.

Installation and Commissioning
After the new Lithonia LED high bays were installed, the lights were allowed to run at full
system brightness for two weeks to allow for baseline energy monitoring. On April 14, 2015,
after the two weeks of monitoring, a commissioning agent was sent out to commission the
lighting system. By using the AGi32 simulations and the LED driver specifications, CLTC
estimated the voltage to use for the high end trim for the 0-10V dimming would be 6.75 V to
reach the light levels recommended by the IES Handbook. After some spot checking and some
recalculation, it was determined that the lights needed to be dimmed even lower to a dimming
voltage of 5.5 V. The unoccupied dimmed state was designed to be at least 1 fc at the floor
level. Using some spot checking, it was determined that dimming the lights to 20% of the high
end trim, or 1.1 V, would be sufficient.
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Figure 13: Dimming curve from the driver specification sheet

Table 7: High end trim and unoccupied dimming voltage

Light Level

Dimming voltage

High

5.5v

Low

1.1v

By using a stopwatch, it was determined that the average time for the forklifts to pass by the
aisle way was about 2 minutes. Setting the “Idle Time Until Dim” to something less than 2
minutes would be the most aggressive way to save energy. But since one of the issues the staff
had with the original lights was that they took too long to turn on, the “Idle Time Until Dim”
was set to 2.5 minutes. The next available dim level lower than 2.5 minutes is 30 seconds, which
is very aggressive and possibly also annoying with constant dimming high to low. The
“Occupancy Time Delay”, which is the length of time of inactivity before the fixture turns off,
was set to 60 minutes.

Results of the Monitoring and Verification Activities
In order to characterize the performance of the lighting system, CLTC used Konica Minolta T-10
light meters. Measuring grid size of 4 feet by 8 feet, CLTC measured the horizontal illuminance
at the finished floor and the vertical illuminance at 62.5 inches. The results are summarized in
Table 8 and Table 9.
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Table 8: Vertical Illuminance Measurements Taken at 62.5” with Incumbent Fixtures
Average

Max

Min

Avg/min

North

2.39

19.63

0.39

6.13

East

1.46

4.24

0.28

5.23

South

2.53

6.22

0.72

3.51

West

1.88

4.24

0.28

6.70

Table 9: Vertical and Horizontal Illuminance Measurements with Incumbent Fixtures

Vertical (62.5”)
Horizontal (finished floor)

Average
2.1
4.7

Max

Min

6.2
10.1

Avg/min
7.4
2.7

0.3
1.8

After the new LED fixtures were installed and high end trim was applied, the same
measurements were taken again. The results are summarized below in Table 10 and Table 11.
Table 10: Vertical Illuminance Measurements Taken at 62.5" with LED Fixtures
Average

Max

Min

Avg/min

North

4.7

8.2

1.1

4.4

East

3.1

6.4

0.5

6.0

South

4.9

7.3

2.6

1.9

West

2.7

5.6

0.5

5.0

Table 11: Vertical and Horizontal Illuminance Measurements with LED Fixtures
Average
Vertical (62.5")
Horizontal (finished floor)

Max

Min

Avg/min

3.8

8.2

0.5

7.5

10.4

12.9

7.0

1.5

The average vertical illuminance at 62.5 inches high increased by 85% while the Avg/min ratio
increased by about 2%. The average horizontal illuminance at the floor with the new LED
fixtures is 2.2 times greater than with the previous incumbent technology. The wide beam angle
of the new LED fixtures also improved uniformity with the avg/min ratio now at 1.49. The
brighter and more uniform distribution should help staff see where they’re going while also
increasing safety.
With the new LED fixtures, large energy savings are also realized. First, the baseline numbers
with the incumbent fixtures are plotted below in Figure 14 and Error! Reference source not
found.. Excluding weekends, the average daily energy usage for this time period is 151.3 kWh.
Assuming 260 working days in a year, extrapolating the average daily energy usage gives a
value of 39,345 kWh of energy use per year.
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Figure 14: Hourly Energy Usage of Warehouse 1, 2 &3 with Incumbent Fixtures

Figure 15: Daily Energy Usage of Warehouse 1, 2 & 3 with Incumbent Fixtures
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Next, the hourly and daily energy usage of Warehouse 1, 2 & 3 with the new LED fixtures at Full
Output are plotted below in Figure 16 and

Figure 17. Unfortunately, during this time period, while the old fixtures were replaced with the
new LED fixtures, two of the fixtures that were originally on the circuit were moved to a
different circuit entirely. Consequently, a calculated value of the energy use of the two fixtures
was substituted by multiplying the data stream by a scaling factor. It should also be noted that
six of the original fluorescent fixtures were removed entirely as expected. Excluding the
installation day and excluding weekends, the average daily energy usage is 117.2 kWh. Again,
assuming 260 working days and extrapolating to a year gives a yearly energy use of 30,469
kWh.

Figure 16: Energy Use per Hour with New LED Fixtures at Full Output
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Figure 17: Daily Energy Use with New LED Fixtures at Full Output

Systems were tuned to lower the maximum (full output) light output, which also lowers the
energy use. As previously mentioned, using the nLight controls software, SensorView, a high end
trim was applied to all the fixtures. The lights in Warehouse 1 was dimmed to 50% and the lights
in Warehouse 2 and 3 were dimmed to 62%. The energy plots are below in Figure 18 and

Figure 19. Excluding weekends, the average energy use per day is 101.4 kWh. Assuming 260
working days, extrapolating the daily energy use gives a yearly energy use of 26,355 kWh.
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Figure 18: Calculated Hourly Energy Use with LED Fixtures at Trimmed Output

Figure 19: Calculated Daily Energy Use with LED Fixtures at Trimmed Output

From the data already present, it can be seen that the LED fixtures are having a large impact on
the energy consumption. The switch to LED fixtures and removal of the 6 fluorescents reduced
energy consumption by 22%. Task tuning the output reduced energy consumption by an
additional 10%.
Finally, the addition of occupancy sensors should yield further savings. Unfortunately for this
phase of implementation, technical problems arose with SensorView. Initially, the commissioning
agent left Warehouse 3 fixtures in the “Tuned and Occupancy” state, when they were supposed to
be in the “Tuned” state. This was fixed in a subsequent site visit, but this pushed back the
timeline another 2 weeks. In the site visit after that subsequent visit, the lights were supposed to
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be set up to be in the “Tuned and Occupancy” state but connectivitiy issues prevented
connection to the lights in Warehouse 3. And as a result, only the lights in Warehouse 1 and most
of the lights in Warehouse 2 were changed to include occupancy sensing. The plots for
comparison between the different states of the fixtures for Warehouse 3 are shown below. The
extrapolated yearly average energy use are tabluated below in

Table 12.
Figure 20: Hourly energy use of Warehouse 3 Breaker 5 at baseline
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Figure 21: Daily energy use of Warehouse 3 - Breaker 5 (baseline)

Figure 22: Calculated hourly energy use of Warehouse 3 - Breaker 5 with LED fixtures at full
output
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Figure 23: Calculated daily energy use of Warehouse 3 - Breaker 5 with LED fixtures at full output

Figure 24: Calculated hourly energy use of Warehouse 3 - Breaker 5 with LED fixtures at trimmed
output
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Figure 25: Calculated daily energy use of Warehouse 3 Breaker - 5 with LED fixtures at trimmed
output

Figure 26: Calculated hourly energy use of Warehouse 3 - Breaker 5 with LED fixtures at trimmed
output and occupancy sensors
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Figure 27: Calculated daily energy use of Warehouse 3 - Breaker 5 with LED fixtures at trimmed
output and occupancy sensor controlled

Table 12: Summarized Results for Warehouse 3 - Breaker 5
Baseline
Daily Energy Use [kWh]
Yearly Energy Use [kWh]

Full
Output

Trimmed
Output

Trimmed and
Occupancy Sensing

20.2

18.8

14.5

14.3

5245.9

4896.0

3781.8

3708.3

On the Warehouse 3 Breaker 5, the switch from the incumbent fluorescent fixtures to LED saved
about 7% energy compared to the baseline. The largest gains in energy savings came from
trimming the full output of the LED fixtures. That change saved about 28% more energy
compared to the baseline. The addition of the occupancy sensors saved an additional 2%.
From these results, it appears the best strategy for energy savings for this Sierra Nevada site is
to replace fixtures with LEDs and task tune the light levels to an acceptable output. According
to the data, this can save about 30% of energy. This was aided by the fact that some of the
fluorescent fixtures could be removed completely. The occupancy sensors in comparison did
not save nearly as much energy. This is most likely due to a long occupancy time delay and a
long idle time until dim. This can be remedied through the SensorView program.
In order to determine how long it will take to recoup the initial investment for the lighting
system, CLTC employed the simple payback analysis method, which is simply the initial
investment divided by the yearly savings. Based on the Breaker 5 data, there is a yearly energy
use difference of about 13,000 kWh between the baseline with the incumbent fixtures and the
LED fixtures with trimmed output. Based on the U.S. Energy Information Administration
website, the average cost of electricity for industrial use in California is $0.1063/kWh. This
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translates to a yearly saving of about $1400. Total system cost is approximately $24,100
including testing, installation and commissioning. This means the payback period is 17 years.
If the installation and commissioning costs is removed, the total investment cost is about
$13,760. This means the payback period is about 9.6 years.

Conclusions and Recommendations
The goal of this project is to evaluate the performance of adaptive lighting technologies for
agricultural applications under real world conditions. CLTC partnered with Sierra Nevada
Brewery to evaluate high bay lighting at their facility in Chico, CA. CLTC performed market
analysis as well as lighting simulations. Using M&V equipment installed in the electrical
panels, energy usage was recorded at the baseline and at each step of the ALCS process.
Recommended illuminance targets were met, while energy savings were realized. Compared to
the incumbent fluorescent fixtures, the new lighting system saves about 30-40% energy per year.
The payback for this demonstration was just under 10 years. With this information, Sierra
Nevada can decide whether to apply this technology to their other facilities located throughout
the U.S.
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APPENDIX K:
Next-Generation Adaptive Interior Luminaires
Introduction
Next-generation, adaptive, interior luminaires are appropriate for use in multiple end-use
markets. The Ultra Smart Lighting System, under development at CLTC, is a novel, adaptive
lighting solution that will deliver easier implementation under a range of commercial settings
than traditional lighting and controls systems. In addition, it automatically adapts to changes
within the surrounding space (i.e. rearranging of furniture) to maintain an optimized, operating
mode. Such as system has the potential to deliver dramatic electricity savings for California.
In 2010, 25.7% of the total electric energy used in California commercial buildings was
attributed to interior lighting systems 1. Interior lighting is the largest consumer of electricity in
commercial buildings. At the national level as of 2010, lighting electricity use of residential and
commercial sectors was 175 TWh and 349 TWh respectively 2. The commercial sector includes
sub-markets such as education, food, heath care, lodging, offices, public assembly, public order
and safety, religious worship, retail, warehouse and storage facilities.
Figure 1 shows a breakdown of electricity consumption within the commercial sector by end
use. This project focuses on next-generation, adaptive, interior luminaires for the commercial
sector due to its larger electricity use as compared to the residential sector.
Lighting electricity savings depend on a variety of factors such as space type and occupant
behavior. Electricity savings also vary based on the type of lighting control strategy employed.
A recent study reports 3 average savings:
∞
∞
∞
∞
∞

Daylighting Controls: 17% to 38%
Personal Tuning: 10% to 50%
Occupancy Controls: 8% to 38%
Institutional Tuning: 18% to 53%
Combined Multiple Types of Controls: 19% to 56%

Implementation of these technologies and strategies can deliver large electricity savings. For
example, implementing daylighting controls is estimated to save up to 38% of lighting
Jackson, Cori and Papamichael, Konstantinos. (California Lighting Technology Center, University of California,
Davis). 2014. Lighting Electricity Use in California Baseline Assessment to Support AB 1109. California Energy
Commission. Contract number: 500-08-053
1

Navigant Consulting, Inc. “2010 U.S. Lighting Market Characterization.”
http://apps1.eere.energy.gov/buildings/publications/pdfs/ssl/2010-lmc-final-jan-2012.pdf
2
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A Meta-Analysis of Energy Savings from Lighting Controls in Commercial Buildings. Berkeley, CA: LBNL. 2011
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electricity use in commercial buildings. The advantage of implementing daylight harvesting
technologies is two-fold, the use of daylight allows for reduced electric lighting levels and
energy savings while also providing the occupants with a visually stimulating and productive
environment created from direct link to the dynamic and perpetually evolving patterns of
outdoor illumination4. Conservative estimates, developed at CLTC, place the amount of
commercial buildings space that could benefit from daylight harvesting at between 30 – 70%. 4
This results in potential lighting electricity savings up to approximately 27%. 5
Figure 1: Electrical Usage by End Use

Source: California Energy Commission

While stand-alone lighting control technologies and strategies have the ability to reduce energy
consumption, the largest potential savings are achieved through integration of multiple control
technologies and strategies. Potential statewide electricity savings attributed to implementation
of ‘combined multiple types of controls’ at 100% market penetration is estimated to range
between 5 and 14 TWh. 6 Estimating the statewide savings potential with a market penetration
as little as 2%, still produces savings ranging from 980 to 2,900 GWh annually. 7

4

30-70% Range estimate developed at CLTC, with direction from CLTC Co-Director Konstantinos Papamichael, Ph.D

Percent Energy Savings from Daylight Controls (max 38%) * Percent Commercial Building Space with Daylight
Available (est. max 70%) = Percent Energy Savings for Commercial Building (26.6%)
5

CA Interior Lighting Electric Usage (25.769 TWh)* Percent Energy Savings from Lighting Control (19 to 56%)*
Percent Market Penetration (100%) = Potential State Wide Energy Savings (4.896 to 14.430 TWh)
6

CA Interior Lighting Electric Usage (25.769 TWh)* Percent Energy Savings from Lighting Control (19 to 56%)*
Percent Market Penetration (2%) = Potential State Wide Energy Savings (979.222 to 2,886.128 GWh)
7
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Project Approach
Researchers worked to explore the potential of next-generation adaptive interior luminaires and
integrate control concepts as part of an Ultra Smart Lighting System. The Ultra Smart System
utilizes luminaires with the ability to integrate with advanced environmental sensors and
network with other luminaires to operate as a complete system configured for the unique
performance requirements of their particular installation space. Through development and
testing, researchers gained vital knowledge regarding current technological capabilities and
areas were advancements are still needed to realize maximum electricity savings and
performance.

Ultra Smart Luminaire System Prototype Development
The Ultra Smart Luminaire prototype system is currently installed in the daylight harvesting
laboratory at CLTC. The current system is comprised of four luminaires. Each has been
retrofitted with communication and sensing hardware to enable intelligent, automated
operation. This hardware includes microcontrollers, communication links, photosensors, and
photosensor baffles. The prototypes are controlled by the Ultra Smart control program
developed by CLTC. The program currently controls the Ultra Smart luminaires from an
external computer also located in the daylighting laboratory.
Ultra Smart luminaires are capable of both stand-alone and networked operation. Because of
this feature, the Ultra Smart Luminaire System can be implemented in a large number of
applications. Applications range from single fixture or multiple fixture spaces controlled by a
single Ultra Smart Luminaire to a multi-luminaire space were all luminaires are equipped with
the Ultra Smart Luminaire Technology.
Figure 2: Ultra Smart luminaire prototypes installed at CLTC

Source: CLTC
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System Hardware
Each prototype is equipped with communication and sensing hardware to enable Ultra Smart
operation. This hardware includes Arduino microcontrollers, ITEAD Bluetooth shields,
Adafruit digital luminosity light sensors, and light sensor baffles. The process and data flow
among Ultra Smart components is provided in Figure 3.
Figure 3: Ultra Smart System Hardware Data Flow Chart

Ultra Smart System Hardware Data Flow Chart

Photosensors
measure light signals

Signals processed by
microcontroller

Processed signals
sent to system
controller via
wireless connection

Ultra Smart
algorithm,
developed by CLTC,
determines
adjustments to
implement to
electric lighting

Ultra Smart System
Program
implements
changes by altering
output voltage to
LED driver

No adjustment required

Source: CLTC

Sensors
Each luminaire utilizes eight photosensors. These sensors are separated into two groups: open
and closed loop sensor groups. Sensors are attached in a configuration best capable of capturing
light-level readings that accurately represent lighting within the space. The current design
utilizes two sensors positioned at the midpoint of each perimeter edge of the luminaire. At each
midpoint, one sensor faces down, while the other sensor faces sideways, away from the fixture.
The downward facing sensors serve as closed-loop sensors, while the side facing sensors serve
as open-loop sensors.
The prototype utilizes Adafruit TSL2561 luminosity sensors, a digital photosensors appropriate
for a wide range of lighting situations. The sensor registers lux values between 0.1 and 40,000
lux. The sensor contains both infrared and full spectrum diodes, which allow separate
measurement of infrared, full-spectrum, and human-visible light. Since a large portion of photo
diodes detect IR light even though the human eye is unable to perceive it, the ability to
separately measure different wavelength ranges of light allows the system to more accurately
determine the light levels a human eye experiences as compared to traditional systems.
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Figure 4: Photosensor placement (right) and digital luminosity sensor (right)

Source: CLTC

Sensor Baffles
Sensor baffles are used to limit the field of view of the sensor. Limiting the sensor’s field of view
is essential in assuring that the sensors only detect illuminance from a specific area. By keeping
each sensor focused on a limited portion of the space, it allows for a better measurement and
interpretation of light levels within a space.
Currently two baffle sizes are being used. The closed-loop sensors utilize a baffle with a larger
field of view that allows the sensor to view only the main area directly below the fixture.
Sensors that view the area served by the electric lighting have the largest impact on the overall
operation of the system. The open-loop sensors are fitted with baffles allowing a far reduced
field of view compared to the closed-loop sensors. The open-loop sensors are designed with a
reduced field of view better ensure that the sensor signals will not be effected by light level
changes outside their specific viewing direction.
Figure 5: Sensor baffles installed in daylight lab

(Left), CAD drawing down facing baffle (middle), and CAD drawing of sideways facing baffle (Right)
Source: CLTC
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Figure 6: Field of View for the Four Downward Facing Sensors

Source: CLTC

Figure 7: Field of View for the Four Sideways Facing Sensors

Source: CLTC

Microcontroller
The microcontroller interprets and converts the photosensor signals for use by the algorithm.
The Ultra Smart Luminaire system uses the Arduino Uno microcontroller. Arduino hardware is
a standard type of microcontroller hardware, controlled using a variation of the C
programming language. Arduino hardware is often used in initial stages of product
development for prototyping purposes. This Arduino controller was selected as the initial
microcontroller for this prototype because Adafruit light sensors come with software for use
with the Arduino microcontroller hardware. In addition, the Arduino microcontroller is easily
integrated with the LabVIEW software platform. This allowed for a very seamless connection
between all of the hardware components.
Communication
The use of Bluetooth shields allow for a wireless communication link between the Arduino
board and the LabVIEW software. The use of a wireless connection allows for reduced wiring
6

between Ultra Smart components. One Bluetooth shield is attached to each of the Arduino
boards in the system.
Figure 8: Arduino Uno Microcontroller (left) and Bluetooth shield (right)

Source: CLTC

Control Algorithm
The Ultra Smart Luminaire system logic and control is currently executed and managed using
LabVIEW software on a computer external of the Ultra Smart Luminaires. LabVIEW is a
graphical programming platform that allows for integration of legacy software, internet
protocols, and hardware. The Ultra Smart Luminaire control algorithm is currently written in
the LabVIEW programming language.
The control algorithm is developed to intake the various light level signal profiles from the
Ultra Smart Luminaire fixture photosensors and through the processing of these signals output
voltages to the dimmer drivers of each fixture to maintain the light level within the space within
a desired range.
Luminaires
The current implementation of the Ultra Smart Luminaire system utilizes Finelite High
Performance Recessed (HPR) LED luminaires. The Finelite HPR-LED comes standard with
continuous, 0-10 V dimming. Luminaire options are not just limited to this product. An Ultra
Smart luminaire can be installed as a control unit for non-equipped luminaires, although for the
system to implement its daylight harvesting capabilities, any luminaire must utilize a dimming
driver or ballast.
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Figure 9: Power (W) to Voltage Curve for Commercial Luminaire

Source: CLTC

System Features
The Ultra Smart Luminaire system is controlled by intelligence under development by CLTC
specifically for the system. The Ultra Smart control system is capable of providing optimum
lighting within a space by implementing various features. The three primary features utilized
by the Ultra Smart system are auto-commissioning, daylighting harvesting, and luminaire
networking.
Auto-Commissioning
One major advantage to the Ultra Smart Luminaire system is the capability of the system to
auto-commission itself. This advance reduces the cost of implementing the Ultra Smart
Luminaire system compared to other lighting control and daylight harvesting systems, by
removing the need on-site, manual commissioning. Auto-commissioning takes place upon the
initial start-up and allows the system to maintain light levels equal to the maximum output of
the electric lighting system. The auto-commissioning function of the system continues to
automatically re-commission the control system based upon parameters designed into the Ultra
Smart Luminaire system control algorithm. The primary aspect of the auto-commissioning
figure is the producing of dimming signal profiles for each of sensors within system, i.e. Figure
10.
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Figure 10: Ultra Smart Dimming Curves Produced during System Auto-Commissioning

Source: CLTC

Daylight Harvesting
The central control function of the current Ultra Smart Luminaire system is daylight harvesting.
Daylight harvesting allows for decreases in electric lighting when sufficient daylight is present.
The Ultra Smart Luminaire control algorithm uses the signal profiles from a dual-loop
photosensor configuration to determine how to best maintain the lighting at its optimum design
level. The algorithm maintains the optimum design level by prioritizing the use of daylight over
electric lighting, only using the electric lighting output to offset the deficiency of daylight
available to meet the lighting requirements of the space.
Luminaire Network
The Ultra Smart system can connect and control all equipped luminaires within a space,
independent of physical circuiting and location. Communication among multiple Ultra Smart
luminaires allows for more accurate interpretation of light level changes within the space. By
creating a network, it allows luminaires to share information on light levels from a variety of
different locations within the space. Multiple data points increase the level and accuracy of
control decisions made by the Ultra Smart control algorithm. This better assures changes to the
electric lighting output is based upon true lighting levels and light level changes, as opposed to
false
The current implementation of the Ultra Smart Luminaire system utilizes Finelite High
Performance Recessed (HPR) LED luminaires. The Finelite HPR-LED comes standard with 0-10
V dimming, which provides continuous dimming capabilities. Installation possibilities are not
just limited to this fixture. The system can be installed as a control to most fixtures, although for
the system to implement its daylight harvesting capabilities, the fixture needs to be equipped
with a dimming driver or ballast.
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Daylight Level Monitoring
During initial development of the Ultra Smart Luminaire System CLTC carried out a series of
data collection tests using the Ultra Smart Luminaire hardware. The data collection consisted of
logging signal profiles for the various Ultra Smart Luminaire sensors within the space over a
span of a few days during different weather conditions. This data provided crucial information
needed in the development of the Ultra Smart Luminaire system, such as (1) to test the precision
of the light signals being collected, (2) to get an initial characterization of the space without the
electric lighting, and (3) to use the data for simulating daylighting conditions using the SkyWall
in the Daylight Harvesting Laboratory at CLTC.
Figure 11: Fixture Layout in Daylight Harvesting Lab for Daylight Level Monitoring

Source: CLTC

Figure 12 -14 are examples of the data collected for one of the Ultra Smart Luminaires within the
Daylight Harvesting Lab from the daylight monitoring. Researchers reviewed and analyzed the
sensor signal profiles from the four Ultra Smart Luminaires, eight sensors per luminaire, to
determine correlations between varying sensor signal profiles at the luminaire level and at the
larger system level. Determining how the various sensors responded to different changes in
present daylight was necessary in verifying how and what sensors should be used in specific
sensor groupings. These sensor groupings are used within the control algorithm for reference
purposes when determining when/if changes to the light level within the space occurred, and if
the change was isolated or occurred throughout the zone. The analyzed data provided pivotal
insight on the positioning and field of view of each photosensor.
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Figure 12: Daylight Signal Profiles

Data collected from North West Fixture in CLTC Daylight Harvesting Lab, December 25-28, 2014
Source: CLTC

Figure 13: Signal Profile of Daylight Levels on Sunny Day

CLTC Daylight Harvesting Lab, December 28th, North West Fixture
Source: CLTC
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Figure 14: Signal Profile of Daylight Levels on Partly Cloudy Day

CLTC Daylight Harvesting Lab, December 27, 2014, North West Fixture
Source: CLTC

Daylight Harvesting Laboratory- Daylight Test Facility at CLTC
CLTC developed a unique Daylight Harvesting Laboratory facility, which supports simulation
of changes in light entering through a façade of a space (Figure 15). The facility is essential for
development of algorithms for both electric lighting controls for daylight harvesting and
adaptive windows controls. The development and construction of the Daylight Harvesting
Laboratory was an integral part of this research. Facility plans are shown in Figure 15. The
Daylight Harvesting Lab was constructed to serve as a test bed for daylighting controls and
other daylighting technologies. The lab supports the simulation of multiple “light-penetrationchanging” conditions, which can be repeated on demand. The capability to repeat lighting
conditions provides the ability to test daylighting technologies within a standardized
environment that is not possible within a normal real world setting, since lighting conditions
are always changing.
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Figure 15: CAD Representations of the CLTC Daylight Harvesting Laboratory Building
Construction (left) and Floor Layout (right)

Source: CLTC

The configuration of the Daylight Harvesting Laboratory can be altered to model various
building facades. Alterations are possible due to the addition of plywood inserts into the
façade’s frame (Figure 16). This allows for testing of multiple window designs and façade
configurations. It also allows testing of system’s response due to different external obstructions,
which can be simulated by reducing the glazing area of the facade. The ability to vary test
conditions is vital for validation of electric lighting control algorithms and other daylight
harvesting control technologies.
Figure 16: Daylight Harvesting Laboratory

Plywood Inserts Installed to form a two-punched-window façade (with the door closed)
Photo credit: CLTC
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The incoming light-changing scenaria are simulated using a large array of dimmable tubular
fluorescent lamps, which are controlled by software that supports light-changing simulations
equivalent to sunrises, sunsets, partly cloudy days and uneven façade obstructions (Figure 17).
This lamp bank is called a Skywall for purposes of this research.
Figure 17: The Skywall of the CLTC Daylight Harvesting Laboratory

Viewed through the internal customizable façade
Photo credit: CLTC

The SkyWall was used by researchers to replicate daylight conditions within Daylight
Harvesting Laboratory, which is normally experienced from daylight entering through the labs
north facing windows. Simulations focused on daylighting conditions present during sunrise
and sunset. When using the SkyWall to replicate daylighting conditions within the lab, all other
daylight sources are blocked out. This includes completely covering the north facing windows
within the lab and inserting plywood inserts into the glass window façade to duplicate the
laboratory’s northern façade (Figure 17).
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Figure 18: Daylight Harvesting Laboratory Layout for Testing

Source: CLTC

SkyWall Sunrise and Sunset Simulations
CLTC used the SkyWall to accelerate the testing of the Ultra Smart Luminaire system. The
SkyWall allowed for the time needed to test the system during sunrise and sunset daylight
conditions to be significantly reduced, to only requiring 15 or less minutes to transition from
dark to peak daylight conditions. Removing the need for researchers to rely on the use of
natural daylight, and the hours to even days required to run even a single test.
Researchers carried out similar data collection efforts for the SkyWall light conditions as with
the data from the natural daylight, covered above. In addition to monitoring the changes in
light level with the photosensors of the Ultra Smart Luminaires, Minolta photosensors were
used in the light level data collection. The sensors were placed at work plane height, about 3
feet off the ground, at various locations within the space, Figure 19. The data graphed in
Figure 20 was collected during the running of the SkyWall to mimic the daylighting conditions
within the Daylight Harvesting Lab for a sunrise without electric lighting turned on within the
lab. This data served as a baseline of how the light level changed during this time when no
electric lighting was present to be used as a comparison against the monitored light level within
the space when the Ultra Smart System was activated.
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Figure 19: Layout of Minolta Sensors within Daylight Laboratory

Source: CLTC

Figure 20: Minolta Signal Profiles- Simulated Sunrise

Source: CLTC
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Project Outcomes
Researchers completed testing of the Ultra Smart Luminaire System for both single fixture and
multi fixture configurations. The tests monitored the performance of the system in maintaining
the light level within a specified light level range. The system’s maintained, target light level
range is determined during the auto-commissioning phase of the system.

Single Fixture Operation
Initial Ultra Smart Luminaire system testing was carried out for a stand-alone single fixture
before scaling the system to handle a multi fixture networked configuration. This provided
researchers information on system performance at the individual luminaire level, which could
then be replicated across a multi-unit configuration.
Single-fixture testing was carried out at CLTC’s Daylight Harvesting Laboratory. Laboratory
testing took place over a five day period, during which researchers collected data pertaining to
Ultra Smart Luminaire photosensor readings, control algorithm inputs/outputs, and output
voltage to the luminaire’s dimming ballast. Figure 21 shows the comparison of the monitored
light level of one the Ultra Smart Luminaire’s downward facing photosensors to the voltage
output of the unit. This demonstrates that the Ultra Smart System behaved as expected,
increasing and decreasing the voltage output to the dimming ballast to maintain desired light
levels within the space.
Figure 21: Comparison of Light Level Signal to Voltage to Dimmer Diver for Ultra Smart Fixture

Source: CLTC

Figure 22 and Table 1, which are based on the data displayed graphically in Figure 21, show the
percentage of light level readings that deviate from the target light level range. This analysis
represents the system’s ability to consistently maintain light levels within a specified range. The
results from this analysis shows strong support for the system’s ability to maintain a consistent
light level within close proximity to the desired light level range for the space. More than two
17

thirds of the readings are within ± 2% range of the desired light level range and less than 1% of
the light level readings deviate more than ± 10% from the desired range.
Figure 22: Light Level Consistency for Ultra Smart Fixture

February 18-25, 2015
Source: CLTC

Table 1: Histogram Chart Values
Bin
-18.00%
-16.00%
-14.00%
-12.00%
-10.00%
-8.00%
-6.00%
-4.00%
-2.00%
0.00%

Frequency
1
1
3
6
5
14
67
289
1000
19188

% Occurrence
0.00%
0.00%
0.00%
0.01%
0.01%
0.02%
0.11%
0.47%
1.64%
31.45%

Bin
2.00%
4.00%
6.00%
8.00%
10.00%
12.00%
14.00%
16.00%
18.00%
20.00%

Frequency
20740
2476
1673
2338
13182
15
5
6
1
2

% Occurrence
33.99%
4.06%
2.74%
3.83%
21.61%
0.02%
0.01%
0.01%
0.00%
0.00%

Figure 23, Figure 24 and Table 2 provide further analysis of the Ultra Smart Luminaire System’s
ability to maintain a consistent light level. The data shown above represents all measurements
taken over five days. The data presented below condenses this time frame to just one day’s
daylight hours. This provides a more focused looked at the system’s operation.
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Figure 23: Comparison of Light Level Signal to Voltage to Dimmer Diver – Daylight Hours

Feb. 22, 2015 6:20 am to 6:20 pm
Source: CLTC

Figure 24: Light Level Consistency - Daylight Hours

Feb. 22, 2015 6:20 am to 6:20 pm
Source: CLTC
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Table 2: Histogram Chart Values (Feb. 22 “Daylight Hours” 6:20 am to 6:20 pm)

Bin

-18.00%
-16.00%
-14.00%
-12.00%
-10.00%
-8.00%
-6.00%
-4.00%
-2.00%
0.00%

Frequency
0
0
0
0
0
0
3
51
119
3398

%

0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.05%
0.81%
1.90%
54.19%

Bin

2.00%
4.00%
6.00%
8.00%
10.00%
12.00%
14.00%
16.00%
18.00%
20.00%

Frequency
1219
513
456
327
185
0
0
0
0
0

%

19.44%
8.18%
7.27%
5.21%
2.95%
0.00%
0.00%
0.00%
0.00%
0.00%

The results from analyzing the readings from the daylight hours of one of the five days
confirmed the findings from the analysis of the whole five day testing period, that the Ultra
Smart Luminaire system is capable of maintaining light levels consistently within a desired
target light level range. The accuracy of the system even increased, with almost 75% of the light
level readings being within ±2% of the target light level range and none of the readings
deviating more than ±10%.
Multi-Fixture System Operation
Researchers carried out a series of tests to verify the multi-fixture system operation. This
included preliminary examination of the system’s response to various operational and
environmental scenarios typically found in commercial buildings. Examples include people or
objects passing under sensors or a task level lighting being turned on under a sensor. These
tests provided a measure of the current status of the system’s development and highlighted
areas where further development is needed to meet the demands expected of field
demonstrations and commercial use.
System Verification
Operational verification of the multi-fixture Ultra Smart Luminaire system prototype was
carried out using the SkyWall. Tests focused on the system’s capability in maintaining electric
lighting within a desired light level range. For the test purposes, the desired light level range
was determined to have an upper limit equal to the light level produced by all test space
luminaires at full power and a lower limit equal to the light level produced by one luminaire at
full power. Minolta sensors placed within the lab were used as an extra layer of system
verification.
To determine system performance and to verify the system responded as designed, the SkyWall
was cycled through sun rises and sunsets. As done with single fixture testing, data was
collected from each of the Ultra Smart luminaires installed in the Daylight Lab. A sample of the
data collected from the Ultra Smart luminaires is provided in Figure 25 and Figure 26.
.
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Figure 25: Ultra Smart Luminaire Sensor Light Level Signal and Voltage out to Dimming Driver –
North West Luminaire

Figure 26: Ultra Smart Luminaire Sensor Light Level Signal and Voltage out to Dimming Driver –
South West Luminaire
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The current system is limited to outputing a voltage to the dimming driver between 1.5 and 9
volts. This voltage range was determined by reviewing the Power(W) to Voltage Curve of the
Finelite fixtures being used, Figure 9. This helped reduced the sparadic flucuations being output
to the dimmer, due to the lack in contrast between light output from the fixture when the
voltage is adjusted between 0-1.5V and 9-10V.
Figure 27 and Table 3 provided further analysis of the data collected during the sunrise and
sunset cycling. The data analyzed in the chart and table are for the data shown in Figure 26.
.
Figure 27: Histogram of Light Level Consistency (South West Fixture)

Table 3: Histogram Chart Values (South West Luminaire)

Bin
-20.00%
-18.00%
-16.00%
-14.00%
-12.00%
-10.00%
-8.00%
-6.00%
-4.00%
-2.00%
0.00%

Frequency
2
2
2
0
0
0
0
0
0
0
696

% Occurrence
0.24%
0.24%
0.24%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
82.56%

Bin
2.00%
4.00%
6.00%
8.00%
10.00%
12.00%
14.00%
16.00%
18.00%
20.00%
More
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Frequency
13
12
14
11
13
18
14
9
10
12
15

% Occurrence
1.54%
1.42%
1.66%
1.30%
1.54%
2.14%
1.66%
1.07%
1.19%
1.42%
1.78%

Based on the analysis of the data provided in Figure 27 and Table 3, along with similar data
analyzed by researchers of the remaining fixtures, the set was determined to have an
exceptionally high rate of accuracy and consistency in maintain the light level in the lab within
the defined desired light level range. The system was capable of maintaining the light level in
the lab within ±4% of the desired light level range for over 84% of the data points, and with less
than 2% deviating from the desired light level range by ±20%. This data, along with other
similar results from the other fixtures and iterations of the sunrise and sunset cycles
Figure 28: Minolta Signal Profile Comparison- Minolta Readings with Ultra Smart Fixtures Turned
On vs. Fixtures Turned Off

Scenario Testing
The research team completed initial testing of the Ultra Smart Luminaire system’s handling of
isolated anomalies within the space (i.e. task level lights being turned on or people and objects
passing or being placed under photosensors). Initial testing focused on the system’s ability to
handle a flash light test. This test consisted of using a flash light to try and trick the system into
thinking a light change took place throughout the space, when in actuality no such change
occurred in the general area. To carry out this test, researchers shined flash lights at individual
luminaires and luminaire groups, simulating a scenario where task level lighting is turned on
under one luminaire’s photosensor. In lighting control designs were only a single photosensor
is used to control a grouping of lights this type of test would cause all of the luminaire’s within
the space to reduce their output, due to the system being fooled into thinking that an increase
within the light level throughout the space had occurred.
However, as demonstrated Figures 29 and 30 (figure 30 is a magnified version of figure 29), the
Ultra Smart Luminaire system does not respond in this undesired method when exposed to this
lighting scenario. As can be seen by looking at the area circled in red in the above to figures,
showing the point during the test where the sensors on the fixture were exposed to the light
23

from a flash light. While the increase in light levels from the flash light are recognized by the
various sensors, based upon the signals from the other sensors both on the local fixture and
those within the network, the control algorithm is able to determine that the increase in light is a
localized anomaly. Therefore, the system maintains the light level at the predetermined level.
This initial testing showed great promise in the system’s ability to correctly handle and
determine localized light level anomalies, in addition to demonstrating the systems networking
capabilities of verifying and correctly determining electric light changes within the luminaire
network.
Figure 29: Comparison of Light Level Signals to Output Voltage to Dimmer Driver

South West Fixture
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Figure 30: Comparison of Light Level Signal to Voltage to Dimmer Diver for Ultra Smart Fixture

Conclusions and Recommendations
This research generated advances in both the knowledge and development of lighting controls
for the next-generation of adaptive interior luminaires. The current Ultra Smart Luminaire
system prototype proved that the use of networked connectivity between luminaires and
distributed control strategies is feasible and reliable. The system provided a high level of
consistency in automated operation and is capable of maintaining desired light levels within a
space, demonstrating that the system’s auto-commissioning capabilities are a success.
The Ultra Smart Luminaire System is only a prototype and is currently not ready for field
testing or commercialization. The system requires further hardware refinements and additional
development work for control algorithms. Specifically, control algorithms require fine tuning to
provide the performance levels necessary for field installations where real building occupants
will be affected. Current system hardware, while satisfactory for initial prototype development
and laboratory testing, must be replaced with mass produced, cost-effective components that
can enable increased production of systems, which is necessary for commercialization.

Future Research, Development & Demonstration Opportunities
Intelligent, automated luminaire networks are an area with clear needs for further research,
development and demonstration. The Ultra Smart Luminaire system developed herein
demonstrated the potential and capabilities of adaptive luminaire technologies for reducing
building energy use. Initial research returned positive results, but obstacles remain to bring a
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fully functional and economically feasible smart system to the commercial market. Further
development is needed on control algorithm design and hardware selection. While initial
ground work was completed in terms of development and testing of control algorithms, further
work is needed to provide a ready to install system for use in field demonstrations and
commercial use. Existing prototypes still require increased integration of other lighting control
technologies, such as occupancy controls and timers, to maximize the energy savings potential
of the system beyond just daylight harvesting.
Caring out future field testing demonstrations of the Ultra Smart Luminaire system is vital in
developing the system towards being commercially viable. The testing and monitoring of
preliminary technologies and research in authentic commercial environments (i.e. office spaces
or retail stores) allows researchers to gain critical information and insight into the development
of the product that might possibly not be obtained within a controlled lab setting. While the
processes of specifying, purchasing, installing, commissioning, and monitoring the system can
assist with determining commercial feasibility of the system. During the course of this project
CLTC approached businesses about the possibility of using their business as a test bed for the
demonstrating the Ultra Smart Luminaire system. One of the businesses approached was a
retail store located in Davis, CA, Ken’s Bike and Ski. The business is located in a multi-tenant
single-story commercial building. The retail space was determined to be a viable option for field
testing of the system based on adequate levels of daylight provided from skylights within the
space and a glass store front and other environment factors (i.e. variations in occupancy and
surroundings changing regularly with movement of merchandise within the store). However,
due to time constraints CLTC was not able to carry out the installation of the Ultra Smart
Luminaire system prototype at the field demonstration site.
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APPENDIX L:
Task 2.02 – Smart Windows and Skylights
Introduction
Windows and skylights offer many positive lighting attributes in terms of aesthetics, user
comfort, productivity, health, and energy savings primarily from the reduction in electric
lighting energy consumption. These positive attributes, however, do not come without
consequence. The major drawbacks of windows and skylights are heat loss, solar heat gain, and
glare. The energy impacts of unwanted heat gains and losses can be substantial. In 1990 alone,
the US spent $20 billion to offset unwanted heat gains and losses. Therefore, optimized window
and skylight systems are vital in achieving the full energy saving potential of daylight
harvesting.
Smart Windows and Skylights are automated systems that actively monitor the changing
characteristics (i.e. temperature, light levels, occupancy, and/or glare levels) of a space and are
capable of implementing changes to their dynamic components (i.e. vents, louvers,
electrochromic glazings, and blinds) to modulate the amount of daylight entering the space.
These systems can also be expanded to integrate other systems, such as electric lighting and
HVAC. Through proper control, these systems are able to optimize occupant comfort and
energy. Advances in Smart Windows and Skylights have the potential to be highly beneficial
and assist in California’s continued efforts to reduce energy use while providing a high quality
indoor lighting through the use of daylight.

Project Approach
Researchers worked to explore the energy savings potential of Smart Windows and Skylights
through examination of automated dynamic window or skylight units with integrated sensing,
controls and communication capable of controlling daylight penetration and reducing overall
building energy consumption. Researchers evaluated current technologies, completed
computer simulations of Smart Window and Skylight systems, and completed Smart Window
and Skylight prototype development, labrartory testing, and field demonstration.

Prototype Development
In concept, a Smart Window contains multiple environmental sensors, shading components,
vents and integrated electronics. A basic design concept is shown in Figure 1. One of the key
system elements is an occupancy sensor, which allows the system to use different control
strategies during occupied and unoccupied times. Smart Windows may be integrated with
building energy management systems to coordinate its functions with electric lighting and
HVAC.

Figure 1: Smart Window - Conceptual Design

Source: CLTC

Researchers developed the Smart Window prototype shown in Figure 2. The window is
mounted between two panels to simulate the interior and exterior surfaces of a building wall
with a 2’ X 3’ window opening. The wall panels are housed in an adjustable metal frame that
accommodates a wide range of glazing types, shading devices and sensors. An IGU (insulating
glass unit) is installed between the mock inner and outer walls. This prototype utilizes an
electrochromic IGU manufactured by Sage Electrochromics. Electrochromic glazings allow for
the modulation of visual transmittance and solar heat gain via an applied voltage, which causes
changes in the aforementioned parameters. Additional shading devices can also be attached
above the window opening on the interior or exterior side of the window. The prototype uses a
motorized roller shade installed above the window on the interior side.

Figure 2: Smart Window Laboratory Prototype

Smart window is shown in a tinted state.
Photo credit: CLTC

Roller Films
As stated, the prototype system allows for installation of secondary shading accessories such as
roller shades and Venetian blinds. Researchers explored the use of automated roller films for
use in conjuction with the basic Smart Window prototype. The window film roller concept is a
hybrid adaptive control technology. The system combines window films, which are usually
applied to glass permanently, with motorized rollers, which are usually used with window
shades. The window roller film offers the potential benefits of both systems without the draw
backs most commonly associated with the application of the individual devices. The most
common drawbacks associated roller shades includes unwanted penetration of light through
the weave of the shade and the reduction or complete obstruction of the window view. Benefits

include the ability to adjust the positioning of the film in the effort to maintain optimum
lighting within the space through the regulating of incoming daylight, while also maintaining
the window view.
The window roller film utilizes a standard roll of window film adhered to a motorized roller,
with a weight attached at the free end of the window film to keep tension on the film as it is
moved up and down. Prototype installation photos are shown in Figure 3 through Figure 5.
Figure 3: Roller Film Installation (1/4 down)

Photo credit: CLTC

Figure 4: Roller Film installation (3/4 down)

Photo credit: CLTC

Figure 5: Side view Roller Film installation

Photo credit: CLTC

Researchers tested the prototype to gain initial insight on various characteristics of the system
and its potential for further development and integration with the Smart Window prototype.
This included observations of the film during operation, and luminance measurements to assess
its ability to reduce glare. Film operation was successful, with only minor damage seen

originating along the edges of the film resulting from its deployment and retraction. Otherwise,
the window film operated and behaved in a similar manner to standard roller shades.
Luminance mapping of the window with the installed system was performed to determine the
quality and effectiveness of the device in reducing overall daylight penetration and glare.
Measurements indicate the ability of the roller film to reduce window luminance levels as
expected. Luminance levels were reduced by about 65% when the roller film was fully
deployed compared to when it was completely retracted. These reduced luminance levels are in
line with expected performance, based on the 0.35 visible light transmittance (VLT) rated film
used in the prototype.
Initial test results confirmed the potential of roller film shades for general operation and
daylight mitigation. However, further testing is needed to evaluate a wider range of film
technologies, actuators, and controllers, to determine the full potential of design concept.
Figure 6: Luminance map with window film retracted

Source: CLTC

Figure 7: Luminance map with window film deployed

Source: CLTC

Laboratory Test Chambers
Researchers developed dual test chambers, which can be attached to either side of the Smart
Window, to create a controlled microenvironment that provides environmental conditions
related to common real world scenarios. One chamber was designed to mimic the exterior
lighting and temperature conditions, while the other recreated interior conditions. For the
interior building test chamber, this means recreating things such as electric lighting, HVAC
systems, and occupancy. For the exterior test chamber, this means simulating light sources such
as the sun and sky as well as a wider range of temperatures due to environmental conditions.
Each chamber includes a dimmable light source and a heating element in order to simulate real
world temperature or lighting conditions. In addition, both the interior and exterior side of the
test chamber include temperature sensors and Li-Cor 210 photometric sensors as seen below. In
contrast to the exterior side only, the interior side includes a Passive Infrared (PIR) occupancy
sensor. The test chambers are connected with a forced ventilation system which allowed either
test chamber to be vented into the other. This allows for the smart window system to simulate
control scenarios where venting may be necessary.
Data acquisition hardware collects the sensor and control inputs and feeds it into a central
computer processor. The computer programming environment on the central processor allows
the user to read the various sensors in the system and use them to develop algorithms to control
operable smart window components.

The test chambers were used to stimulate automatic responses from the Smart Window. For
example, if the interior photosensor detected incident light through the window from the
exterior chamber that exceeed preset thresholds, the prototype was programmed to either close
the shade or dim the windows. The decision was automated based on the occupancy status of
the interior chamber, details of the heat and light input. Figure 8 shows the user interface of the
controls program which consists of temperature and illuminance measurements for both the
interior box at the top and indicators for shading devices, occupancy state, window tint level,
ventilation fan state, and heater state.
Figure 8: Screenshot of a LabVIEW user interface used for monitoring and controlling the smart
window prototype

Source: CLTC

Control Algorithms
Control algorithms are vital for successful, automated operation of the Smart Window. The
algorithm processes sensor signals and inputs to drive appropriate window component
responses with the objective of maintaining comfort while minimizing energy use. The Smart
Window control algorithm, shown in Figure 9, is designed to function independently of other
control systems within the space and maximize energy conservation at the window level. This
model assumes the building area occupped by a Smart Window or Smart Skylight will already
have other functioning control systems within the space. These control systems most likely
consist of HVAC and electric lighting controls.
Individual control decisions are designed to mimic how an intelligent, energy, and comfort
conscious occupant would operate the system if they were continuously monitoring sensor
inputs. The algorithm is controlled by four inputs, these inputs are HVAC set points, outside
temperature sensors, glare sensors, and occupancy sensors. These four inputs drive three
control outputs, the control outputs can adjust the U value, solar heat gain, and glare of the

smart windows and skylights. The key to the system is constantly monitoring the sensor inputs
and making appropriate adjustments.
The algorithm can be split into two main categories, occupied and unoccupied. These two
categories correlate with the two modes of the control algorithm, energy saving or human
visual comfort modes. During unoccupied times the system operates without regard for human
comfort and maximizes energy savings by assisting the HVAC system with keeping the space
within the HVAC set points through controlling the U value and solar heat gain of the smart
window or skylight. When the space is occupied the system operates in an occupant visual
comfort mode, this mode works to ensure that occupants do not experience visual discomfort
caused by glare from the smart window or skylight while optimizing the window or skylight’s
daylight harvesting capabilities.
The system maintains visual comfort levels when occupied by relying on feedback from sensors
within the space, which determine if the light entering the room remains within acceptable
ranges in terms of light intensity and directness. In the event light levels reach a level of visual
discomfort the system would deploy a shading device (blinds, shades, films, electrochromic
glass, and etc.) to reduce the light levels or redirect the light to return the space to a comfortable
light level.
The occupied mode, or energy saving mode, is controlled by two inputs, current HVAC mode
and outside temperature. The HVAC mode of the system will determined by reading the
current setting of the system from the HVAC system and the outside temperature will be
determined by sensors placed on the exterior of the window or skylight. These two inputs will
be used to determine the action to be taken by the system, this action will entail the adjusting
the U value and solar heat gain of the smart window or skylight. This outcome can be obtained
by deploying various shading systems such as films, shades and blinds.

Figure 9: Smart window control algorithm
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Simulations
CLTC completed a set of parametric simulations to help better understand the potential for
energy savings of smart window technologies in commercial buildings. Energy performance
simulations of dynamic fenestration and electric lighting systems were performed using
EnergyPlus v8.0, an energy analysis and thermal load simulation program. The EnergyPlus
simulator is capable of simulating energy use and lighting performance based upon
programmed physical characteristics of a building.

Figure 10: Building Simulation Model

Source: CLTC

Building Parameters
∞ 228’ x 176’ x 16’ building geometry used
∞ Store has 49 (8’ x 4’) skylights
∞ Electric lighting and HVAC schedules used are from previous Wal-Mart Model
o These schedules were based on the space being open 24hrs a day
∞ Two Lighting Power Densities
o 0.9 W/ft2 - Linear Fluorescents
o 0.7 W/ft2 – LEDs
∞ Five Weather Files
o Sacramento, CA
o San Francisco, CA
o Los Angeles, CA
o Mt. Shasta, CA
o Palm Springs, CA
Static Skylights
∞ Skylight modeled as flat window

o EnergyPlus does not have an option to easily model fenestrations that are not flat
surfaces
o EnergyPlus does not have skylight as a fenestration option
∞ Parameters of skylight were based off parameters found on commercially available
prismatic skylight
o VLT – 0.67
o SHGC - .42
o U-Factor – 2.68 W/m2-K (0.472 Btu/h ft2 F)
Dynamic Skylights
∞ Skylights modeled as flat window
o EnergyPlus does not have option to easily model window or skylight fenestrations
outside of flat surfaces
o EnergyPlus also does not have skylight as a specific fenestration option
o Properties of skylight were based off properties found on SageGlass
electrochromic window specs
Electrochromic Clear
∞ VLT – 0.60
∞ SHGC - .40
∞ U-Factor – 1.6 W/m2-K (0.28 Btu/h ft2 F)
Electrochromic Full Tent
∞ VLT – 0.01
∞ SHGC – 0.07
∞ U-Factor – 1.6 W/m2-K (0.28 Btu/h ft2 F)
The operation of adaptive skylights was simulated using the “switchable glazing” system
defined in EnergyPlus, which allows glazing properties to be altered from/to predefined “clear”
and “tinted” states. This control method is equivalent to an electrochromic glazing with full
control along the entire range of its solar-optical properties. However, currently available
systems offer operation only in terms of four states, including the maximum and minimum
settings, which are approximately 1% and 60% in terms of visible transmittance.
In the simulation, the switchable glazing was controlled based on daylight work plane
illuminance and the status of the electric lighting. The model assumed a minimum requirement
of 500 lux at the work plane, 30 inches from the floor. The skylight system was operated for
maximum daylight contribution at the beginning of the day. As the daylight levels increased,

the electric lighting was dimmed accordingly, aiming at maintaining the 500-lux requirement.
When daylight alone was meeting the 500-lux requirement, electric lighting was switched off.
From that point on, the switchable glazing system was operated to maintain the 500 lux
requirement, i.e., continuously reducing transmittance as daylight levels continued to rise and
then increasing transmittance following the daylight decrease at the end of the day.
Potential energy savings were computed by comparing the energy use of the base case model
without any skylights, a model that included static skylights and a model that included
adaptive skylights. Simulations were performed for five different California locations
representing a cross section of climate zones: Sacramento, San Francisco, Los Angeles, Mt.
Shasta, and Palm Springs. Simulations included consideration of two different lighting power
densities (LPD = 0.9 Wsf and 0.7 Wsf). The higher LPD represents a lighting system linear
fluorescent lighting and the lower a system composed of LED lighting. Figure 14 shows the
geographic locations of the five California
Figure 11. California Climate Zones

The results from the parametric simulations of the adaptive skylight showed a variance in the
level of energy savings across individual climate zones within California. Energy savings were
found to range between 4.65 to 25.54% and 3.72% to 21.57% for the 0.9 and 0.7 LPD buildings,
respectively. The savings range was similar for static skylights, however the savings were
greater in each of the five zones for the dynamic skylights in comparison to the static skylights.
Figure 15 and Figure 16 show energy savings by climate zone and lighting power density. The
large range in potential savings, for both dynamic and static skylights, is dependent upon
climate of the geographic location in which the technology is installed. Potential savings are
found to be highest in moderate climate areas, such as Los Angeles, where heating and cooling
play a lesser role in energy use within a building. Locales with more extreme climates
experience reduced savings, especially where heating energy usage is high such as Mt. Shasta.

Figure 12. Energy savings from minimally adaptive skylights for 0.9 LPD of electric lighting

Change in total energy use (%)
Source: CLTC

Figure 13: Energy savings from minimally adaptive skylights for 0.7 LPD of electric lighting.

Change in total energy use (%)
Source: CLTC

Figure 14: Buildings Total Annual Energy Use (kWh) - 0.7 LPD

Savings grouped by climate zone for three skylight technologies
Source: CLTC

Figure 15: Buildings Total Annual Energy Use (kWh) - 0.9 LPD

Savings grouped by climate zone for three skylight technologies
Source: CLTC

Skylights are shown to reduce energy use in both electric lighting and cooling, while increasing
heating energy use. The main source of potential savings comes from the reduction in electric
lighting energy use within the buildings, with the savings associated with cooling through
reduction of daylight penetration having far less of an impact. In this “minimal” adaptive
operation, reduction in heating loads played the largest role after electric lighting reduction in

potential energy savings variance across climate zones. Figure 17 and Figure 18 show total
energy use, by climate zone, for the two LPD cases.
The skylights in the modeling were assumed to be flat. Unfortunately, EnergyPlus does not
support modeling of optically complex skylights, which represents the majority of skylights
used in retail buildings.The errors from this simplification can be large, as the shape of most
commercial skylights has been considered for best performance in terms of daylight and solar
heat gain.

Laboratory Prototype Demonstrations
Researchers partnered with two manufacturers, Sage Electrochromics and Lutron Electronics, to
demonstrate the Smart Window concept in a commercial building. The manufacturers were
selected based on the relevance of their current product offerings, areas of expertise, and
commitment to technology advancement within the industry. The partnership consists of three
phases: (1) assisting in the development of a commercially feasible smart fenestration
technology, (2) working on the installation of the commercial prototype at a demonstration site,
and (3) work towards providing the developed technology as a product offering. Further
information will be provided succeeding task deliverables.
Researchers used the prototype Smart Window, Figure 2, to demonstrate various technologies
and design ideas, including control algorithms under their development. Figure 10 show a
window roller shade being adjusted during demonstrations to industry partners.
Figure 16: Demonstration of Roller Shade

Source: CLTC

In addition to the laboratory smart window prototype, an electrochromic window on the
western facing side of the laboratory facility was installed, Figure 11. This installation served
two purposes: 1) provide a real-world site for testing newly developed, electrochromic window
control algorithms and 2) allow for an in-house demonstration of possible dynamic fenestration
technologies.

Figure 17: Electrochromic Window Installation at CLTC

Source: CLTC

The effects of electrochromic glass on indoor light levels are shown below in Figure 12.
Luminance maps show the change in the window’s VLTC between a non-tinted state on the left
and a tinted state on the right.
Figure 18: Luminance maps of electrochromic window demonstration.

Window in non-tinted state (left) and window in tinted state (right).
Source: CLTC

Commercial Prototypes
The smart fenestration system was realized through the integration of commercial products
offered by Sage Electrochromics, Inc. and Lutron Electronics. The system incorporated dynamic
glazing (electrochromic windows) called SageGlass with lighting control system technologies
manufactured by Lutron. The Lutron control system is capable of controlling both electric
lighting and the electrochromic windows. While the SageGlass was controlled using the Lutron

system, it was also able to function as a standalone system using the SageGlass controller and
sensors.
Electrochromic Glass
SageGlass is dynamic glass that operates using an electrochromic coating. The coating consists
of multiple layers of ceramic material that are capable of altering the glass properties when a
voltage is applied to the film. The primary property being modulated is the visible light
transmittance (VLT). Altering VLT produces alterations to other properties including the
reflectivity and solar heat gain coefficient (SHGC) of the glazing, see Figure 19. The ability to
dynamically change these properties allows occupants to change various aspects of the space
where the fenestration is located. Control of VLT can be based on a number of factors in the
space, including illuminance levels, glare, and HVAC status. Currently, the system controls the
VLT based upon light level. Changes in VLT are visually manifested as a window “tint”.
Figure 19. Diagrams of Effect of Changing States for SageGlass

Source: Sage, Inc

Figure 20: Comparison of Electromic Window VLT: Clear state (left) and tinted state (Right)

Source: Sage, Inc.

Table 1, below, provides an example breakdown of the states that can be obtained by SageGlass
electrochromic glass, along with the corresponding characteristics of the window in relation to
the tint level. The glass has an ability to be transitioned between four predetermined states.
Table 1: States and corresponding properties of SageGlass, type “Classic”

Source: Sage, Inc.

Parameters in Table 1 include %Tvis (Transmittance, 60% equals to a clear perceived window);
%Rf Ext. = Exterior reflectance; %Rb Int. = Interior reflectance, %Tsol = Percent transmittance of
the full solar spectrum – UV, Visible, and Infrared; %Tuv = Percent transmittance of UV light light in the spectrum with wavelengths shorter than 390 nanometers; %Tdw-K = Krochman
damage function.
Lighting Control System
SageGlass state changes and electric lighting control is provided by a Lutron control system.
The Lutron system provides control of the electric lighting within the space and provide output
to the SageGlass electrochromic windows to control the tint level of the windows. All lighting,
electric lighting and daylighting from electrochromic windows is controlled by a Lutron control
panel. Through the use of proprietary control algorithms under development at CLTC, the
system will determine optimum changes for the electric lighting and tint level of the
electrochromic glass to achieve the desired lighting within the space. The control algorithm will
be driven by data collected from Lutron sensors monitoring light levels within the space and
outdoors.
System Functionality
The current system is designed to provide an optimum lighting environment for occupants
within a space. Optimum lighting is defined as the use of the maximum amount of daylight
available, in combination with electric lighting to meet any deficiencies of available daylight,
without exceeding the desired light level for the space. The system acheives this operation by
reducing the space’s electric lighting as its daylight levels increase. Electric lighting reductions
continue until it reaches a fully dimmed state and is extinguished. At this point, the space’s
light level will continue to be monitored as daylight light levels increase up to the point where
daylight exceeds the desired light level. Once this threshold has been crossed, the system begins
to increase the tint level of the electrochromic glazing. This process continues until the daylight
level stops increasing or the window’s maximum tint level is reached. Once available daylight
begins to decrease, the process will begin in reverse, first allowing more daylight to enter and
then transition to increasing the output of electric lighting within the space.

Field Demonstration
The Smart Window prototype demonstration site is located on the second floor of Building P at
the California Department of Public Health (CDPH) in Richmond, CA. The site was selected
based on a number of factors including available access to the building, West-facing window
orientation, ability to retrofit lighting within the space, and the ability to use the window on the
third floor directly above the Smart Window installation as a baseline during testing
Figure 21: Ariel and Side View of Building P at CDPH

Street level view of window designated for retrofit (circled in red on the right)
Source: Google Maps, 2014

The demonstration location is an open office area, 61’ x 26’, shown in Figure 22. Cut-out from
building plan showing the open 61 x 26 ft office space area During the afternoon, the daylight
entering through this window becomes extreme causing hotspots and glare to area occupants.
Occupants report this makes the work space extremely uncomfortable during this time. This
space also receives daylight from windows at the North and South end of the space. The North
window is visible in Figure 23. The North and South-facing windows, unlike the West-facing
window, have external shading devices integrated as part of the facade of the building that
minimizes excessive daylight from entering through these windows.
Figure 22. Cut-out from Building Plan Showing the Open 61’ x 26’ Office Space

Location of window is circled in red and highlighted with red arrow in photograph.
Source: CLTC

The West-facing window consists of six separate window panes, shown in Figure 23 and Figure
24. Before the electrochromic glass was installed, the occupants of the space used a manual
roller shade to manage daylight penetration. However, due to the need to manually postion the
roller shade, it was most often left in a full down position. This rendered the benefits (i.e.
daylight to decrease electric lighting usage and view outside) of the window almost nonexsistent.
Figure 23. West-facing window on 2nd floor of Building-P at the CDPH in Richmond, CA

Source: CLTC

Figure 24. Dimensions of West-facing window.

Source: CLTC

Installation
The first phase of the California Department of Public Health demonstration was completed in
early December 2014. This stage of the demonstration consisted of the removal of the old
window panes and the installation of the new Sage electrochromic glazings as shown in Figure
25.
Figure 25. New electrochromic windows at CDPH (left) and window sensors (right)

Source: CLTC

In addition to electrochromic windows, external Sage, open-loop photosensors were installed.
These photosensors enable automated window operation. Open-loop photosensors adjust the
tint level of the electrochromic glazing based upon the detected external light, increasing or
decreasing the tint level based on similar changes in incident daylight. The ratio of tint to
detected daylight is set and adjusted by the user.
The window control panel, shown in Figure 26, houses the SageGlass electronics including the
power supplies required to operate the electrochromic glazing. The controls include manual
control override switches, mounted to the left of the control panel. These switches allow for
users to manually control each of the three rows of glazing, also referred to as zones, separately.
This allows for user adjustments based on transient needs. The system is currently programmed
to switch the window back to automated control after two hours of without user input. The
control panel is powered by standard AC line voltage, which is converted to low voltage DC to
control the electrochromic glazings.

Figure 26. Electrochromic window control panel and manual switches

Source: CLTC

Future Installations
The final stage of the installation process will include an electric lighting retrofit including
controls integration with the electrochromic glazings. This portion of the installation will be
carried out using a 3rd party control system. Controls may include fixture-level devices,
photosensors (both internal and external), and a control panel. The control panel will serve as
the integrating point between the window system and the electric lighting, with automated
operation based on control algorithms under development at CLTC.

Project Outcomes
Electrochromic Window Performance Review, Measurement and Analysis
Researchers conducted an initial, stand-alone performance review, measurement and analysis
of the SageGlass electrochromic window installed at the CDPH, Building P, “STD” office
branch. The installed system was configured by the manufacturer for future integration with a
Lutron Lighting Controller system, but currently functions without any third-party control
components.
The electrochromic window is capable of tinting with four different states of transmittance,
expressed in values of “%Tvis”. Values are shown in Error! Reference source not found.. The
system was commissioned to use the manufacturers proprietary “Daylight Mode” with the
target illuminance at the outdoor sensor set to 3000 lux.

Table 2: Window Tint Settings

Tint Setting

Target Illuminnance (lux)

60% Tvis

0-3,000

20% Tvis

3,000-22,350

6% Tvis

22,350-88,250

1% Tvis

88,250 or greater

The window has a total of six physical widow panes in three horizontal zones, shown in Figure
27. The Top and Bottom are perceived clear at 60% Tvis and the Middle zone is shown at 1%
Tvis. The three override switches are capable of controlling one specific zone for each switch.
The switches physical mounting positions on the wall correlate to the controlled zones. The
switches indicate their active setting via a backlit LED. Figure 28 shows the four tinting states
location on a switch and the look of LED backlit indication.
Figure 27: Three Window Zones: Top, Middle, Bottom

Source: CLTC

Figure 28: SageGlass switch details

Source: CLTC

Tinting changes from one state to the next adjacent state (e.g. from 20% to 6%, from 6% to 1%
etc.) take approximately 7 minutes per field verification and manufacturer literature. Minor
differences of a few minutes between the pane size and the time to evenly tint were noted - the
smaller panes tend to tint faster - and the specific window section, which can be assumed to be
attributed to normal product tolerances.
Researchers prepared a site measurement plan based on these details. The South-West corner of
the office space selected for measurements, as shown in Figure 30. A fish eye lense picture was
taken to plan for luminance evaluation. The picture was taken from the closest adjacent office
cubicle, at 4:10 p.m. with the Top and Middle zone set at 6% Tvis, the Bottom zone at 20% Tvis,
and the sun just “peeking” into the field of view at the top left corner of the window (no clouds
on this day).

Figure 29: Fisheye lens picture of window to prepare Luminance M&V

Source: CLTC

Figure 30: CDPH-P, STD-Office, South-West corner M&V plan

Source: CLTC

Over the course of one afternoon, researchers took a total of five window tint settings tests. Four
at the possible %Tvis setting of uniformally 60%, 20%, 6%, 1% for the whole window; and one
chosen mix setting consisting of Top- Zone at 6%, Middle-Zone at 20% and Bottom-Zone at 60%
Tvis. Consecutive measurements were taken at one hour intervals from 12 p.m. to 1 p.m.; 2 p.m.
to 3 p.m.; 4 p.m. to 5 p.m.; 6 p.m. to 7 p.m., with 30 minutes between the measurements to
validate collected data. Leading to 25 total test iterations.

Measurements were taken on March 24th 2015, a cloudy day. The adjacent south wall windows
where fully shaded and the bottom open section draped with a black cloth (Figure 31) to
minimize unwanted side lighting. The overhead luminaire pendant for the test section was shut
off and kept off over the whole duration of the test. Pictures with the Nikon Coolpix 5000
camera and fish eye lens were taken of all iterations at 60 inches from ground as shown in
Figure 32, for later luminance processing in Photolux.
Figure 31: South side windows fully closed, bottom section draped with black cloth

Source: CLTC

Figure 32: Nikon Coolpix 5000 with Fish Eye lens, 60" from ground, in cubicle

Source: CLTC

All test images were processed using computer software to determine the average and peak
luminance when viewing the window. Figure 33 shows the significant impact of the
electrochromic window during the sunniest portion of the test day (60% Tvis on the left versus
1% Tvis on the right) with the sun visible. The resulting luminance values for each window
zone and each time period are shown in Figure 3 and plotted in Figure 34.
Figure 33: Luminance Results: Clear vs. Fully Tinted States

60%Tvis (left), 1%Tvis (right)
Source: CLTC

Table 3: Luminance values of Window, Zones and Spots

Source: CLTC

Figure 34: Average Luminance (L) - Full Window by Tint Mode
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The luminance analysis shows the capability of the electrochromic window to significantly
reduce the concentration of light directed to the eye (specifically around 5 p.m.) and, therefore,
it’s potential for glare control of immediate sun light at low inclination levels. The collected
values are non-conclusive for other aspects of visual perception and acuity such as color of
lighting in the space or illuminance evaluation for appropriate light levels for a work
environment. To address some of these issues, nine illuminance meters (Figure 35) were
chained together and positioned at 65 inches from ground with 32 inch spacing. Table 4 shows
collected values through the 25 iterations with annotation on cloud coverage.

Figure 35: Illuminance meters; chained configuration on site

Source: left Konica Minolta; right CLTC

Table 4: Illuminance (E) values for March 24th

Source: CLTC

The sampling procedure produces, at best, a “snapshot” of a specific time and a specific %Tvis
setting, but not a value set that can help to evaluate the usability of the electrochromic windows
for automatically maintaining even illumination through the day.

Figure 36: Illuminance sensors 1 to 9, location in the test bed area

Source: CLTC

Figure 37: Illuminance sensors 1 to 9, "snapshot" evaluation
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When analyzing the collected illuminance values of only one incident sensor, for instance
sensor no. 3 in the cubicle adjacent to the window, values can be plotted for the whole day for

one location in the office space. The plot in shows the illuminance curves for each %Tvis state
throughout the test day. A significant increase of light influx can be noted at aproximately
5:30pm when the sun came through the cloud layer for a short time. Based on the resulting plot
lines it was possible to hand select optimized %Tvis settings for the recorded test day and plot
as a red line. This line indicates the possibility to control the electrochromic window in order to
achieve even Illumination over the day for a specific section of the office space, which in turn
can be used to control sections of the lighting load to be dimmed or turned off depending on
local occupancy. These assumptions will need to be checked with the Lutron system in place.
Figure 38: Illuminance plot; over full day; comparison of %Tvis modes;

tVis 60%

300

tVis 20%
tVis 6%

250

tVis 1%
3zone mix, 6,20,60

Illuminance (fc)

200

optimized settings

150
100
50
0
12:00 PM

1:14 PM

2:29 PM

3:44 PM

4:59 PM

6:14 PM

Test Day: March 24, 2015

Illuminance - Sensor 3 / Cubicle 1, 12:00 p.m.-7:32 p.m.
sorted by tint modes, normalized to 300 fc max
Source: CLTC

7:29 PM

Conclusions and Recommendations
The Smart Window and Skylight prototype developed by CLTC is currently not commercially
ready. The system still requires refinement of the hardware used in the prototyping of the
system and further development work on the system control algorithm before the system
would be ready for the commercial market. The current cost of the system, based on CDHP
demonstrations, is most likely too expensive for inclusion in projects that rely only on electricity
cost savings as a justification for technology deployment.
This reseach demonstrates that smart window systems and technologies are feasible and merit
further study. Many of the individual components used in a smart window system are available
on the commercial market. The controls, for example, were taken straight from manufacturer’s
current product offerings. The electrochromic glass also comes from manufacturer’s standard
product lines and has been used in other installations for some time. The BACnet
communications protocol used in the integration of the technologies is also well-known and
reliable.
Complete smart window systems, as developed through this research, are not currently
available. While other systems have integrated control of electric lighting and shading devices,
no current system offers combined control of electric lighting and electrochromic glazings. The
market need for such technologies continues to grow with the expansion of requirements for the
use of daylight in lighting enclosed spaces in California. With the increase use of daylight in
lighting buildings the need to control the amount and levels of daylighting within buildings
will also be needed to be increased and refined. Providing an increase in demand for
technologies that will be capable of providing an increased leave of control of both electric light
and daylight.
As is the case with most new technologies, product cost is the primary market barrier to broad
adoption. Component costs encountered during development of the smart window prototype
are too high for most consumers to see a return on the investment within a reasonable time.
High costs are primarly associated with the electrochromic windows and their manufacturing
costs. Cost barriers are amplified for some regions since climate plays a critical role in energy
savings. While the technology could still be useful in the reduction of occupant discomfort from
daylight, the technology does not currently seem capable of servings a cost effective way to
reduce energy usage.

Manufacturer Adoption and Deployment Requirements
Manufactures interested in offering a smart window or skylight system should develop a
system using a combination of the following components:
∞ Photosensors for use in determining light levels internally, externally, or both. Sensor
type will vary depending upon system application.
∞ Communication between building’s HVAC system to allow data and set points from the
system to be used by the control algorithm.

∞ Controller or other data management system to process sensor readings and output
signals and commands to the dynamic window or skylight, electric lighting, vents or
other components of the smart window or skylight.
∞ Electrochromic glazing or other dynamic system component for use in daylight
modulation
∞ Power supplies for operation of systems components
∞ Control algorithms to collect and synthesize system inputs, execute output commands
The list of components provided is a minimum specification for development of a fully
functional smart window or skylight. Due to the broad range of components and technologies
used in the development of this type of system, manufactures, with various specialties (i.e.
controls, glazings, ventilation, actuators, HVAC, and lighting), should create partnerships to
create joint product offerings.

Future Research, Development & Demonstration Opportunities
Window and skylights control systems offer an area with great opportunities for further
research, development and demonstration. The smart window and skylight technologies
developed herein demonstrated the potential and capabilities of adaptive fenestration
technologies for reducing building energy use. Initial research returned positive results, but
obstacles remain to bring a fully functional and economically feasible smart system to the
commercial market. Further development is needed on control algorithm design, integration of
hardware and ventilation, integration with building control systems, and methods to reduce
component manufacturing costs. While ground work was completed in terms of development
of control algorithms and technology integration, further work is needed to provide a range of
products optimized for various applications and situations. Existing prototypes require
increased integration of daylighting control and ventilation.
Determining how to quantify occupant comfort or discomfort and how to implement this
information into smart windows and skylights is an area that requires further research and
development. Better understanding of glare’s effect on user comfort and associated methods to
reduce unwanted glare are needed. Once such issues are better understood, researchers must
develop ways to integrate this information into smart system algorithms in order to fully reap
the benefits of such systems.
The use of smart windows and skylights should be considered for future codes and standards
once cost-effective products are commercially available. With California’s continued interest in
daylighting as an energy resource, it is paramount for regulations to also consider daylight
controlling technologies. These technologies are needed to manage and balance the quality and
quantity of daylight and electric light, better control ancillary systems such as ventilation, and
provide comfortable work environments.

APPENDIX M:
Daylight Optimization for Skylight Applications
Introduction
Skylights offer improved aesthetics, user comfort, productivity, health, and reduction of electric
lighting energy consumption when combined with electric lighting controls. These
improvements, however, do not come without consequence. The major drawback from using
skylights are unwanted solar heat gain, heat loss, and occupant discomfort (i.e. glare). The
energy usage implications of unwanted heat gains and losses can be substantial. In 1990 alone,
these unwanted gains and losses cost the US $20 billion to offset (Ander, 2014). This waste
represents a large energy savings opportunity, which can be addressed through deployment of
smart fenestration. Smart fenestration is composed of dynamic fenestration technologies such as
blinds, roller shades, electrochromic windows, and louvers, whose operation is automated to
intelligently modulate available daylight. Automated commands are based upon factors such as
temperature, scheduling, light level, and glare.
While skylights are great alternatives to electric lighting for illumination during the day, one of
the most common obstacles to their implementation is glare created by the bright skylight when
adjacent to darker ceilings. This type of glare is mainly an occupant comfort issue, but is
accompanied by unnecessary solar heat gain, which lowers a building’s energy efficiency by
increasing its cooling requirements. This can offset all or part of the lighting energy savings.
There are several mechanical and electrochemical technologies available to mitigate glare and
solar heat gain. Non-mechanical methods such as films or electrochromic glass rely on
calibrating the material’s transmissivity to manage the amount of solar radiation it will pass.
The majority of active skylight daylighting control is mechanical, and most often louvers.The
use of louvers mechanically blocks the sunlight and can be actuated in response to current
incident daylight and building system conditions.
The market potential for smart fenestration likely will continue to increase if current trends in
state building energy efficiency standards (Title 24) continue to progess. Between the 2005 and
2013, building envelope and fenestration code requirements for big-box retailers focused on
increased use of daylight to offset electric lighting energy consumption. In 2005, Title 24
required low-rise buildings with a ceiling height greater than 15 feet (ft.) and an enclosed space
greater than 25,000 square feet (sf) to have at least half the floor area of the building within a
skylight’s primary daylit area. In 2008, these requirements were increased by reducing the
enclosed space threshold from 25,000 sf to 8,000 sf. In addition to changing the area
requirement, the Commission also changed the daylight area calculation methods. The method
used in determining the daylight area was expanded to include both skylit and sidelit zones. In
2013, the enclosed space threshold was again reduced from 8,000 sf to 5,000 sf. The new

requirements also increased the required floor area within a daylit zone from a minimum of 50
percent to 75 percent.

Project Approach
A smart skylight has the ability to optimize energy efficiency and occupant comfort through
automated, dynamic control of daylight penetration into the space. Automation is achieved
through control algorithms that govern the operable elements of the smart skylight system
based on sensor inputs. Researchers monitored currently installed skylight control systems,
performed technology and building simulations, and developed and tested laboratory smart
fenestration prototypes to evaluate system components and control algorithm possibilities for
future use in commercial facilities.

Field Studies
The majority of active skylight daylighting control is mechanical, and all the test sites
considered for the study used louvers. The use of louvers mechanically blocks the sunlight and
can be actuated in response to current incident daylight and building system conditions. Figure
1 shows the louvers manufactured by Sunoptics installed at Arboga elementary school in
Olivehurst, California. The louvers can be rotated to pass more or less daylight as necessary.
The main considerations when selecting test sites was that each site have louvers or some other
skylight control strategy installed and that they had an interior space that was conducive to
taking reliable measurements.
Figure 1: Louvered skylight installed in Arboga Elementary School

Photo credit: CLTC

Test Sites
Researchers evaluated three potential demonstration sites: Arboga Elementary School
(Olivehurst, CA), Yuba Gardens Middle School (Olivehurst, CA), and SuperValu/Albertsons
(Carpinteria, CA).
The Yuba Middle School gymnasium was identified as a potential study site. The gymnasium
has six louvered skylights installed, skylights can be seen aerial view of the gymnasium in
Figure 2. This location also offered large, open, and sometimes low traffic, space that would be
extremely beneficial for gathering reliable measurement data.
Figure 2: Yuba Gardens School gymnasium equipped with six Sunoptics skylights and louvers

Photo Credit: Google Earth and CLTC

Two classrooms at Arboga Elementary School, Olivehurst, CA, were also identified as a
potential study site. The two classrooms are both equipped with louvered skylights, as seen by
the aerial view below. Each classroom has two large light wells whose light source is a skylight

and louver. The interior view of one of the classrooms, both classrooms have identical designs,
is shown in Figure 3.
Figure 3: Arboga Elementary School classrooms equipped with Sunoptics skylights and louvers

Photo Credit: Google Earth and CLTC

The final site considered for testing was the SuperValu/Albertsons in Carpinteria, CA. This site
included both skylights with dynamic louvers and skylights with no louvers, this presented a
unique opportunity of being able to simultaneously take measurements of two skylight types
within the same commercial environment. The louvered skylights are installed only in the

produce section of the store, as depicted in the floor plan layout in Figure 4, while non-louvered
skylights are installed throughout the rest of the store.
Figure 4: Schematic of areas with louvered and traditional skylights

Skylights within dashed rectangle have louvers.
Source: CLTC

Figure 5: Satellite view of Carpinteria, CA Albertsons supermarket

Source: Google Maps

Figure 6: Sunoptics skylights at commercial grocery

Photo credits: CLTC

Selected Field Study Sites
The SuperValu/Albertsons site was determined to be the most beneficial site for use in the
skylight performance study of existing dynamic skylight technologies. This decision was
reached largely due to the presence of both louvered and non-louvered skylights being present
within the same location, enabling a side by side comparison of the two different skylight types.
Researchers visited the site in late February 2013 and performed a variety of measurements.
The data from these measurements allowed for the creation of luminance maps in the areas
with and without louvers and illuminance measurements in the space. These maps and other
data collected enabled researchers staff to begin determining the possible benefits of dynamic
louver skylight systems in comparison to traditional skylights.

Performance of Existing Technologies
Researchers performed a site study of existing skylight technologies at an Albertsons
supermarket in Carpinteria, California. This particular supermarket had recently undergone a
comprehensive remodeling, including many energy-efficiency upgrades such as installation of
dimmable electric lighting and Sunoptics skylights. Figure 7 shows a schematic of the store.
This site study is intended to quantify the performance of existing skylight technologies at
managing the amount of light they deliver to the building’s interior. The field test included the
studying of the daily variation of daylight levels both in areas under the louvered skylights and
under skylights without louvers.

Figure 7: Retail store – reflected ceiling plan

Plan showing the skylights in blue color and highlighting the areas with
(produce section) and without (meat section) louvers.
Source: CLTC

Researchers took measurements of horizontal and vertical illuminance over a three day period
in late winter at various points within the sections of the store with and without skylight
louvers. Measurements points are shown in Figure 8 and Figure 9. Data collection was
accomplished through the use of a custom-made 5-plane measurement device (Figure 10) that
consisted of a meter array comprised of five calibrated Konica Minolta illuminance meters (4
vertical illuminance measurements and 1 horizontal illuminance measurement) aligned with
four orthogonal planes and one upward facing plane. Illuminance measurements were taken
approximately every 15 minutes from just before sunrise to just after sunset. Additionally, the
relevant electric light data for the main sales area was recorded by the building energy
management.

Figure 8: Measurement Configuration for data collected in the area of store

Figure 9: Measurement Configuration for data collected in the area of store

Figure 10: 5-Plane Illuminance measurement equipment.

Photo Credit: CLTC

The four graphs below are representative of four data collection points, two within the louvered
section and two within the section without louvers. For both sets of graphs data was shown for
a point directly under one of the skylights and a point between skylights.

Figure 11. Plot of 5-plane illuminance data as well exterior illuminance (for reference) and energy
consumed by the lights in the main sales area. Section without Skylight Louvers Point 1.

The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective
peak delivered illuminance and plotted on the right vertical axis.

Figure 12. Plot of 5-plane illuminance data as well exterior illuminance (for reference) and energy
consumed by the lights in the main sales area. Section without Skylight Louvers Point 5

The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective
peak delivered illuminance and plotted on the right vertical axis.

Figure 13. Plot of 5-plane illuminance data as well exterior illuminance (for reference) and energy
consumed by the lights in the main sales area. Section with Skylight Louvers Point 12.

The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective
peak delivered illuminance and plotted on the right vertical axis.
Figure 14. Plot of 5-plane illuminance data, exterior illuminance (for reference) and energy
consumed by the lights in the main sales area. Section with Skylight Louvers Point

The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective
peak delivered illuminance and plotted on the right vertical axis.

Non-uniformity and variance in illuminance levels are seen throughout the entirety of both
monitored areas. This occurrence was the result of the overall electric lighting design (high
illuminance from electric lighting at points directly under luminaires) as well as the
performance of skylights and daylight harvesting controls. Ideally, there would be no
fluctuation in illuminance throughout the area with daylight and electric properly balanced and
maintained to deliver a fairly constant light level. However, the skylights are limited in their
ability to deliver a constant light level throughout the area. The inability of existing skylights,
both without and with louvers, to properly limit incoming daylight beyond a certain threshold
can result in problems such as non-uniform lighting, glare or unnecessary solar heat gain.

Glare Reducing Technologies
Two main goals in designing a space utilizing daylighting are (1) to ensure that an adequate
amount of daylight will be present within the space to provide the desired light level and (2) to
deliver that light level while maintaining a comfortable and pleasing visual environment.
Maintaining these two goals can become extremely challenging at times, in large part, due to
glare. The Illuminating Engineering Society of North America (IESNA or IES) defines glare as
the sensation produced by luminance within the visual field that are sufficiently greater than
the luminance to which the eyes are adapted, which causes annoyance, discomfort, or loss in
visual performance and visibility (Rea, 2000).
Glare can be produced in two ways: direct and reflected. Direct glare results from high
luminance or insufficiently shielded light sources in a person’s field of view. It is usually
associated with bright areas, such as luminaires, ceilings, and windows that are outside the
visual task or region being viewed (Rea, 2000). While, reflected glare is defined as the result of
reflections of high luminance in polished or glossy surfaces. It usually is associated with
reflections from within a visual task or areas in close proximity to the region being viewed (Rea,
2000).
The effects of glare are most commonly broken down into two types, discomfort and disability
glare. Discomfort glare is a sensation of annoyance or pain caused by high luminance in the
field of view (DiLaura, 2007). While, disability glare is glare that reduces visibility and is due to
light scattered in the eye, reducing the luminance contrast of the retinal image. Both disability
and discomfort glare types should be taken into consideration when implementing daylighting,
or any lighting, into any design, however disability glare is rare in interior lighting (Salvendy,
2012).
Glare Indices
Separate indices have been developed to empirically express the occurrence of disability and
discomfort glare. The magnitude of disability glare is determined using a universally accepted
expression developed by the CIE (Boyce, 2009).

(1)

Where:
Lv = equivalent veiling luminance in cd/m2
Ei = illuminance from the ith glare source at the eye in lux
θi = angle between the target and the ith glare source in degrees
A = age of observer in years
However, unlike disability glare, discomfort glare does not have a universally accepted
expression by which its magnitude can be determined. While several different equations have
been developed over the years to determine the probability of glare, they all have been
developed based off four main aspects. These four aspects being (1) the luminance of the glare
source, (2) size of the glare source, (3) position of the source in the field of view, and (4)
luminance background (DiLaura, 2007). A generalized expression of these four aspects can be
seen in Eq. 2 below (CIE, 1983):
(2)
Where:
G = subjective sensation
Ls = Luminance of the glare source. In case of windows: the luminance of the sky as seen
through the window.
Lb = Luminance of the background source. The general field of luminance controlling the
adaptation level of the observer’s eye. In the case of window: the average luminances
of the room excluding the visible sky.
ωs = Solid angle subtended by the source. In the case of windows: the apparent size of the
visible area of sky at the observer’s eyes.
f(Ψ) = The angular displace
e, f, and g = constant weighting exponents
A simplified version of the expression can be viewed as:

(3)

The variations in use of empirical expressions of discomfort glare include the Visual Comfort
Probability (VCP) in North America (Guth, 1963), while the rest of the world uses somewhat
similar variations of this system. One of these variations is the Unified Glare Rating (UGR)
system developed by the CIE (CIE, 1995). The issue with these various indices is that glare
indices developed for electric lighting conditions are not applicable to daylight situations
(Osterhaus, 2004).
Glare caused by a daylighting system is more difficult to assess due to the almost continual
change in daylight conditions (DiLaura, 2007). This difficulty in the ability to assess glare
caused by daylight has led to a limited amount of research and understanding in this area. An
additional issue that has led to difficulty in creating a standard for the perceptibility of glare in
daylighting systems is that in severe cases people are more tolerable of higher levels of glare
from daylight than from artificial sources. This issue has presented a problem when making
assessments of glare from daylight systems because methods for assessment and prediction of
glare have been developed predominantly through controlled and electrically lit laboratory
studies that do not necessarily reflect the experience reported by occupants of real daylit spaces
(Osterhaus, 2004).
Currently the two most widely used and accepted formulas for determining the presence of
glare caused by daylight are the Daylight Glare Index or Discomfort Glare Index (DGI) and the
Daylight Glare Probability (DGP) formulas. DGI has been in use and widely accepted since
around the 1960’s while DGP is a more recent formula used in predicting the presence of glare.
Daylight Glare Index or Discomfort Glare Index (DGI) (Wienold, J. and J. Christopherson, 2006):

(4)
Where:
Lb = background luminance (cd/m2)
Ls = glare source luminance (cd/m2)
Ωs = solid angle subtended by the source, modified by the position of the source (sr)
ωs = solid angle subtended by the source (sr)
Values greater than 31 are perceived to be intolerable levels of glare, while values under 18 are
barely perceptible.

Daylighting Glare Probability (DGP) unlike the other glare indices discussed above does not
return an index value that estimates if and to what level glare is perceptible within a space.
DGP instead uses the probability that a person is disturbed instead of the glare magnitude as a
glare measure (Wienold, J. and J. Christopherson, 2006).
Daylight Glare Probability (DGP) (Wienold, J. and J. Christopherson, 2006):
(5)
Where:
Ev = vertical eye illuminance [lux]
Ls = luminance of source [cd/m2]
ωs = solid angle of source
P = position index
Strategies to Reduce Glare
Various strategies are currently available on the market to assist in the reduction of glare caused
by daylight entering through skylights. This wide spectrum of technologies includes both static
and dynamic approaches towards reducing glare levels from daylight entering through
skylights. Static and dynamic technologies vary from another in that dynamic technologies
allow for their positioning or other characteristics to be continually adjusted dependent upon
current daylighting, while static technologies remain fixed in their installed positions and states.
Static Technologies
∞ Films
∞ Glass
o Glazings and coatings
∞ Diffusers
∞ Prismatic Lenses

Dynamic Technologies
∞ Rollers
o Films
o Fabrics
∞ Louvers
∞ Electrochromic glass

Static and dynamic technologies both are capable of reducing glare within a space. These
technologies work on the premise that by reducing the perceived luminance levels of the source
(skylight) from a view point within the space compared to the background luminance levels
visible for that view point that glare will be reduced. However, the method by which this
reduced contrast occurs varies between technologies. Each of the various technologies have
advantages and disadvantages, largely dependent upon the specific application.
Current technologies, both static and dynamic, by enlarge implement one or more of three
techniques to reduce glare. These three techniques are the reflecting, refracting, or diffusing of
incoming daylight. The three techniques work towards the same goal of reducing the perceived
luminance level of the source (skylight). Figure 15 illustrates the effect of reflecting incoming

light. The reflection of incoming light occurs when a light ray comes into contact with a
reflective surface, at which time the ray of light is redirected back from the surface at the same
angle the incident ray contacted the reflective surface. The use of this optical property limits the
transmittance of visible light through the glazing which reduces the source luminance level of
the skylight.
Figure 15: Optical properties of light incident on a reflective surface.

Source Caloundra Christian College

The optical properties of refracting light are demonstrated in Figure 16. Refraction is the
bending, or change in angle, light undergoes when it passes through one medium to another.
This property allows for light to be redirected from its incident angle thereby allowing for light
to be spread out in multiple directions. Enabling a concentrated incident angle of daylight to be
dispersed throughout a space reduces the high luminance from the source (skylight) originally
experienced from the unaltered daylight.
Figure 16: Optical properties of refracted light

Source Caloundra Christian College

The scattering of light allows for the incoming light to be spread, diffused, throughout the
space, thus keeping the incoming light from being concentrated within a small confined area.
Diffusing incoming daylight can also be of benefit in creating a more balanced light level
throughout the space.

Figure 17: Illustration of incident ray, incoming light, being diffused.

A breakdown of commercially available technologies that implement the glare reducing
techniques described above are provided below.
Films:
A technology most commonly found used on building or car windows. However this
technology can be applied to most fenestration. Films uniformly reduce the amount of
light passing through them by implementing various combinations of the optical
properties (light reflection, refraction, and diffusion) covered above. The relevant
characteristic of films in reducing transmissivity is the visible light transmittance (VLT)
value. This value represents the percentage of light, within the visible spectrum, that
will pass through the film. Using a film with a low VLT will reduce the intensity level
and help in reducing the contrast between the source and background, thereby reducing
glare.
Prismatic Lenses:
A prismatic lens is a style of skylight lens that diffuses and refracts incoming daylight
when the light passes through the lens. They are called prismatic lenses because the
lenses consist of tiny prisms. These prisms are able to refract the incoming daylight,
thereby dispersing the light over a larger area. This technique allows for maintained
light transmittance while reducing concentrated light that can cause glare and other
undesirable effects.

Figure 18: Effect of using a prismatic lens to disperse incident daylight

Source: Sunoptics

Diffusers:
Diffusers are designed to spread incoming light throughout a space. Diffusers mainly
differ from prismatic lenses in that diffusers are located beneath the skylight. However,
the desired effect of both devices is the same, spreading the concentrated incoming
daylight over a larger area to provide a more even lighting level throughout the space.
The spreading of the daylight mitigates the negative effects of concentrated light such as
heat spots and glare. Diffusing the light helps in reducing the contrast by redistributing
the intensity of the source in a specific direction and redistributing it per the specific
optical properties of the diffuser.
Louvers:
Louvers can be used as both a static and dynamic device. However, dynamic louvers
offer a higher level of effectiveness in optimizing glare reduction while maximizing
daylight throughput. The dynamic louver systems can be continually adjusted to
compensate for changes in incoming daylight direction and sky conditions, while static
louvers remained fixed at the position they were installed. Louvers reduce glare by
blocking and reflecting portions of incoming light through the fenestration, while also
being able to redirect a portion of the incoming light in some cases.
Roller shades:
Fabric: The effectiveness of rollers can vary widely depending upon the material used.
Roller shades reduce perceptible glare by blocking out a portion of the light penetrating
through the skylight. Reducing the more intensified portion of incoming light thus
reducing the luminance source level. Though caution needs to be taken to assure that the
weave of the shade is not spaced to greatly which would allow light to still penetrate
into the space and possibly continue to cause glare.

Films:
The use of roller films offers the beneficial aspects of both roller shades and films, while
the integration of these two technologies provides the added bonus of reducing the
negative characteristics of these two technologies experienced when implemented
independently. This technology reduces the effects of glare by varying the positioning
and VLT of the film. This enables the issue of light penetrating through the weave in
fabric shade types to become bypassed.
Glass:
The use of glass instead of the more common plastic based skylights allows for various
types of glass and coating to be used for the skylight. This allows for a far higher level of
flexibility in optimizing a skylight for ideal performance for specific lighting and
heating/cooling needs. Glass coatings work towards reducing glare in the same manner
as films, by reducing the level of VLT thereby reducing the source luminance level.
However, the use of glass has the added advantage of also improving the solar heat gain
coefficient (SHGC) and U-value (heat transfer coefficient of the window) of the skylight.
These additional benefits, while do not help in reducing glare, can help drastically in
reducing the heating and cooling loads.
Electrochromic Glass:
Electrochromic glass offers the ability to modulate the VLT of the glass. This advantage
allows for reducing the intensity of the incoming daylight, evenly across the glass, while
maintaining the area of the incoming daylight. The electrochromic glass works as a
hybrid of the film and glazing technologies discussed above, while allowing for the VLT
to be adjusted and controlled seamlessly depending on desired light level. This
technology also possess the same beneficial characteristics in terms of SHGC and Uvalue as experienced when using glass skylights, covered previously.

Figure 19: Illustration of how electrochromic glass reduce VLT. Electrochromic glass layered
materials change transmissivity under different applied voltages.

Source: LBNL. Image by Chen.

Theoretical Demonstration
A theoretical comparison will be shown of the ability of film technology to reduce the level of
glare experienced from a skylight. This demonstration used data collected by researchers from
the Albertson’s case study completed in Carpinteria, CA. During this study photographs taken
using a fish eye lens and analyzed using Photolux 2.0 software were used to create luminance
maps of the space. The luminance map from used for the calculation is shown in the figure
below, Figure 20.
Figure 20. Luminance map of Albertson’s Supermarket produce area in Carpinteria, CA

Source: CLTC

In order to demonstrate the advantages of using glare reducing technologies, a set of
mathematical proofs are shown below to exhibit the change in glare levels. In order to
demonstrate the ability of films to reduce glare from skylights, calculations for two of the glare
indices are shown below: Daylighting Glare Index (DGI) and Daylight Glare Probability (DGP).
In addition to demonstrating the change in the glare indices, a comparison will also be shown of
the change in contrast experienced from the skylight with and without film. For the purpose of
this demonstration all variable values will be held constant, except for the luminance source
value.
The values used for calculations come from the values marked in Figure 20. The two values
marked on the luminance map represent the source luminance (skylight) and the background
luminance (ceiling).
Ls, skylight = Ls,s =13500 cd/m2
Lb = 83.4 cd/m2
To determine the value for the luminance source utilizing a film technology, a visible light
transmittance (VLT) value of 45% will be applied to the original luminance source value of the
skylight.
Ls, skylight w/ film = Ls,sf = 6075 cd/m2
Daylight Glare Index:

:

:

4,060,074.75:1,131,550.79
3.59 : 1

Daylight Glare Probability:

DGPskylight : DGPskylight w/ film

4.94 : 1
Luminance Contrast (Rea, 2000):

160.87 : 71.84
2.24 : 1
As shown by the calculations above the magnitude of the effect the film has at reducing the
glare produced from the skylight varies depending on the formula used to determine the
presence of glare. However, the use of the film technology is shown in all cases to have reduced
the perceived level of glare. This demonstrates the effectiveness of film technology for reducing
glare.
Disability Glare:

Visual Comfort Probability (VCP):

Unified Glare Rating (UGR):

Luminance Contrast:

Where:
C = luminance contrast
Lt = luminance of the target
Lb = luminance of background

Operable Daylight Modulation Technologies
Design of an operable daylight modulation technology began with redesign and integration of
commercially available products to produce a new system that would be feasible, reliable, and
economical to install in a commercial setting. Technology integration has centered mainly on

integration of a louvered skylight, offered by Sunoptics, with the WattStopper’s Digital Lighting
Management (DLM) control system.
Sunoptics Skylight Louvers
At the center of the dynamic louvered skylight under development is the Sunoptics skylight
louver system. However, these louvered skylight systems only allow for operation between two
defined set points, most commonly full open (90°) and closed (0°). While this system is capable
of reducing or limiting the unwanted side effects from skylights, it does not allow for the
mitigation of these side effects in an optimized manner due to its lack of freedom in the
positioning of the louvers. The skylight louvers serve a major of role in mitigating glare and
solar heat gain. The louvers are able to regulate the amount of daylight passing through the
skylight by reducing the effective skylight aperture, while also reflecting unwanted daylight
back out through the skylight.
Figure 21: Sunoptics Louvered Skylight

Source: CLTC

Skylight
Skylight glazing is one of the most important aspects of the dynamic skylight system. Sunoptics
prismatic skylights are designed to let in a high amount of diffuse daylight. The diffusion of
daylight by the skylight glazing is essential in achieving a low glare/high uniformity result. The
diffusing of the daylight reduces and even eliminates the possible side effects such as glare or
sun spots.
Actuator
The actuator controls the positioning of the louvers. Multiple motors have been tested for use
with the dynamic skylight. Development efforts have mainly involved the use of two different
motors. The first motor used in testing was the ClearPath motor, manufactured by Teknic Inc.
The ClearPath motor is a standard motor with 360° of continuous rotation in both clockwise and
counter clockwise directions.

The Belimo motor is a typical motor used in the control of ventilation ducts within buildings.
This motor offers the ability to control the louvers in both clockwise and counter clockwise
directions in the range of 0° to 95°. Both motors are controlled using analog inputs received
from an Aurora wireless controller.
Figure 22: ClearPath Motor Installation (left) and Belimo Motor (right)

Source: CLTC

Control System
The dynamic louvered skylight is controlled using control algorithms under development at
CLTC. These proprietary control algorithms are being implemented through the use of the
WattStopper DLM system and Aurora wireless controller.
The DLM system is a flexible lighting control system that supports infrastructures ranging from
stand-alone room control to complete building or campus control. The DLM system is
compatible with a wide variety of lighting control technologies, such as sensors, load
controllers, control panels, switches, dimmers, and room controllers to name a few. These
lighting control technologies enable the lighting within the infrastructure to be automated,
increasing the lighting energy efficiency within the areas the system is installed.
The Aurora wireless controller, manufactured by AIC Wireless, is an IP based controller that
possesses both monitoring and controlling capabilities. The Aurora wireless controller is
available in a wide range of sizes, offering various connector terminals and ports. The extensive
amount of inputs and outputs the Aurora wireless controller is compatible with allows for its
use in a wide variety of applications, including controlling and monitoring fluorescent and LED
lighting as well various actuators.
The use of the WattStopper DLM system allows for highly coordinated control of both daylight
and electric lighting within the building. The Aurora wireless controller acts as a bridge
between the DLM system and dynamic skylight, substantially reducing the amount of wiring
that would otherwise be required to connect the controller to all skylights installed within a
building.

The main sensor used in the controlling of the dynamic skylight is the LMLS-600, a dual loop
photosensor. The LMLS-600 was developed by RESEARCHERS in partnership with
WattStopper for use in skylight applications. The photosensor utilizes both open and closedloop sensors. This allows for the photosensor to more accurately determine lighting changes
within the space and implement the required changes.
Figure 23: Flow chart of skylight louver control system
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Source: CLTC

Commercial Prototype
The development of the dynamic louver skylight system was accomplished through the
collaboration of CLTC, WattStopper, and Sunoptics. The commercial prototype is a daylighting
modulating system capable of being seamlessly incorporated into the WattStopper DLM control
system and allows for implementation in a wide range of skylight applications.
System Overview
The dynamic louvered skylight system prototype is comprised of four major sections. These
sections are the dynamic louvers and frame, actuator, WattStopper DLM system, and Aurora
wireless control panel. Together these components offer the ability to create a very flexible
skylight control system, which offers the ability of being scaled and altered to meet various
skylight or other daylighting needs. The system may be used with various skylights and
diffusers and is appropriate for new constructions or retrofit applications.
Dynamic Louvers
At the center of the dynamic louvered skylight system is the skylight louvers, shown in Figure
24. The louver system consists of a metal frame that supports the louvers, which are linked
together. The linking of the louvers allows all louvers to be positioned concurrently based upon
the turning of a single louver shaft. The skylight louvers are used to mitigate glare, daylight
levels, and solar heat gain. The louvers are able to accomplish this by reducing the aperture of
the skylight, redirecting incoming daylight, and reflecting unwanted daylight back out the
skylight.

Figure 24: Louvered Skylight

Photo credit: CLTC

The current actuator being used is the TFB24-SR, manufactured by Belimo. This actuator was
selected primarily because it is commonly used with HVAC systems to control ventilation ducts
within buildings. The common use of this device within commercial buildings, or similar
devices within the Belimo product line, should allow building technicians to perform any
maintenance needs that may arise. This alleviates issues with specialized training for personnel
to handle maintenance needs.
The actuator offers the ability to control the louvers in both clockwise and counter clockwise
directions in the range of 0° to 95°. The actuator provides spring return operation for a reliable
fail-safe application, assuring that the louvers will either return to a full open or closed position
in the occurrence of a system failure (i.e. power loss to the actuator). The actuator operates in
response to a 2 to 10 VDC signal. The 2 to 10Vdc is determined within the WattStopper Segment
Manger/Niagara JACE by an algorithm being developed by CLTC. The signal is finally sent to
the actuator from the WattStopper Segment Manager/Niagara JACE via the Aurora WIO.
Figure 25: WattStopper Segment Manager with Niagara JACE (right)

Credit: CLTC

Integrating the dynamic skylight louver system with the DLM is pivotal in achieving an optimal
balance between the available daylight and electric lighting within a space. The DLM is capable

of providing both the needed information (signals from sensors) and outputs via the Segment
Manager/Niagara JACE and the Aurora wireless system to control the positioning of the
skylight louvers. The Niagara JACE provides the software environment, located within a
WattStopper Segment Manager, for the algorithms underdevelopment to be implemented. The
JACE is capable of implementing these commands via wireless communication with the Aurora
WIO controller. Using the WattStopper Segment Manager with Niagara presents the added
benefit of being capable of easily retrofitting the Dynamic Louver Skylight System into already
installed DLM systems.
The algorithm will utilize data signals from sensors connected to the DLM system to determine
proper positioning of the skylight louvers. Once the optimum louver positioning has been
determined, along with the corresponding amount of present daylight, the system then
determines what corresponding adjustments to the electric lighting are required.
The main sensor used to control the dynamic skylight is the LMLS-600, a dual loop
photosensor, Figure 26. The photosensor utilizes both open and closed-loop sensors. This allows
for the photosensor to be used to more accurately determine lighting changes within the space
with top light, such skylights, and implement the required changes.
Figure 26: LMLS-600 Dual Loop Photosensor

Photo Credit: CLTC

The wireless control panel consists of two main components, the 24Vdc power supply and
Aurora Wireless Input/Output (WIO) Controller, secured within a weather proof casing. The
Aurora WIO Controller, manufactured by AIC Wireless, is an IP based controller that possesses
both monitoring and controlling capabilities. The wireless controller is available in a wide range
of sizes, offering various connector terminals and ports. The Aurora wireless controller is
compatible with a large number of different input and output ports, which allows for its use in
a wide variety of applications, including controlling and monitoring fluorescent and LED
lighting as well various actuators. In the Dynamic Louver Skylight System, the Aurora WIO
Controller will serve as a bridge between the DLM system and the actuator controlling the
louvers. The use of the Aurora WIO Controller allows for a reduced amount of wiring to be
installed to reach each of the actuators from the DLM control panel within a building. For the
application of controlling the Belimo actuator only digital and analog inputs and outputs of the
Aurora WIO controller are used.

The 24Vdc power supply in the control panel powers both the Aurora WIO and Belimo
actuator. This helps in reducing the amount of equipment needed and allows for a more
compact casing that can hold all needed hardware. The 24Vdc power supply is powered using a
standard 120Vac connection.
Figure 27: Aurora WIO Controller (left) and control panel (right)

Photo credit: CLTC

Installation of New Technologies in the Field
Researchers and Raley’s Supermarkets have been planning the installation of the Dynamic
Skylight Louver System into several of their supermarket stores. The initial site planned for
installation of the system was a Raley’s Supermarket in South Reno, NV, a store which was
undergoing renovation. The installation of the system at the Reno store was to be used as a
preparation and initial testing site. A second planned installation at a Raley’s store in Benicia,
CA was to be used for performance testing of the system.
Technologies for Installation
The dynamic louvered skylight system provides a demonstration of daylight optimization of
skylights through the use of dynamically controlled skylight technologies. Details of the
dynamic louvered skylight system were covered in the Commercial Prototypes section of the
report. The complete dynamic louvered skylight system was planned for installation
throughout the entire Raley’s store. The complete system includes operable daylight
modulation technologies at the skylight level and the WattStopper Digital Light Management
(DLM) system to control electric lighting within the building. Bill of materials for the Raley’s
installation can be found in an appendix to this report.
Installation Site
Raley’s initially offered the use of two of their stores, which were under renovation, to serve as
demonstration and test sites for the dynamic skylight. The renovation schedule allowed for the
first store, Raley’s Store #108 in South Reno, NV, to be used as an initial testing ground for the
system. The initial testing of system functionality would be completed along with any
troubleshooting necessary to scale up the system from the laboratory into a large commercial

space. Once the system was determined to function properly and all bugs resolved, the refined
system would be installed at the Raley’s store in Benicia, CA.
The dynamic skylights were planned for installation in all 46 of the skylight wells within the
main floor space of the building. Six skylights in the back storage area of the store would
remain standard, static skylights. Figure 28 shows the final store layout with the locations of the
proposed skylights marked as a rectangular box with an “X” inside. The layout of both the
Reno, NV and Benicia, CA stores are similar.
Figure 28: Raley's Store #108 Building Plan – Skylights noted as rectangular boxes with an “X”

Source: Raley’s Supermarkets

Necessary modifications to the Sunoptics Louvered Skylights and preliminary testing of the
skylight system were scheduled to be completed at a Raley’s facility in Sacramento, CA before

being sent for installation at the Reno, NV store. These modifications included replacement of
motors provided by Sunoptics with the Belimo actuators and attachment of the actuator control
panels. Once the louvered skylights were retrofitted with the new actuators and control panels,
the skylights mechanical system would be tested to assure that it functioned properly. The
skylights would then be transferred to the demonstration site for final installation.
Postponement of Planned Installation
Due to unforeseen issues that arose concerning Raley’s construction schedule, Raley’s
determined that the installation could not proceed as originally planned. Due to the late notice
of this determination, installations at the Reno, NV and Benicia, CA locations could not be
completed. It was not possible for researchers to secure another demonstration site within the
remaining contract period.

Project Outcomes
The project resulted in both positive technical and market transformation outcomes. Outreach
activities were able to bring awareness of the need and benefits associated with smart skylight
fenestrations to both end users and manufactures. This was accomplished through the
partnering with manufacturers, WattStopper and Sunoptics, on the development of a dynamic
louvered skylight system and working with Raley’s on the planning of demonstrations of the
technology within their supermarket stores. These connections allowed for the design of the
system to be developed through a collaboration of ideas from all partners. This wide range of
collaboration from members in various sectors of the lighting industry and retail industry
allowed for a well-developed and thorough design to be formed. This design was capable of
satisfying both need user desires and technical requirements/limitations.
Researchers worked in collaboration with WattStopper, AIC Wireless, and Sunoptics on the
refinement and further development of Sunoptics’ louvered skylight. This collaboration
included the integration of WattStopper and AIC Wireless controls and hardware with the
Sunoptics louvered skylight. Researchers also worked with WattStopper on the development of
software algorithms for the control of the skylight system. These partnerships led to the
development of the Dynamic Louvered Skylight system.

Manufacturer Adoption and Deployment Requirements
Manufactures interested in offering a dynamic skylight for optimizing daylight like the system
developed for this project should construct a system that consists of the following components:
∞ Photosensor for use in determining light levels internally, externally, or both. Ideally, the
use of a dual-loop photosensor such as the one developed for IA Task- 2.1 would be
used.
∞ Controller or other management system device used in processing sensor readings and
outputting needed signals and commands.
∞ Standard skylight components (i.e. curb and dome)

∞ Skylight equipped with a dynamic daylighting control technology (i.e. Louvers,
Electrochromic glazings, or Roller Shades)
∞ Actuator, if dynamic control technology requires being operated mechanically
∞ Power supplies for operation of systems components
∞ Control algorithm for system
The list of components provided serve as the minimum needed in the development of a fully
functional skylight with daylighting control capabilities. Such as in the case of the prototype
developed by researchers, wireless control technologies were used in the control of skylight
actuators. In addition to the use of a digital lighting management system to integrate the control
of electric lighting within the space with the skylight daylighting controls.
Due to the broad range of components and technologies used in the development of this type of
system, it likely would make sense for manufactures, with various specialties (i.e. controls,
skylights, and actuators), to work in partnership in recreating a joint product offering.

Conclusions and Recommendations
A demand within the market place for technologies capable of maximizing energy savings
through the use of skylights is present. As discussed in previous sections of this report, the
majority of energy savings from skylights can be attributed to the reduced amount of electric
lighting within a building. Though negative side effects such as increased solar heat gain and
glare can occur and offset the benefits gained from the reduced electric lighting. Therefore, a
dynamic daylight modulating systems, such a dynamic louvered skylight, is in high demand to
be used in mitigating these possible negative side effects of daylight coming from skylights,
however market barriers are present.
The primary market barrier will be to the development of a commercially available product
within a price point where end users will be able to see a return on investment within a
reasonable time frame. The cost of the components used in the making of the current prototypes
would produce a unit cost too high for most installations to see a return on investment within a
reasonable time frame. This barrier is amplified within some regions due to the energy savings
varying between climate regions, since simulations have shown certain climate regions to have
a far reduced energy saving potential from dynamic skylights compared to other climate zones.
While the technology could still be useful in the reduction of occupant discomfort from
daylight, the technology would not serve as an energy or cost savings technology. A track
record for the technology also needs to be formed through multiple demonstrations of the
technology within real world settings, specifically since not current technologies are currently
available on the market.
The Dynamic Louvered Skylight prototype is currently not commercially viable. The system
still requires further development and testing before it will be ready to be made commercially
available by a manufacturer. This further development and testing include refinement of the
hardware used in the prototyping of the system and further development work on the system
control algorithm before the system would be ready to be made available on a large scale.
However, as demonstrated in this report the system, along with other potential dynamic

skylight technologies, does show promise. As shown by the simulations run for this project
dynamic skylights have the ability to provide an increased level of optimization of daylighting
in terms of both energy efficiency and user comfort.
Future Research, Development & Demonstration Opportunities
Daylight optimization of skylight applications is an area ripe with opportunities for further
research, development and demonstration. While this project was able to begin work within
these areas, there still remains a long way to go in working towards optimization of daylighting
for skylights. For starters further research and development into other possible technologies to
implement in daylighting control for skylights would be highly valuable.
The Dynamic Louvered Skylight served to provide a positive outlook on the capabilities and
possibilities associated with the use of dynamic technologies in the control of daylight from
skylights, however there is still work to be done and obstacles to overcome. The main area
where further work is still needed is in the development of a fully operable and commercially
viable control algorithm. To fully achieve the design goals of the project, the algorithm needs to
be expanded to include further variables then just light levels, such as temperature readings.
This expansion would also require the need to either integrate the system into the building
thermostat or to include further hardware into the system. While, the effect of glare on user
comfort and how it should factor into the decision making of the system is one obstacle that still
needs to be overcome. In addition to determining how to best determine and measure the glare
rate within the space. These issues stand currently as the main technical gaps between the
current state of the system and it becoming a commercially viable technology.
The use of dynamic daylighting control technologies for skylights should definitely be
considered for future codes and standards. With California continuing to push towards the
increase use of daylight in lighting buildings to reduce energy usage from electric lighting, it is
paramount for standards and codes to take into consideration the need for daylight controlling
technologies. These technologies are needed to manage the quality of light being provided to
the building from daylighting and the energy implications associated with the increased use of
daylight. The use of a dynamic skylight system enables the ability to attempt to find and
maintain the optimal balance point between minimal electric lighting, lighting quality within a
building (i.e. user comfort), and overall energy savings.
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APPENDIX N:
Task 2.05 – Solar Canopy for Core Daylighting
Introduction
Daylighting is a valuable addition to the illumination of buildings, as it provides significant,
high quality light, with marginal power consumption from the additional HVAC loads, which
are typically significantly smaller than the lighting energy required by traditional electric
lighting systems. However, in multi-story buildings, or buildings that are partially shaded by
taller surrounding buildings, it is difficult to implement daylighting into the design of the
lighting system in the interior building, with just the perimeter of the building being
illuminated through windows.
A technical problem faced by many core daylighting systems is that they traditionally transmit
light in a vertical fashion, the technology studied by CLTC transports the daylight up to 50 feet
horizontally into the building. Ideally, this technology will provide architects, lighting
designers and building managers a method that doesn’t require vertical pipes passing through
stories of the building for each luminaire, but allows the light to be distributed down the length
of a hallway or across a room with a very low profile inside the building.
Researchers at the University of British Columbia (UBC) developed the “Solar Canopy”, a
combination of moveable and fixed mirrors with a horizontal light-pipe that redirects and
distributes direct sunlight into the core of multistory buildings. The light pipe is integrated with
electric lighting, which is controlled by a dimmer to dim if there is available sunlight.
This kind of system only became feasible in recent years because of the relatively recent
availability of films with very high reflectance that line the light distribution channel. The
particular solution that the researchers at UBC developed was an efficient system for
distributing light throughout the building. Potential benefits included reduction in use of
electric lighting, both overall and during periods of peak electricity usage, and better
psychological connection of occupants to exterior conditions. To evaluate these claims, CLTC
collaborated with UBC and later SunCentral, performing multiple technological demonstrations
at UC Davis to test the feasibility of this system for the mid-Central Valley latitude and climate.
Davis, CA is located in the US climate zone 4, less than 2000 cooling-degree days and less than
4000 heating degree days. The climate information obtained from TMY3 is listed in Table 1.
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Table 1: Climate Conditions - Davis, CA
Annual solar irradiation

Annual daylight flux

Climate

2

Average global horizontal irradiation

383.48

[Whr/m ]

Average direct normal irradiation

458.57

[Whr/m ]

Average diffuse horizontal irradiance

119.65

[Whr/m ]

Average global horizontal illuminance

412.40

[100lux]

Average direct normal illuminance

457.58

[100lux]

Average diffuse horizontal illuminance

141.96

[100lux]

Average zenith luminance

387.18

[10 cd/m ]

Annual average sky cover (Tenths of sky)

3.58

Annual average dry-bulb temperature

15.54

[°C]

Annual average relative humidity

66.77

[%]

2
2

2

Source: TMY3

Project Approach
CLTC performed two evaluations of prototypes of the core daylighting system. The initial
testbed site evaluation began in October 2011 and continued monitoring through March 2013.
This test involved a prototype developed by University of British Columbia. The results of this
study helped to improve the efficacy of the core daylighting system and a company, SunCentral
began to bring the technology to the market. The CLTC performed an evaluation of their core
daylighting system, the SunCentral SystemTM beginning in June 2014 through October 2014.

Preliminary Solar Canopy Testing
The initial testbed site selected for evaluation of the Solar Canopy installation was at the
experimental building N-2, located at The Center of Laboratory Animal Sciences (CLAS), School
of Veterinary Medicine, University of California Davis.
The initial building used in this project was an unoccupied space named N-2, originally an
animal barn. It is located at Center of Laboratory Animal Sciences (CLAS), School of Veterinary
Medicine, University of California Davis (Latitude 38.52N and longitude 121.75W), as presented
in Figure 1. It was surrounded by the other barns at the North and East, by the depot building
at the West and by an office and parking at the South (Figure 2). All buildings in CLAS are one
floor buildings. The building is oriented north/south.
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Figure 1: N-2 building - Davis, CA

N-2

Source: CLTC

Figure 2 shows the window dimension and distance from roof and ground before the canopy
was installed.
Figure 2: Window Dimensions
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Figure 3: Mounting location

5’3.5

Source: CLTC

The building N-2 was last used as a rabbit barn prior to installation of the solar canopy device.
Several rabbit cages were installed inside the building. They were hung from the building
structure using chain.
Figure 4: Existing interior of the N-2.

Source: CLTC

The Solar Canopy was installed on the south façade of the building to maximize the amount of
sunlight into the building. Solar pathfinders were used to analyze the shading of the site. The
solar pathfinder was placed at 3.60 ft. which correspond to the depth of the solar canopy
enclosure (Figure 7). The results of the solar pathfinder are presented in Figure 8. On the day of
the test, window A was lightened 9 hours (no shading from 6:30am to 3:30pm) and window B
was lightened less than 8 hours (no shading from 9am to 4:45pm).
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Figure 5: Solar pathfinders in use

B

A

Source: CLTC

Figure 6: Solar Pathfinder analysis for window A and window B.

Source: CLTC

Due the Solar Canopy enclosure size restriction, as presented in Figure 4 the height from the top
of window A to the roof is too short to install the canopy, the unit was installed in the right
window instead of the window A. Figure 9 presents the sequences of the installation, the
canopy was attached on the wall. Two additional bars supported the canopy in order to
stabilize the installation.
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Figure 7: Solar Canopy Installation

Source: CLTC

Preliminary Solar Canopy Design
The solar canopy installed at the N-2 Building had dimensions presented in Figure 10. The
enclosure measures 31.5 in wide at top, 39.4 in wide at the bottom and 51.2 in high. It weighs
about 250 lbs. The control unit shown in Figure 13 below manipulated the solar canopy. The
communication and power cables were connected between them as shown in Figure 14. The
compact flash memory contained the software for the canopy control.
Figure 8: Solar Canopy enclosure frame dimensions.

Source: CLTC
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Figure 11: Installed Solar Canopy front and size views.

Source: CLTC

Figure 12: Detailed view of Solar Canopy.

Source: CLTC
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Figure 13: Solar Canopy Control Unit

Source: CLTC

Operation of the control unit required connection to power supply, a monitor and a keyboard,
Figure 15 shows the control screen when in use.
Figure 15: Control screen for the Solar Canopy System.

Source: CLTC
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Preliminary Interior Hybrid Luminaire
This light guide was placed inside the building at the level of the enclosure’s aperture to guide
the sunlight through the whole aperture. The dimensions of the light guide are presented in
Figure 16 below.
Figure 16: Dimensions of the light guide.

Source: CLTC

Since the width of the light guide (23.875 inches) was larger than the window (20 inches)
(Figure 17), the window frame was removed to fit the light guide into the aperture. A metal
panel covered the remained window opening in order to fix the light guides onto the Solar
Canopy enclosure as shown in Figure 18.
Figure 17: Drawing showing that the light guide’s aperture is larger than the window’s one

Source: CLTC
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Figure 18: Light guide fixed with the canopy

Source: CLTC

Eight light guides were installed. Wires were used in place of chains to suspend the lighting
guides. The goal was to minimize changes made in the building thereby also minimizing the
cost. The light guide sections were aligned from the Solar Canopy (installed on the South
façade) towards the North. Figure 19 and 20 show the installed lightguides.
Figure 19: Light guide suspended using wires.

Source: CLTC
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Figure 20: Whole view of the light guides

Source: CLTC

Figure 21: Left: diffuser; right: reflector inside a light guide.

Source: CLTC

Preliminary Testing Design
LI-COR photosensors were used for illuminance measurement. The sensors were placed under
the light guide diffuser as shown in Figure 22. A LI-COR pyranometer was used for measuring
available solar radiation, the sensor was installed on the roof.
Figure 22: The sensors are placed horizontally on the supported bars.

Source: CLTC
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All sensors were connected to a central computer unit, running the LabVIEW graphical
programming environment, via a Data Acquisition (DAQ) device to measure and provide data
logging for the test system.
Figure 23: The lighting measurement and data logging screen.

Source: CLTC

Figure 24: The lighting measurement diagram.

Source: CLTC
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Installation at CLTC
After the evaluation of the preliminary apparatus, and significant improvements in the method
of capturing solar light. CLTC evaluated the SunCentral SystemTM, a core daylighting solution
under development by SunCentral. The SunCentral System is an updated version of the
previous solar canopy design that uses a combination of mobile and fixed mirrors and a
horizontal light pipe that redirects and distributes sunlight into the core of the building. CLTC
installed a prototype SunCentral System along an interior hallway at the CLTC building located
at 633 Pena Drive, Davis, CA.
Figure 25: CLTC; 633 Pena Drive, Davis, CA

Source: Google.com

SunCentral’s design utilizes solar tracking mirrors integrated within a cantilevered canopy that
capture and redirect sunlight. Collimated beams of sunlight are transmitted through air to a
parabolic mirror that focuses the light into the tertiary optics, where the sunlight is concentrated
and piped into the building up to 50 feet through the hybrid luminaire which features
integrated LED lighting that is automatically dimmed when sunlight is present.
The advantage of this system is that it allows for daylighting to be transmitted horizontally
through the building (up to 50 feet into the interior) rather than requiring vertical openings that
may have to pass through several floors to illuminate the core of the building.
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Figure 26: External and Internal Components of the SunCentral Core Daylighting System Installed
at the CLTC

Source: CLTC

Figure 27: Dimensions of Test Setup
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Source: CLTC

Test Protocol
Along the length of the SunLuminaire’s™ luminous opening, six LI-COR photosensors
measured the delivered luminous flux at different distances along the corridor. An external
PLC MAS photosensor measured the available outdoor daylight and a seventh sensor mounted
on the end of the SunLuminaire measured the final apparent throughput (that is, the amount of
the daylight that is transmitted the full length of the pipe, analogous to output in a light engine)
of the Sun Central system. A LabVIEW script collects and recorded the sensors data each
minute. External cameras monitored the exterior portion of the system, providing a video
record that shows weather conditions and hardware faults in the system. This allowed for
correlation of recorded data to external conditions.
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Figure 28: LI-COR LI-210 Photometric sensor and Swann security camera

Source: CLTC

Monitoring Period
On many days, the amount of light transmitted by the system was reduced by atmospheric
conditions such as clouds, haze or smoke. This reduced the amount of light received by the
SunBeamersTM and transmitted through the SunLuminaire. Often, conditions varied
throughout the day and the system was intermittently operational. Figure 3 below shows the
effects of cloud coverage on the system.
By monitoring the amount of daylight transmitted through the light pipe and measured at
various points along the pipe, the amount of light depreciation per length was quantified. It was
also noticed that there was a substantial layer of dirt built up on the flat exterior surfaces of the
SunBeamer; see Figure 30 below. To determine the extent of the effect of this layer of dirt on the
performance of the system, nearly three months of dirt was allowed to accumulate. On
September 9, 2014 the panels were cleaned, resulting in a nearly 400% increase in daylight
throughput, indicating a very strong correlation between dirt buildup and decreasing light
levels.
Figure 29: SunBeamer before (left) and after (right) cleaning at 3 months

Source: CLTC
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Figure 30: Representative Clear, Few, and Broken Sky Conditions
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Source: CLTC
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Data Analysis
Core daylighting systems, like most daylighting technology, are typically more variable in
output than electric lighting systems. In the course of this project, weather, dirt build-up, length
of day, and sun altitude over the course of the day were identified as major factors effecting the
total daily and maximum daylight output of the SunCentral Core Daylighting System. These in
turn affect the potential daily electricity savings (kWh) and peak reduction (kW) that the system
provides. Note, on 32 of the 123 of the days of monitoring period (26%) the data was unusable,
due to technical problems with the solar canopy system such as temporary inoperability of the
prototype SunBeamerTM and the electrical LED lights in the SunLuminaireTM. This includes the
electric lighting being on during the middle of the day, disrupting the test.
The National Oceanic and Atmospheric Administration (NOAA)’s National Climate Data
Center (NCDC) categorizes cloud coverage into five categories based on 1/8 of sky covered as
shown below. Analysis of the data collected from the CLTC installation showed that the
SunBeamerTM requires direct irradiance to transmit light, and does not transmit a significant
portion of the diffuse daylight present on overcast days. This allowed for direct estimation of
the light loss for each weather designation.
Table 2: Cloud Coverage Description
Cloud
Designation

Eighths of Sky
Covered

Sunlight
Throughput by
SunBeamer

Clear

0/8

100%

Few

1-2/8

81.25%

Scattered

3-4/8

56.25%

Broken

5-7/8

25.00%

Overcast

8/8

0%

To provide an estimate for the number of days per year that the SunBeamer could realistically
offset electric lighting, CLTC utilized weather data from the NCDC. A key part of this data is
an hourly normalization of cloud coverage for the years between 1981 and 2010. This record
gives information on the cloud coverage in the area around Sacramento, indicating what
percent of the area is in each weather state. Thus for each hour, a probability of the sky being in
each of the weather states (cloud designation) shown above is known.
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Figure 31: Map of area used to determine cloud coverage normalization

Source: NCDC via Google.com

By utilizing the percent throughput value given in Table 2, the effects of the clouds on the
system was predicted for each hour over the course of the year. As shown below, the efficacy of
the system is expected to be reduced by an average of 8.6% in summer (June 21st to September
23rd) and 50.0% in winter (December 21st to March 20th).
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Figure 32: Normalized percent of sky with cloud coverage for Davis, CA
Normalized Cloud Coverage 1981-2010
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Source: CLTC

Based on the optical parameters supplied by SunCentral, the SunBeamerTM is designed to
provide maximum throughput at a solar elevation angle of 55°. The relation between solar
angle and SunBeamer output is shown in Figure 33 below.
Figure 33: Effect of sun elevation on SunBeamer output (SunBeamer output at +7°)

Source: SunCentral 2014

This affects the maximum daylight (lumens) transmitted by the system and the total daily
lumens the system offsets differently, over the course of a day. The maximum transmitted
luminous flux was only decreased on days where the solar altitude at solar noon is less than 55°,
which means for nearly half of the year the maximum throughput would not be effected by the
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solar angle. This is shown in Figure 34 and the “Percent Max Throughput” Column in Table 3
below:
The total effect of solar altitude on daylight throughput was determined by computing the
incremental throughput over the course of the day from the known solar altitude for each day.
This was then normalized by the throughput of the summer solstice. This factor provided an
estimate of the efficacy reduction, and thus reduced energy savings, of the daylighting system.
Figure 34: Depreciation of Max Daily Throughput and Total Daily Throughput Due to Solar Altitude
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Aug 01 Sep 01

Oct 01 Nov 01 Dec 01

Table 3: Depreciation of maximum daily throughput and total daily throughput due to solar
altitude for select dates
Date

Solar Noon

Altitude At
Solar Noon

Maximum
Throughput

Normalized Total
Daily Throughput

June 21, 2014

1:09 PM

74.9°

100%

100%

September 15, 2014

1:03 PM

55.1°

100%

78.32%

September 20, 2014

1:00 PM

52.3°

97.49%

75.74%

December 21, 2014

12:05 PM

28.0°

36.73%

7.29%

March 20, 2015

1:14 PM

51.4°

96.71%

74.07%

March 29, 2015

1:12 PM

55.0°

100%

81.04%

As this study was performed in the northern hemisphere, the length of the day is significantly
longer in the summer than in the winter. While this is an important consideration in
daylighting analysis, for the purposes of this study it was not treated as a separate factor from
solar altitude. As the solar altitude at sunrise and sunset is approximately zero, the variance in
length of the day was entirely accounted for in this estimation.
The throughput depreciation of the system due to dirt build up on the external surfaces of the
SunBeamer was determined. Note, this installation was on the south side of a one story
building and so caution should be used in extrapolating this analysis to other installations.
To estimate the build-up of the dust was assumed that the dirt layer was thin, and therefore the
effect of the dirt was able to be considered independent of the altitude of the sun; while not a
good assumption for low solar altitudes (solar altitude less than ten degrees) the effect is small
compared to the reaction of the system itself with response to solar angle as shown in Figure 33
above. It was also assumed that the dirt effected the system as a constant exponential decay.
An estimation of the rate of buildup of dirt was obtained from the difference that cleaning the
system produced. Dirt was allowed to accumulate on the solar canopy for 89 days from June
14, 2014 until September 10, 2014. On September 8, 2014, the average peak output of the
SunLuminaire (average of six photosensor measurements taken along the length of the
SunLuminaire) was 15.82 fc. On September 11, 2014, the day after the system had been cleaned,
the average peak output of the SunLuminaire was 62.85 fc. This is a depreciation of 1.59% per
day, which gives an L70 lifespan of 23 days; however, it is possible that this decay rate lower
than actual as the system potentially was not operating at full output after the cleaning
indicating that there should have been greater throughput post cleaning.
A second method of determining the light depreciation due to dirt is to fit an exponential decay
function to the collected peak load reduction data (using a least-squares-fit function). Peak load
reduction data was used to give a time insensitive value to reduce the impact of the length of
day. Due to a technical problem that disabled one of the three SunBeamersTM on July 29, 2014
(the blue line in Figure 35 below), two estimations were used for the depreciation before and
after.
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Figure 35: Potential demand reduction (kW) of electric lights due to daylight supplied by the
SunBeamer
0.018
0.016

Daily Max Demand Reduction

0.014
0.012
0.01
0.008
0.006
0.004
0.002
0
Jun 01

Jul 01

Sep 01

Aug 01

Oct 01

Nov 01

Date
Source: CLTC

As shown in Figure 36, this method indicated a decay rate of 1.73% before July 29, 2014 and
2.17% after the throughput was reduced. From this and the previous estimation we can
conclude that the system, in the Davis climate, has a dirt depreciation rate of around 1.7% per
day, and a L70 lifespan of 21 days.
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Figure 36: Savings relative to dirt buildup
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Annual Energy Savings
The peak average output (average of measurement recorded from six photosensors along the
length of the SunLuminaire) was 79.4 foot-candles on June 17, 2014. Due to weather conditions
on the preceding days, this was four days after the system had been commissioned, and so the
throughput of the system was reduced by 9.78 percent due to buildup of dirt. This means that
the maximum peak daylight contribution to the system is 88.1 foot-candles, which is 40% of the
illumination produced by the supplementary LED lighting.
The dimming curve of the LED luminaires in the SunLuminaire was estimated and used
determine the potential savings that daylight provides due to reduced need for electric light.
The control algorithm / system was only stable at a maximum dimming state and full output;
however, documentation on the dimming drivers show that they exhibit linear behavior over
the output range used for this system. As shown in the Table 4, the power saved per footcandle of illumination delivered by the SunLuminaire, averaged across the 6 measurement
points along the luminaire, was 0.214 Watts per foot-candle.
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Table 4: Energy Saved Per Foot Candle Light Supplemented
Wattage
(W)

Sensor
1 (fc)

Sensor
2 (fc)

Sensor
3 (fc)

Sensor
4 (fc)

Sensor
5 (fc)

Sensor
6 (fc)

Average
(fc)

Max
Dimmed

24.1

34.9

42.2

42.9

34.95

50.4

47.2

42.092

Full
Output

61.7

185.9

219.6

223.7

215.1

244.3

225.4

219

0.249

0.212

0.208

0.209

0.194

0.211

0.214

W/fc

Based on the electric load (W) of the SunLuminaire (61.7 W), if the electric lighting alone was
used for illuminating the space for 2594 hours annually 1, the annual energy consumption would
be 160.0 kWh.
In the preceding section, several depreciation factors were determined, and by combining all of
them, assuming the system is cleaned on the first day of the month, the estimated potential
savings of the system is 21.9 kWh per year. This equates to energy savings of 13.7% annually. If
the cleaning is increased to once per week, the energy savings are increased to 27.0 kWh per
year, or an energy savings of 16.9% annually.

Database for Energy-Efficient Resources (DEER) 2008 Hours for Lighting usage in Small Offices: Table
14 in http://www.deeresources.com/files/deer0911planning/downloads/DEER2008UPDATEEnergyAnalysisMethodsChangeSummaryV9.pdf
1
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Figure 37. Potential Energy Savings with Monthly Cleaning
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For commercial users billed by the basic general service rate (A-1), who are likely to see the
greatest savings due to the implementation of this daylighting system, PG&E’s “Average” Total
Rate is $0.21 per kWh. If the increase of this is constant over the 5 year-lifespan the SunCentral
system, the total energy savings of this system, over its lifespan, is $23.00.
Maintenance
IES RP-31-14, Recommended Practice for the Economic Analysis of Lighting - Table 2 lists
several economic considerations for the life cycle cost analysis of lighting systems. This list
includes several costs associated with new construction, energy consumption, and
maintenance/cleaning as importance lifecycle costs to consider for lighting systems.
The design of the external portion of the SunCentral System is highly susceptible dirt buildup
on its two large flat surfaces; the top of the SunBeamer and the SunShade. As discussed in the
data analysis section above, this dirt buildup, in the Davis environment, depreciates the
throughput by 1.7% per day for each day that the system is not cleaned. To mitigate these light
losses, the system requires cleaning at least once a month. Cleaning the CLTC prototype took
approximately 1 hour; however, it is likely that with experience this time could be vastly
reduced. If a building already has an experienced window cleaning crew, the system could add
as little as 5 minutes to the building cleaning. Based on California’s minimum wage of $9.00 per
hour as of July 2014, the system would cost at least $9.00 per year to clean (assuming a monthly
cleaning schedule).
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Project Outcomes
CLTC conducted a variety of project-level market connections activities in support of the
research conducted this project. Activities focused on the increasing market awareness of core
sunlighting solutions. The concept of core daylighting systems, especially in corridor
applications, was consistently championed by CLTC researchers and staff members throughout
the course of this research project (2009-2014). A brief description of select activities is provided
below along with links to supporting documents. Copies of product specifications and other
materials are provided as attachments to this document.
CLTC conducted a variety of outreach and education activities targeted at architects, lighting
design professionals, building owners and standard-setting bodies. These activities were
designed to inform these key stakeholders on the potential for energy savings and associated
market opportunities available with core daylighting systems.
CLTC worked with SunCentral to evaluate and refine the SunCentral SystemTM solar canopy
system for core daylighting applications by providing demonstration sites for in field testing
and increased visibility of product to aid information distribution.
Both the preliminary solar canopy test and installation at CLTC discussed in prior sections of
this appendix were technological demonstrations of solar canopy technology. These technology
demonstrations were completed to support the center’s interest in core daylighting technology.
In addition to the technological demonstrations listed in the previous section, CLTC has
performed significant additional market connection activities to aid the development and
implementation of this technology. These market connection activities are listed below with
relevant publications attached.
∞ Installation of a SunCentral System at USDA Farm Service Agency building in Davis,
CA.
∞ Michael Siminovitch and Konstantinos Papamichael participated in panel discussions at
the Emerging Technologies Summit in 2010 on the topics of "New Commercial Lighting
Options" and "New Residential HVAC and Lighting Technologies." Including
discussions of the potential of core daylighting systems such as SunCentral’s to deliver
high quality light efficiently.
∞ CLTC submitted a poster on the Core Sunlighting System for the poster session on preemerging technology. This poster was displayed in the hallway outside the conference
rooms during the event. Building Codes and Appliance Standards. (Poster)
∞ Site page on CLTC’s website (http://cltc.ucdavis.edu/project/core-sunlightingsystems)
∞ Presentation of installation at CLTC to interested individuals including architects,
facility managers, and representatives of standard-setting bodies.
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Technology Transfer Actions
CLTC participated in the Canada-California Strategic Innovation Partnership (CCSIP)’s, Core
Sunlighting Partnership. The specific objectives of this partnership included assembling
innovative teams to develop new core sunlighting systems, identifying strategic industrial
partnerships to quickly implement demonstration systems, and establishing a framework for a
long-term commercialization strategy. This was the focus of the Core Sunlighting Solutions
Workshop hosted on Friday, June 10, 2011, at the UBC campus in Vancouver. The University of
British Columbia, the University of California, Davis, the University of California, Merced, and
Ryerson University all were co-hosts of the international workshop. This event was part of a
series of workshops funded by the Canada-California Strategic Innovation Partnership to
determine necessary actions to accelerate the introduction of core sunlighting systems in the
building industry.
To accomplish this project, multiple demonstrations of this technology were implemented. The
first was at the Center of Laboratory Animal Sciences (CLAS), School of Veterinary Medicine, at
the University of California Davis. This demonstration of the first generation of the technology
from SunCentral and provided direction and informed the monitoring to be able to verify
functionality and energy savings. The next at the CLTC demonstrated the second generation of
this technology from SunCentral, and provided the basis for a much more in depth analysis of
this technology. At this point CLTC intends to report the findings of this demonstration to
SunCentral so that they may understand the results and inform their development process.
This has already happened in part with SunCentral improving their construction processes as a
result of repeated mechanical failures at this demonstration site.
Over the course of this project, with the aid of CLTC, SunCentral has brought their core
daylighting system to market, and has made it available for international installation.
Incremental improvements to the SunCentral System are likely to continue as is the nature of
the technological industry; however, the system is currently capable of reducing energy usage
by supplementing LED lighting with daylight.

Manufacturer Adoption and Deployment Requirements
As part of the project CLTC developed general guidelines for manufactures interested in
offering a core daylighting technology. The manufacture must provide a system that contains
the following elements:
1. A system for collecting the daylight. This can either be passive collection, as in
traditional skylights and tubular daylighting devices, or active collection, such as the
SunBeamers utilized by SunCentral.
2. A method of transporting the light into the interior of the building. Typically, this
function is performed by a light pipe placed at the base of the collecting unit that runs
into the luminaire.
3. A luminaire that illuminates the space using the light delivered to it from the
transportation system.
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4. If supplementary electric lighting is to be utilized, it must be dimmable to provide a
constant level of illumination in the space. Consideration should be given to how to best
insure that the daylight is used to its full potential.

Conclusions and Recommendations
Core daylighting technologies such as the system developed by SunCentral collect daylight
through the use of mirrors and lenses external to the building, and transport this daylight into
the interior of the building, through additional optics and highly reflective light pipes. These
are often supplemented with additional electric lighting, typically LEDs, to provide a constant
level of light output for periods when there is less available external light.
SunCentral’s design utilizes solar tracking mirrors integrated within a cantilevered canopy that
capture and redirect sunlight. Collimated beams of sunlight are transmitted through air to a
parabolic mirror that focuses the light into the tertiary optics, where the sunlight is concentrated
and piped into the building up to 50 feet through the hybrid luminaire which features
integrated LED lighting that is automatically dimmed when sunlight is present.
The advantage of this system is that it allows for daylighting to be transmitted horizontally
through the building (up to 50 feet into the interior) rather than requiring vertical openings that
may have to pass through several floors to illuminate the core of the building.
Currently it does not completely fill its potential. Over a five year lifespan, the daylighting
portion of the SunCentral System costs around $22 more to clean than is saved by the reduced
energy use ($23 savings less $45 maintenance costs). As the SunCentral system costs more than
LED luminaires in initial installation cost per lumen, there is no economic rationale for use of
the demonstrated system at this time. If SunCentral or some other company is able to
significantly increase the throughput of light, possibly by significantly improving the ability of
the system to collect light at low solar angles, as well as demonstrating ability to efficiently
harness the daylight, the solar canopy concept potentially would merit further evaluation.
The concept of core daylighting is one that the CLTC sees as having great potential for energy
savings and delivery of high quality light. CLTC researchers evaluated an implementation of
this technology by Canadian company SunCentral. The results of this research are documented
in the Project Approach section of this Appendix. At the time of writing this Appendix, the
SunCenteral system is not commercially viable. The system at CLTC required numerous
recommissioning/recalibration sessions over the course of a year to get the system functioning
at intended by the manufacturer. However, CLTC expects continued interest in this research
topic over the next several years. To support this interest and ensure continued research and
development in this topic area, CLTC is supporting post-doctoral research on core daylighting
in 2015. CLTC has also prepared an archive of project information and resources on core
daylighting that may be easily tapped during the post-contract support period as future
opportunities arise.
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Future Research, Development & Demonstration Opportunities
To obtain the full potential of this design, there are technical challenges to overcome including
decreasing dirt-depreciation on external components, and improving control design to increase
utilization of daylight and provide more beneficial hybridization of lighting. Additionally,
improvements of the SunBeamer that increase the solar collection at low solar altitudes have the
potential to increase the economic viability of the SunCentral System. For additional research
opportunities, there are a wide range of other lighting systems that implement core daylighting
in the market, including parabolic solar collectors such as Sundoiler Daylight Harvesters, which
require demonstration and analysis.
The CLTC does not see this technology as currently viable for inclusion in codes and standards,
as the technology is not economically viable. If economic viability can be established, then it
could be used for a case for codes supporting core daylighting in commercial buildings.

Post-Contract Support Plan
The CLTC will continue to support the needs of core daylighting technologies through research
and future demonstrations. The CLTC plans to continue research on core daylighting systems
as the topic of a postdoctoral study plan starting early in 2015. Additionally; the CLTC will
continue to spread information about this project at seminars, trainings and conferences;
including out-of-state events. Visitors of the CLTC will receive a tour the building and learn
more about the SunCentral core daylighting system installed in-house. Core daylighting
research is published on our website for public accessibility. The CLTC will strive to work on
new contracts and projects that involve further development of core daylighting.
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CHAPTER 1:
Background & Methodology
1.1

Background

In 2007, California approved AB 1109 (AB 1109, Huffman, Chapter 534, Statutes of 2007),
requiring regulations to reduce California’s lighting electrical energy use.
25402.5.4. (a) On or before December 31, 2008, the commission shall adopt minimum energy
efficiency standards for all general purpose lights on a schedule specified in the regulations.
The regulations, in combination with other programs and activities affecting lighting use in
the state, shall be structured to reduce average statewide electrical energy consumption by
not less than 50 percent from the 2007 levels for residential lighting and by not less than 25
percent from the 2007 levels for indoor commercial and outdoor lighting, by 2018.
Implementing AB 1109, also referred to as the Huffman Bill, requires de‐terminating
California’s 2007 lighting energy use baseline, using metrics that facilitates the regulations
development and monitoring the progress for each of the three affected lighting sectors. Before
this important step, a clear definition and interpretation of the AB 1109 language was required.
The following sections present and discuss the components of the Huffman Bill, and the
assumptions required to determine the 2007 lighting baseline.

1.1.1 Bill Interpretation and Definitions
Before data analysis, the California Lighting and Technology Center (CLTC) analyzed the AB
1109 language to determine the affected sectors, baseline requirements and metrics required to
demonstrate savings. The bill affects three lighting categories:
•

Indoor commercial lighting

•

Indoor residential lighting

•

Outdoor lighting

Interior commercial lighting and interior residential lighting are fairly well defined market
segments; however, the outdoor lighting definition as it relates to a specific sector or segment of
the California building population was not provided in the bill and using this term is vague.
Descriptions and analysis of each affected lighting market segment are provided with adopted
definitions for the three affected sectors.
1.1.1.1

Indoor Commercial Lighting

A commercial lighting definition was not provided in AB 1109. Review of other state
documents, codes and standards was conducted in order to best align the adopted definition for
commercial lighting with existing legislation. The most relevant definition was found in the
California Energy Code, California Code of Regulations (CCR) Title 24, Part 6 – Section 101
(Title 24). Per Title 24, the commercial building market consists of all commercial facilities
intended for nonresidential use and whose operations will affect commerce, including
5

warehouses, office buildings, and other buildings where employment may occur. Some
industrial and agricultural facilities such as data centers, clean rooms and manufacturing or
food processing operations are not included under the current Title 24 definition of commercial
buildings. There is also a lack of available end‐use electricity data for the industrial and
agriculture sector. Using the Title 24 definition for commercial buildings will not address all
nonresidential spaces. After review and discussion with the California Energy Commission’s
Efficiency and Renewable Energy Division, the definition for commercial interior lighting
definition used in this report is:
Definition:
Indoor commercial lighting consists of all permanently installed lighting in the interior spaces of
nonresidential buildings, excluding industrial and agricultural facilities.
1.1.1.2 Indoor Residential Lighting
Indoor residential lighting is the most clearly defined market segment; however the definition
was aligned with Title 24 for consistency. Residential buildings include low‐rise and high‐rise
residential buildings as defined in Title 24. The following definition is identical to that
contained in Title 24 and is used in this report:
Definition:
Indoor residential lighting consists of all permanently installed lighting in the interior of residential
buildings.
1.1.1.3 Outdoor Lighting
The outdoor lighting definition as it pertains to a specific sector or segment of the California
building population is not provided in AB 1109, and the term in the bill is vague. The term
“outdoor lighting” is used synonymously with the term “exterior lighting” within the lighting
industry; however, the term “outdoor lighting” does not describe a specific lighting market
segment such as commercial buildings, residential buildings, industrial facilities, or agricultural
facilities.
Four interpretations are possible based on the sentence structure and overall content of the bill.
In addition, the current Title 24 outdoor lighting definition could be applied to ensure
consistency across state regulations and documentation. Affected market segments for outdoor
lighting may be interpreted to include any of the following market segments:
•

Outdoor commercial lighting

•

Outdoor commercial and outdoor residential lighting

•

Outdoor stationary lighting, a term used to describe the sector consisting of roadway,
parking, aviation and athletic facilities (and which excludes outdoor commercial or
outdoor residential lighting)

•

All outdoor lighting – including segments such as industrial lighting and roadway
lighting
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The definition contained in Title 24 combines and applies to portions of several of these market
segments. As Title 24 does not apply to all California building types, the Title 24 outdoor
lighting definition does not apply to all outdoor light points. To maintain consistency with the
definition of commercial interior lighting, a definition was adopted that includes all outdoor
light points within the commercial and residential sectors, including street lighting, and
excluding outdoor lighting in the agricultural and industrial sectors due to lack of historical
data. This definition is used in the study.
Definition:
Outdoor lighting is all permanently installed lighting in outdoor spaces including lighting for the
exteriors of both residential and commercial/nonresidential buildings. It includes electrical lighting
for streets, parking lots, signs, building entrances, outdoor sales areas, outdoor canopies, landscape
lighting, lighting for building facades and hardscape lighting.

1.2

Methodology

Historical data from existing lighting surveys and studies have been used to conduct trend
analysis to estimate California’s 2007 lighting electricity use. This is the baseline year that
savings will be counted to demonstrate the electrical energy reductions required by AB 1109.
The analysis contained in this report is based on a collection of secondary data sources and
publications produced between 1995 and 2010; it does not use any new primary data such as
additional building audits or owner surveys. Data source descriptions and citations are
provided in Appendix A.
AB 1109 specifically calls for the measurement and savings of “average statewide electrical
energy consumption.” Electrical energy consumption clearly means energy use over time, so the
unit of choice for estimating the baseline and future energy savings is the kilowatt‐hour (kWh).
The baseline period for comparison is “2007 levels,” so it must also be assumed, although it is
not explicitly stated, that measurements are necessary for average statewide electrical energy
consumption and average annual statewide electrical energy consumption, to compare use to
2007 levels.
To estimate lighting electricity use in each sector affected by AB 1109, CLTC applied the
formula provided in Equation 1. Data points for total sector electricity and lighting factors were
mined from the secondary sources described in the sections that follow.
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Equation 1: Sector Electricity Consumption from Lighting

E

SL

= ES F L

⎧ RI = Re sidential _ Interior ⎫
⎪
⎪
S = Sector = ⎨CI = Commercial _ Interior ⎬
⎪O = Outdoor
⎪
⎩
⎭
ESL = sector electricity consumed by lighting
ES = total sector electricity consumption
FL = lighting factor (percent of electricity used for lighting in the sector)
The total electricity consumed by lighting, across all sectors affected by AB 1109, is the sum of
these values.
Equation 2: Total Electricity Consumption from Lighting

∑E
S

SL

= ∑S E S F L

Once the total electricity use per affected sector was calculated, changes over time were
compared in both an absolute and normalized manner. Normalization isolates changes in
energy use due to equipment and building energy‐efficiency improvements from fluctuations
resulting from population change. Due to growth in population and building stock, total energy
use typically grows over time (Figure 3). Assuming a change to California’s population
increases electricity use beyond any energy‐efficiency reductions, then electricity savings
achieved by 2018 cannot only be identified in an absolute manner. A normalized quantity is
required to isolate overall reductions from increases attributed to changes in population or
building stock.
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Figure 3: California Electricity Use per Capita and Population, 1995–2010

Source: California Lighting Technology Center calculations.

1.2.1 Information Sources
The sources used in this analysis provide estimates of commercial, residential and outdoor
lighting electricity consumption at both the state and national level. Outdoor lighting is the sum
of commercial exterior lighting, residential exterior lighting, and street lighting. Results for this
sector are an aggregation of exterior end‐use values taken from each of the three sectors. Each
source is briefly described in Appendix A ‐ Sources, along with links to additional information.
The major analysis components rely on data from the California Energy Commission’s (Energy
Commission) Electricity Supply Analysis Division for electricity consumption estimates and
appliance and end‐use energy surveys for the residential and commercial sectors; and baseline
lighting studies prepared over the course of the last 15 years. The U.S. Department of Energy
(DOE) also provided supplementary data on electricity use at the national level, including end‐
use estimates for lighting specifically. Whenever possible, lighting use estimates are based on
secondary data specific to California, and not national averages.

1.2.2 Sector Electricity Consumption
California electricity consumption forecasts, by sector, are prepared by the Energy
Commission’s Electricity Supply Analysis Division. This division has historically presented a
range of consumption scenarios based on different environmental and economic assumptions.
The division relies on pricing, economic and other demographic data and projections provided
9

by third party groups such as Moody’s Analytics and Itron. Historic electricity consumption
values for the major California industry sectors are provided in ESAD’s periodic electricity
forecasts which support analyses and recommendations of the Integrated Energy Policy Report
(IEPR).
Electricity consumption estimates used in this analysis represents the Energy Commission’s mid
energy‐demand case. This scenario assumes input parameters in between the high and low
energy demand cases. The Energy Commission’s Revised California Energy Demand Forecast,
February 2012 noted:
The high energy demand case incorporates relatively high economic/demographic growth, relatively
low electricity and natural gas rates, and relatively low efficiency program and self‐generation
impacts. The low energy demand case includes lower economic/demographic growth, higher assumed
rates, and higher efficiency program and self‐generation impacts. The mid case uses input
assumptions at levels between the high and low cases.
Additional information regarding the energy modeling and demand scenarios used for the
forecast may be found in Chapter 1 of the Revised California Energy Demand Forecast, 2012–
2022. The annual sector electricity use (Table 1), is used in Equation 1 for Es.

Table 1: California Electricity Use by Sector (Gigawatt Hours per year), 1995–2010
Residential

Commercial

Industrial

Mining

Agricultural

TCU

Street
Lighting

Total

1995

69,032

77,682

46,230

6,179

14,147

12,808

1,620

227,698

1996

71,331

79,998

46,532

6,361

16,708

13,002

1,658

235,590

1997

72,777

83,672

48,154

6,291

17,358

13,627

1,701

243,580

1998

74,622

85,466

46,441

6,000

13,359

13,371

1,757

241,015

1999

75,677

88,581

47,733

5,715

16,951

13,746

1,658

250,060

2000

79,579

93,255

48,184

6,101

17,321

14,249

1,718

260,408

2001

75,191

91,354

44,757

5,770

18,896

13,091

1,763

250,822

2002

76,870

93,091

44,915

5,679

20,962

13,274

1,731

256,521

2003

81,750

97,032

42,569

5,894

20,151

13,159

1,759

262,314

2004

83,944

98,834

43,986

6,594

21,840

13,268

1,769

270,236

2005

85,747

99,530

44,260

6,684

19,093

13,986

1,780

271,081

2006

89,655

102,746

43,985

6,911

20,305

14,405

1,776

279,782

2007

89,063

104,381

44,220

6,968

22,867

14,989

1,793

284,281

2008

90,888

105,625

43,775

7,028

19,740

15,509

1,832

284,398

2009

90,008

102,317

39,485

7,653

19,861

15,829

1,668

276,821

2010

87,390

100,185

39,447

7,564

20,763

15,403

1,591

272,342

http://www.energy.ca.gov/2011_energypolicy/documents/2011‐08‐30_workshop/mid‐case/
http://www.energy.ca.gov/2011_energypolicy/documents/2011-08-30_workshop/mid-case/
TCU = Transportation, communication and utilities
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1.2.3 Lighting Factors
In California, electricity used for lighting has historically been a larger percentage of total
electricity consumption than in other regions of the country. DOE reports that, in the West,
lighting and other appliances account for approximately 31 percent of delivered energy; the
national average is five percent lower, at 26 percent. Lighting constitutes 18 percent of electricity
consumption in the Northeast region of the U.S., more than 10 percent less than in California
(DOE Buildings Energy Data Book Table 2.1). Due to these regional variations, lighting
electricity use estimates must be based on localized data if they are to produce accurate results.
Past California lighting surveys and data sets were collected and analyzed to create a timeline
of lighting electricity use of sector percentage between 1995 and 2010 (Table 2). Some regional
data, collected by DOE was included to supplement the California information, when California
data was not available. Shaded cells represent values that have been calculated from existing
data points.
California lighting and appliance saturation surveys and studies were conducted in 1995, 2001,
2002, 2005, and 2009. Regional data, prepared at the national level, was used to estimate
commercial interior lighting electricity use for 2010 and residential interior lighting electricity
use for 2005. Street lighting electricity use estimates were provided by the Energy Commission’s
Electricity Supply Analysis Division, as no other existing studies or surveys was available for
this outdoor sector. The values in Table 2 are used in Equation 1 for FL.

Table 2: California Lighting Electricity Use by Sector (Percent of Total Sector Electricity Use*)
Residential Lighting

Commercial Lighting

Outdoor

Total

Interior

Exterior

Total

Interior

Exterior

Street

Total

1995

28.0%

23.9%

4.1%

40.0%

36.6%

3.4%

0.7%

3.1%

1996

27.5%

23.4%

4.1%

39.2%

35.8%

3.4%

0.7%

3.1%

1997

27.0%

22.8%

4.2%

38.4%

35.0%

3.4%

0.7%

3.1%

1998

26.4%

22.2%

4.2%

37.6%

34.2%

3.4%

0.7%

3.2%

1999

25.9%

21.7%

4.3%

36.8%

33.4%

3.4%

0.7%

3.2%

2000

25.4%

21.1%

4.3%

36.0%

32.6%

3.4%

0.7%

3.2%

2001

24.9%

20.6%

4.4%

35.2%

31.8%

3.4%

0.7%

3.2%

2002

24.4%

20.0%

4.4%

35.1%

31.1%

4.0%

0.7%

3.4%

2003

24.0%

19.5%

4.5%

34.9%

30.3%

4.6%

0.7%

3.8%

2004

23.6%

19.1%

4.6%

34.7%

29.5%

5.2%

0.7%

4.0%

2005

23.2%

18.6%

4.6%

34.5%

28.7%

5.8%

0.7%

4.3%

2006

23.1%

18.3%

4.7%

34.1%

28.1%

6.0%

0.6%

4.3%

2007

22.9%

18.1%

4.8%

33.6%

27.5%

6.1%

0.6%

4.4%

2008

22.7%

17.8%

4.9%

33.1%

26.9%

6.2%

0.6%

4.5%

2009

22.5%

17.5%

5.0%

32.3%

26.3%

6.0%

0.6%

4.4%

2010

22.3%

17.2%

5.1%

31.6%

25.7%

5.8%

0.6%

4.4%

*Outdoor lighting values are a percent of total California electricity use (not sector use). Shaded cells contain calculated values.
Non-shaded cells contain data points taken from secondary sources.

11

1.2.4 Computation Methods
For years where no primary data existed, lighting use was estimated by interpolating between
primary data points obtained from past surveys and studies. For residential lighting, the 1995
California baseline prepared for the Energy Commission and the results of the 2002 California
Residential Appliance Saturation Survey (RASS) were used to linearly interpolate interior and
exterior lighting use for the years 1996 to 2001. Between 2002 and 2009, annual residential
lighting use was also linearly interpolated to reconcile results from the 2009 RASS and the 2002
RASS. The 2005 reported value for residential interior lighting of 18.6 percent of residential
electricity use1 aligns with the linear decrease in estimated electricity use in this sector between
2002 and 2009.
In the commercial sector, primary data exists for 1995, 2001 and 2005. For commercial interior
lighting use, results from the 1995 California Lighting Baseline and the 2005 Commercial End
Use Survey (CEUS) were used to linearly interpolate lighting use for 1996 to 2004. As no
primary California data existed beyond 2005, a national report of the U.S. Lighting Inventory
was used to estimate interior lighting use for 2010 (Navigant 2012, page xii). This report
estimates that in 2010, 19 percent of all electricity was consumed by lighting, and 49.8 percent of
this amount is consumed by commercial interior lighting. These factors were applied to
California electricity consumption to obtain the 2010 lighting factor for interior commercial
lighting. This estimate aligns well with the downward trend in this sector between 1995 and
2005. This estimate was used along with the 2005 CEUS results to estimate interior commercial
lighting use for 2006–2009.
In the commercial exterior sector, an outdoor lighting assessment conducted in 2001 shows no
increase in lighting use in the exterior sector between 1995 and 2001; therefore, exterior
commercial lighting use as a percentage of total commercial electricity use was held constant
during this period (Pierce 2). Exterior commercial lighting use increased between 2001 and 2005,
and a linear interpolation was used to estimate annual lighting use percentages for the years
2002, 2003 and 2004. No appropriate primary data points were found for years beyond 2005, so
for the period of 2006 to 2010, commercial exterior lighting use was estimated to change
proportionally to commercial floor space and overall commercial electricity use.
Street lighting electricity use percentages in Table 2 were provided by the Energy Commission’s
Electricity Supply Analysis Division. These values are taken from their mid energy demand
case. No other primary data points were identified to supplement these estimates, but one
federal study estimates that street lighting electricity use increases approximately 1.0 percent
per annum, which correlates with the Energy Commission figures (Navigant 2010, page 9).
Outdoor lighting is the sum of commercial exterior lighting, residential exterior lighting, and
street lighting. As such, results for this sector are an aggregation of exterior end‐use values
taken from the various source described in this section.
1

In 2005, total residential electricity use attributed to lighting and appliances was 24.1 million Btu per
household, approximately 31% of the total electrical use. Of this, 60% is attributed to indoor lighting,
equating to 18.6% of total residential electricity use.
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1.2.5 Demographics
Residential lighting electricity use depends on a number of demographic factors including
population, persons per household and total number of occupied households in the state. The
Energy Commission’s Electricity demand forecasting group provides California population and
housing unit estimates based on growth rates from groups such as Moody’s Analytics and IHS
Global Insight (Cavalec 4). The most recent values are provided in the Revised Energy Demand
Forecast for 2012‐2022, February 2012. Values do not include adjustments to reconcile results to
the 2010 Census; therefore, CLTC did not use the estimated growth rates, housing and
population estimates provided by the Energy Commission. Instead, CLTC calculated annual
population and occupied housing units based on reported values from the 1990, 2000 and 2010
California census. CLTC chose to use the occupied housing units metric because vacant homes
use very little electricity for lighting, and including vacant units would underestimate the actual
lighting use per occupied California household.
Census values were used with reported new housing unit starts, obtained from the California
Department of Finance (DOF), to estimate annual occupied housing units for each year between
1990 and 2010. For years between 1990 and 2000, it was found that this method slightly
underestimated the number of occupied housing units when compared to reported values from
the 2000 Census. Between 2000 and 2010, this method overestimated occupied housing units. To
reconcile the calculated values to Census values, a weighted average adjustment, proportional
to new housing starts, was applied to account for the difference (Table 3, column 6). Between
1990 and 2000, this resulted in an average increase in residential housing units of 1.03 percent.
The growth rate slowed between 2000 and 2010, to approximately 0.75 percent. Table 3 provides
annual population and occupied housing units for California for the years 1995 to 2010.
By 2010 Energy Commission housing unit projections (Table 3, column 3), compared to
occupied housing units calculated for this analysis, were higher by approximately 3.2 percent.
Portions of this difference are attributed to the increase in vacant homes and the slowing of
residential new construction due to the U.S. mortgage crisis and general downturn in the
California economy. In addition, new housing starts are based on issued California building
permits, and it must be assumed that some permitted projects did not result in completion due
to the same economic conditions previously mentioned. The negative adjustments between 2000
and 2009 (Table 3, column 4) account for these variances.
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Table 3: California Population and Housing Units, 1990 to 2010

Year

Population

CEC Housing
Units Projection

Persons per
Household

Occupied
Housing Units

New Housing
unit starts

Adjustment

1995

31,493,525

10,956,456

2.86

10,937,911

85,293

1,198

1996

31,780,829

11,045,479

2.85

11,024,402

94,283

1,324

1997

32,217,708

11,139,126

2.87

11,120,009

111,716

1,569

1998

32,682,794

11,244,534

2.87

11,233,293

125,707

1,765

1999

33,145,121

11,365,121

2.88

11,360,765

140,137

1,968

2000

33,994,571

11,479,399

2.87

11,502,870

148,540

‐58,078

2001

34,485,623

11,589,123

2.90

11,593,332

148,757

‐58,163

2002

34,876,194

11,724,688

2.92

11,683,926

167,761

‐65,594

2003

35,251,107

11,868,278

2.94

11,786,093

195,682

‐76,511

2004

35,558,419

12,027,273

2.94

11,905,264

212,960

‐83,266

2005

35,795,255

12,199,804

2.94

12,034,958

208,972

‐81,707

2006

35,979,208

12,353,209

2.93

12,162,223

164,280

‐64,233

2007

36,226,122

12,469,310

2.92

12,262,271

113,034

‐44,196

2008

36,580,371

12,561,244

2.93

12,331,109

64,962

‐25,400

2009

36,961,664

12,685,302

2.94

12,370,671

36,421

‐14,240

2010

37,253,956

12,805,711

2.96

12,392,852

Source: California Lighting Technology Center calculations. Bolded cells (years: 2000, 2010) contain data from state census.

1.2.6 Normalization Factors
Lighting is installed as residential communities and commercial areas expand. Residential and
commercial lighting is attributed to buildings, street and area lighting. Lighting electricity use
within the residential sector is positively correlated to residential new construction. Residential
lighting use increases with each new housing unit. New neighborhoods require new street and
area lighting while growing population density in existing neighborhoods often increases
lighting needs. In the commercial sector, new street and area lighting is required when
commercial facilities expand or new commercial zones are constructed. Increased commercial
activity is often localized around new residential areas or conversely, new commercial facilities
often lead to new housing. Growth in both sectors is tied together and while the exact
relationships are highly varied, more people and activity requires more lighting. For these
reasons, lighting use must be normalized to account for increases in population and commercial
activity. Normalization isolates energy‐use fluctuations resulting from non‐efficiency measures,
and allows for a true comparison of savings.
1.2.6.1 Residential Sector
In the residential sector, lighting energy use and savings are calculated and compared using a
variation of a normalized population metric. The normalization factor chosen for this analysis is
the occupied housing unit.

14

•

Lighting electricity use per occupied housing unit
o [kWhannual / H]
o H = occupied housing unit

Increases in California population lead directly to increases in residential energy use, and by
association, increases in residential lighting energy use. A per‐person normalization would
include population increases where new California residents move into households with
existing residents. This situation could lead to overstated savings since increases in human
population may not always correlate to proportional increases in lighting energy use. The
occupied household was selected for the residential normalization factor because it accounts for
the actual lighting‐use unit, and not the individual person.
1.2.6.2 Commercial Sector
In the commercial sector, CLTC used the common normalization factor of commercial floor
stock. Increases in commercial building stock contribute directly to increases in commercial
building energy use. Lighting is one component of this increase.
•

Lighting electricity use per unit area of commercial floor stock
o [kWhannual / commercial square footage (CSF)]
o CSF = total California commercial square footage

1.2.6.3 Outdoor Sector
Increases in outdoor lighting installations occur in conjunction with new building construction
or increases in population that lead to increased lighting needs. Assuming the outdoor sector is
defined to include all exterior light points, the energy‐use metric should include
accommodation for growth in all sectors. A normalized lighting energy‐use metric for all
outdoor lighting installations should therefore include a normalization that encompasses
increases in both residential and commercial building sectors. While expanding commercial
activity was not explicitly correlated to increased residential activity, for this analysis, it is
assumed that increased commercial building results in increased residential construction, and
population density; therefore, number of occupied housing units. The normalization factor
selected for outdoor lighting is the occupied household.
•

Outdoor lighting electricity use per occupied housing unit
o [kWhannual / H]
o H = Occupied housing unit
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CHAPTER 2:
Results
In 2007, California is estimated to have consumed 57,213 gigawatt hours (GWh) of electricity for
residential, commercial and outdoor lighting (Figure 4). Commercial interior lighting consumed
28,714 GWh, approximately 50 percent of the overall total, while outdoor lighting and
residential interior lighting consumed approximately12,423 GWh and 16,076 GWh, respectively.

Figure 4: California Lighting Electricity Use (GWh per year) – 2007

Residential interior lighting peaked in 2006 at 16,429 GWh. Commercial interior lighting use
peaked that same year at 28,876 GWh. Overall, exterior lighting shows a slow yet steady
increase throughout the analysis period, peaking in 2008 at 12,776 GWh.

Table 4: 2007 California Lighting Use (GWh)

Year

Interior
Residential Commercial

Exterior

Total

1995

16,507

28,400

7,064

51,971

2001

15,458

29,091

8,141

52,690

2007

16,076

28,714

12,423

57,213

2010

15,053

25,769

11,866

52,688

Source: California Lighting Technology Center calculations

Following these peaks, electricity use for lighting appears to be dropping in all sectors. For
example, energy consumption per household and per person for interior residential lighting
shows a slight decrease by the end of the analysis period. Use for this sector in 2007 is estimated
at 1,311 kWh per year per occupied household. By 2010, this value had dropped by roughly 7
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percent to 1,215 kWh per occupied household, demonstrating that California appears to be
making progress towards its goal of 50 percent savings by 2018.
Encouraging results may also be seen in the outdoor and commercial interior sectors. Estimates
for 2007 indicate lighting use density for the commercial interior sector was 4.3 kWh per year
per square foot of commercial floor space (kWhannual / CSF). This value dropped to
approximately 3.7 kWhannual / CSF, a decrease of approximately 13 percent. This reduction is
more than half of that required by AB 1109. In the outdoor sector, a decrease of almost 6 percent
is evident from the analysis between 2007 and 2010. In 2007, outdoor lighting consumed
approximately 1,013 kWh per year per occupied household (kWhannual / H). By 2010, this value
dropped to 957 kWhannual / H.

Table 5: California Lighting Electricity Use (GWh per year) – Data Table, 1995 to 2010
Residential Residential Commercial Commercial
Interior
Exterior
Interior
Exterior

2.1

Street
Lighting

Outdoor ‐
Total

Total ‐ All
Sectors

1995

16,507

2,803

28,400

2,641

1,620

7,064

51,971

1996

16,658

2,931

28,618

2,720

1,658

7,309

52,585

1997

16,589

3,025

29,275

2,845

1,701

7,571

53,435

1998

16,592

3,138

29,231

2,906

1,757

7,801

53,625

1999

16,404

3,220

29,600

3,012

1,658

7,889

53,893

2000

16,805

3,424

30,429

3,171

1,718

8,313

55,547

2001

15,458

3,272

29,091

3,106

1,763

8,141

52,690

2002

15,374

3,382

28,912

3,724

1,731

8,836

53,123

2003

15,968

3,664

29,373

4,463

1,759

9,886

55,228

2004

16,005

3,830

29,142

5,139

1,769

10,739

55,886

2005

15,949

3,982

28,565

5,773

1,780

11,535

56,049

2006

16,429

4,237

28,876

6,152

1,776

12,164

57,470

2007

16,076

4,281

28,714

6,349

1,793

12,423

57,213

2008

16,155

4,443

28,427

6,501

1,832

12,776

57,359

2009

15,751

4,473

26,927

6,101

1,668

12,242

54,921

2010

15,053

4,426

25,769

5,849

1,591

11,866

52,688

Max

16,805

4,473

30,429

6,501

1,832

12,776

57,470

Residential Interior Lighting

The electricity consumption attributed to interior residential lighting, relative to all residential
electricity consumption, dropped at a fairly steady rate over the analysis period. It is estimated
that in 1995 this sector consumed nearly 24 percent of all residential electricity in California. By
2007, residential interior lighting electricity consumption had decreased from 24 percent to 18
percent. A progressive decline of electricity use is attributed to interior residential lighting as
well as the absolute amount of electricity consumed by this sector (Figure 5). Electricity
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consumption for interior residential lighting per occupied household and per person shows a
slight decrease by the end of the analysis period (Figure 6) and in 2007 is estimated at 1,311
kWh per year per occupied household. By 2010, this value had dropped by roughly seven
percent to 1,215 kWh per occupied household, demonstrating that California appears to be
making progress towards its goal of 50 percent reductions in residential lighting electricity
consumption by 2018..

Figure 5: California Residential Indoor Lighting Electricity Use, 1995–2010
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Figure 6: California Residential Indoor Lighting Electricity Use per Person & Occupied Household,
1995-2010
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Table 6: Interior Residential Lighting Use Data Table, 1995–2010

Interior Residential Lighting
% of Total
Household
Total Use
Residential
Use
(GWh)
Electricity Use
(kWh / yr)

Per Person
Use
(kWh / yr)

Year

Population

Persons per
Household

Occupied
Housing Units

1995

31,493,525

2.86

10,937,911

23.9%

16,507

1509.2

524.1

1996

31,780,829

2.85

11,024,402

23.4%

16,658

1511.0

524.2

1997

32,217,708

2.87

11,120,009

22.8%

16,589

1491.8

514.9

1998

32,682,794

2.87

11,233,293

22.2%

16,592

1477.1

507.7

1999

33,145,121

2.88

11,360,765

21.7%

16,404

1443.9

494.9

2000

33,994,571

2.87

11,502,870

21.1%

16,805

1461.0

494.4

2001

34,485,623

2.90

11,593,332

20.6%

15,458

1333.4

448.3

2002

34,876,194

2.92

11,683,926

20.0%

15,374

1315.8

440.8

2003

35,251,107

2.94

11,786,093

19.5%

15,968

1354.9

453.0

2004

35,558,419

2.94

11,905,264

19.1%

16,005

1344.4

450.1

2005

35,795,255

2.94

12,034,958

18.6%

15,949

1325.2

445.6

2006

35,979,208

2.93

12,162,223

18.3%

16,429

1350.8

456.6

2007

36,226,122

2.92

12,262,271

18.1%

16,076

1311.0

443.8

2008

36,580,371

2.93

12,331,109

17.8%

16,155

1310.1

441.6

2009

36,961,664

2.94

12,370,671

17.5%

15,751

1273.3

426.2

2010

37,253,956

2.96

12,392,852

17.2%

15,053

1214.6

404.1

Source: California Lighting Technology Center calculations, population provided by Energy Commission Electricity Supply Analysis
Division

2.2

Commercial Interior Lighting

Energy use for commercial interior lighting shows a steady decline during the course of the
analysis period in both absolute and normalized terms. In 2007, interior commercial lighting
consumed approximately 28,700 GWh annually. This energy consumption increased slightly
compared to consumption reported in the 1995 California Lighting Efficiency Technology
Report – Volume 1 California Baseline, although during that time, California added
approximately 1.2 million square feet of commercial floor space to its building inventory
(Census 2010). On average, California consumed 4.3 kWhannual / CSF in 2007, down from 5.23
kWhannual / CSF in 1995, a decline of 18 percent. By 2010, this value further declined by an
additional 10 percent (Figure 7).
The increase in California commercial floor space during the analysis period is contrasted by
the steady decline in lighting energy use intensity for this sector (Figure 8). The downward
trend of commercial lighting electricity consumption as a portion of total commercial electricity
consumption is also illustrated. Factors influencing these trends are discussed in Chapter 3.
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Figure 7: Interior Commercial Lighting Electricity Use Intensity, 1995–2010,
kWh per Square Foot of Commercial Floor Space
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Figure 8: Interior Commercial Lighting Electricity Use, 1995–2010,
Percent of Total Commercial Electricity Use and Absolute Annual Use in GWh
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Table 7: Interior Commercial Lighting Use Data Table, 1995–2010
Normalization Factor

Interior Lighting
% of Total
commercial
Electricity Use

Lighting
Use
(GWh)

kWh / yr /
sqft

36.6%

28,400

5.23

1.1%

35.8%

28,618

5.21

‐0.32%

5,550

1.1%

35.0%

29,275

5.27

1.15%

32,682,794

5,628

1.4%

34.2%

29,231

5.19

‐1.52%

1999

33,145,121

5,737

1.9%

33.4%

29,600

5.16

‐0.66%

2000

33,994,571

5,868

2.3%

32.6%

30,429

5.19

0.50%

2001

34,485,623

5,997

2.2%

31.8%

29,091

4.85

‐6.47%

2002

34,876,194

6,144

2.4%

31.1%

28,912

4.71

‐2.99%

2003

35,251,107

6,278

2.2%

30.3%

29,373

4.68

‐0.57%

2004

35,558,419

6,385

1.7%

29.5%

29,142

4.56

‐2.45%

2005

35,795,255

6,494

1.7%

28.7%

28,565

4.40

‐3.63%

2006

35,979,208

6,580

1.3%

28.1%

28,876

4.39

‐0.23%

2007

36,226,122

6,684

1.6%

27.5%

28,714

4.30

‐2.11%

2008

36,580,371

6,783

1.5%

26.9%

28,427

4.19

‐2.44%

2009

36,961,664

6,871

1.3%

26.3%

26,927

3.92

‐6.50%

2010

37,253,956

6,926

0.8%

25.7%

25,769

3.72

‐5.06%

Year

Population

Commercial Floor
Space (Millions)

1995

31,493,525

5,429

1996

31,780,829

5,489

1997

32,217,708

1998

Annual %
Change

Annual %
Change

Source: California Lighting Technology Center calculations, population provided by California Energy Commission, Energy Supply
Analysis Division

2.3

Outdoor Lighting

Outdoor lighting electricity consumption, consisting of exterior residential, exterior commercial
and street lighting consumption, experienced substantial growth during much of the analysis
period. For 1995 to 2001, outdoor lighting consumption per household remained static;
however, during the residential construction boom of the last decade, outdoor lighting energy
use per household grew dramatically, due in part to the increasing size of a typical single family
residence in California. Between 1995 and 2007, yearly outdoor lighting consumption grew by
367 kWh per household, a 57 percent increase. The total state electricity consumption attributed
to outdoor lighting increased from 3.1 percent to approximately 4.4 percent by 2010. Figure 9
An increase in outdoor lighting electricity use between 2001 and 2008 is followed by an evident
decline by 2010 (Figure 9). Figure 10 highlights this increase compared to the increase in
residential households during the same period.
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Figure 9: California Outdoor Lighting Electricity Use, 1995–2010

Figure 10: Outdoor Lighting Electricity Use per Household, 1995–2010
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2003
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Table 8: Outdoor Lighting Electricity Use, 1995–2010
Normalization
Factor

Outdoor Lighting

Lighting
Use
(GWh)

kWh / yr /
household

3.1%

7,064

645.8

11,024,402

3.1%

7,309

663.0

2.7%

32,217,708

11,120,009

3.1%

7,571

680.8

2.7%

1998

32,682,794

11,233,293

3.2%

7,801

694.5

2.0%

1999

33,145,121

11,360,765

3.2%

7,889

694.4

0.0%

2000

33,994,571

11,502,870

3.2%

8,313

722.7

4.1%

2001

34,485,623

11,593,332

3.2%

8,141

702.2

‐2.8%

2002

34,876,194

11,683,926

3.4%

8,836

756.3

7.7%

2003

35,251,107

11,786,093

3.8%

9,886

838.8

10.9%

2004

35,558,419

11,905,264

4.0%

10,739

902.0

7.5%

2005

35,795,255

12,034,958

4.3%

11,535

958.4

6.3%

2006

35,979,208

12,162,223

4.3%

12,164

1000.2

4.4%

2007

36,226,122

12,262,271

4.4%

12,423

1013.1

1.3%

2008

36,580,371

12,331,109

4.5%

12,776

1036.1

2.3%

2009

36,961,664

12,370,671

4.4%

12,242

989.6

‐4.5%

2010

37,253,956

12,392,852

4.4%

11,866

957.5

‐3.2%

Occupied Housing % of Total State
Units
Electricity Use

Year

Population

1995

31,493,525

10,937,911

1996

31,780,829

1997

Annual %
Change

Source: California Lighting Technology Center calculations, population provided by the Energy Commission’s Electricity
Supply Analysis Division
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CHAPTER 3:
Discussion
Lighting electricity consumption, as a percentage of overall electricity consumption, has
declined in California during the years 1995 to 2010. At the sector level, only outdoor lighting
generally increased during the analysis period, growing from 3.1 percent of California
electricity use in 1995 to more than 4 percent in 2008. By 2010, this sector begins to show a slight
decline. Figure 11 shows the usage trends in each sector for the period 1995 to 2010. The general
decline in lighting electricity use, as a percentage of total electricity use, is the result of several
influencing factors including efficiency programs, economic conditions, technology
improvements, building codes, and appliance standards. Each of these influential factors is
briefly discussed, although no attribution of savings to individual factors is available.

Figure 11: California Lighting Electricity Use, All Sectors, 1995–2010,
Sector Use as a Percentage of Total California Electricity Use

Lighting Use (% of total electricity consumed in California)
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Source: California Lighting Technology Center calculations
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3.1

Codes & Standards

California energy codes were first enacted in 1978. Energy codes were intended to reduce the
amount of energy consumed by buildings and provide a way for California to reduce energy
costs and promote energy‐efficient design practices. California’s Building Energy Efficiency
Standards, contained in the California Code of Regulations, Title 24, Part 6, is updated
approximately every three years. Lighting and lighting controls for nonresidential and
residential buildings are regulated by these standards.
With each code iteration, lighting power densities (LPDs) or maximum allowable lighting
power density measured in watts per square foot have declined, while controls requirements
have expanded. This combination of regulations has served to decrease the amount of electricity
consumed by lighting in both residential and commercial buildings. Interior lighting has been
included in each code cycle since Title 24’s inception. Beginning in 2001, Title 24 included
provisions affecting outdoor nonresidential lighting.
The savings from energy codes on lighting energy consumption are often overshadowed by
sector growth. The Energy Commission’s Electricity Supply Analysis Division is working to
isolate the savings attributed to building standards, but results were not available during the
preparation of this report.
In addition to building standards, appliance codes also serve to decrease electrical energy
consumption in California. California’s Title 20 Appliance Efficiency Standards regulate the
performance of various types of equipment and appliances sold and installed in California
buildings. Lighting products are one major component of regulated technologies in Title 20.
Specifically, appliance codes are cited in AB 1109 as a primary method to be employed in
achieving the required lighting use reductions.

3.2

Technology Improvements

Lighting technology continues to improve in terms of efficiency and product longevity. From
1995 to 2010, the conversion from incandescent lamps to compact fluorescent lamps (CFLs)
proved to be an important element in the broad adoption of energy‐efficient lighting solutions
in California. During the analysis period, CFL penetration in the residential market reached
approximately 25 percent, compared to less than two percent in 1995. Energy saving from these
measures is currently estimated at 40 W per socket on average, resulting in an estimated 16
percent savings statewide from this measure alone. During the same period there were
significant savings from the conversion from T12 to T8 linear fluorescent lamps, from mercury
lamps and incandescent lamps to metal halide and high pressure sodium lamps, and from the
greater lighting controls usage. New technologies continue to emerge in both the interior and
exterior markets. The conversion from fluorescent and high intensity discharge (HID)
luminaires to light emitting diode (LED) luminaires began in earnest in the late‐2000’s, and the
DOE estimates that savings from this technology could exceed 40 percent by 2030, compared to
2010 levels (Navigant 2010, 36).
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3.3

Economy and Environment

In 2007, California entered an economic recession fueled by a steep decline in the residential
housing market. Similarly, in 2001, the commercial sector experienced some limited decline as
the technology sector experienced noteworthy contraction. Associated declines in electrical
energy use can be seen in the historical assessments contained in this report. In particular,
electricity use across the commercial and residential sectors declined between 2008 and 2010,
resulting in a similar decline in lighting electricity use. The combination of reduced electricity
use and lighting energy consumption contributed to the absolute decline in residential lighting
electricity use, even though the population increased during the analysis period. Similarly, in
the commercial sector, building floor stock increased, but declines in total electricity use and the
portion attributed to lighting resulted in an absolute decline in lighting electricity consumption
since its peak in 2003.

3.4

Recent and Projected Savings

Lighting electricity reductions between 2007 and 2010 are estimated at 4,525 GWh for sectors
affected by AB 1109. In the residential sector, lighting electricity use per household is down by
seven percent. Electricity use per square foot of floor space is down 13 percent for commercial
interior lighting, and it has declined almost six percent for outdoor lighting based on use per
occupied household. These results are encouraging, and they demonstrate that California may
be on its way to meeting its goals for energy savings.
From the historical data presented in this report, it is clear that lighting energy use has been
slowly increasing in the state of California, albeit with a dip from 2008 onward, due in part to
the economic downturn. Overall use may increase when the economy recovers; in the same way
that lighting energy use fell and then increased following the 2001 recession. This slight
historical upward trend has been composed of a slow downward trend per capita and per square
foot, counterbalanced by California’s steadily increasing population and building stock. It has
also been counterbalanced by a strong increase in the use of outdoor lighting, which has almost
doubled since 2001.
A simple extrapolation of these trends forward in time may not be adequate to capture all the
likely influences on the lighting market. This inadequacy is because the lighting market over the
period 2012 to 2018 will be subject to several new influences which current models may not
capture. Such influencing factors include:
•

The introduction of LED lamps to residences, office and warehouse spaces, and retail
stores.

•

The forthcoming lamp regulations in the Federal Energy Independence and Security
Act (EISA, 2007)

•

New regulations on lighting for retrofit projects, under Title 24, 2013 code.

•

Expanded state regulation of lamps expected in the forthcoming Title 20 regulation
updates
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To meet the lighting use reduction goals of AB1109, the Energy Commission must enact
“regulations, in combination with other programs and activities” (AB 1109, Huffman, Chapter
534, Statutes of 2007). To inform the development of these regulations, programs, and other
activities, a detailed projection of lighting energy use is required, which would break down the
lighting market by lamp type, building type and other relevant characteristics. This projection
would attempt to quantify the effects of the influences listed previously, and to identify
remaining opportunities that could be captured by regulations, technology improvements and
efficiency programs.
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GLOSSARY
Term

Description

AB 1109

AB 1109, authored by Assemblyman Jared Huffman, requires California to
reduce its lighting electrical energy consumption in the commercial,
residential and outdoor sectors. By 2018, reductions must meet 25 percent
for commercial interior and outdoor lighting, and 50 percent for
residential interior lighting, compared to 2007 levels.

CBECS

Commercial Buildings Energy Consumption Survey

CCR

California Code of Regulations

CEUS

Commercial End‐Use Survey

CFL

Compact Fluorescent Lamp

CLASS

California Lighting and Appliance efficiency Saturation Survey

CLTC

California Lighting Technology Center

CSF

Commercial Square Footage is used to describe the size of California’s
commercial building stock expressed as the area of these buildings
measured in square feet.

DOE

US Department of Energy

DOF

US Department of Finance

EIA

Energy Information Administration

EISA

Energy Independence and Security Act

ESAD

Electrical Supply Analysis Division (of the California Energy Commission)

GWh

Gigawatt‐hour

HID

High intensity discharge (lamp)

IEPR

Integrated Energy Policy Report

Indoor
Commercial
Lighting

Indoor commercial lighting consists of all permanently installed lighting
in the interior spaces of nonresidential buildings, excluding industrial and
agricultural facilities.

Indoor Residential
Lighting

Indoor residential lighting consists of all permanently installed lighting in
the interior of residential buildings.

kWh

Kilowatt‐hour
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LED

Light emitting diode

LPD

Lighting Power Density is the amount of electricity used by lighting per
unit area of illuminated space. LPD is typically expressed in kilowatt‐
hours per square foot (kWh/sf).

Outdoor Lighting

Outdoor lighting is all permanently installed lighting in outdoor spaces
including lighting for the exteriors of both residential and
commercial/nonresidential buildings. It includes electrical lighting for
streets, parking lots, signs, building entrances, outdoor sales areas,
outdoor canopies, landscape lighting, lighting for building facades and
hardscape lighting.

PIER

Public Interest Energy Research

RASS

(California) Residential Appliance Saturation Survey

SSL

Solid state lighting is a type of lighting that uses a solid‐state source that
emits light via electroluminescence.

TCU

Transportation, Communication and Utilities
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APPENDIX A:
Sources
The following secondary sources were used to estimate the lighting electricity use in California
between 1995 and 2010. Information on these sources, the survey methods employed and links
to additional information are provided.

California Baseline – Volume 1 – Lighting Efficiency Technology
Report
The California Energy Commission, under Senate Bills (SB) 639 (Rosenthal, Chapter1067,
Statutes of 1993) and 1065 (Peace, , Chapter 611, Statutes of 1995), was charged with the task of
studying and recommending options for improving lighting energy efficiency in California.
This report, part of that effort, looks at the characteristics of lighting in residential and
commercial buildings, and describes baseline energy use as of 1995. This energy use was
estimated using an analytical model that was developed to calculate the energy savings
potential of the various options to be studied (paraphrased from report Abstract).
Heschong Mahone Group, September 1999. Lighting Efficiency Technology Report, Vol.1:
California Baseline. California Energy Commission, Publication Number:
<http://www.energy.ca.gov/efficiency/lighting/VOLUME01.PDF>

California Outdoor Lighting Baseline Assessment
This California Outdoor Lighting Baseline Assessment was prepared by the New Buildings
Institute in 2002 on behalf of the Energy Commission, Public Interest Energy Research Program
(PIER). The report is the first to specifically evaluate outdoor lighting energy use in California.
Energy demand and consumption was estimated for both day and nighttime lighting in a
variety of functional settings (parking lots, walkways, security areas, etc.). Data was collected
from 303 commercial on‐site visits to 20 different commercial and industrial business types. The
report was also intended to provide a framework for future assessments.
Pierce, Sam. November 2002. Outdoor Lighting Baseline Assessment. California Energy
Commission, Public Interest Energy Research (PIER) Program.
<http://www.energy.ca.gov/title24/2005standards/archive/outdoor_lighting/documents/2003‐05‐
06_LGHT‐BASELINE.PDF>

California Lighting and Appliance Efficiency Saturation Study
(CLASS)
The 2005 California Statewide Lighting and Appliance Efficiency Saturation Study (CLASS) is a
follow‐on study to the 2000 Statewide Lighting and Appliance Efficiency Saturation Study. Each
of these studies were paid for by Public Purpose funds for the purpose of understanding
A‐1

current levels of appliance and lighting saturation and efficiencies in the existing residential
sector.
Subsequent to the 1999‐2000 study, a tremendous amount of Public Purpose funds were
invested in energy conservation programs that served customers of the four California investor
owned utilities. These Public Purpose dollars were invested in a multitude of ways, all with the
goal of achieving lasting energy savings in California’s energy markets. The overarching goals
of the 2004‐05 update study was to provide revised baselines of saturation and efficiency
characteristics for use in understanding future energy savings potential and past
accomplishments in the residential sector.
RLW Analytics. August 2005. California Lighting and Appliance Efficiency Saturation Study.
Last accessed November 28, 2012: http://www.fypower.org/pdf/2005_CLASS_FinalReport.pdf.

California Residential Appliance Saturation Study (RASS)
The Residential Appliance Saturation Study (RASS) provides energy consumption estimates for
residential end‐uses, including appliance saturations for households within the California
investor‐owned utility (IOU) territories. Studies were conducted in 2003 and 2010. The 2003
study represents the first instance in California of the large IOUs collaborating to perform a
residential survey. The study provides a wealth of data for 21,920 residential customers,
statistically weighted to the population they represent. This data was collected using a two‐
stage direct mail survey, and non‐response follow up using telephone and in‐person interviews.
The results have been prepared to allow comparison across utility service territories, climate
zones, and other variables of interest. The results were also used to generate a Conditional
Demand Analysis model.
The 2010 study, funded by the Energy Commission, updates the 2003 RASS, with the same
utilities participating. The study was conducted by mail, with the option to complete online.
The survey requested information on appliances, equipment, and general consumption
patterns. These estimates were developed using conditional demand analysis with data from
24,464 individually metered and 1,257 master‐metered households. The results are statistically
weighted to the utility population to allow comparison across utility service territories, forecast
climate zones, and other variables of interest.
Information on interior and exterior residential lighting consumption used in this report was
taken from the 2003 and 2009 RASS. Information was taken from the following documents:
KEMA Inc. October 2010. California Statewide Residential Appliance Saturation Study.
California Energy Commission, Publication Number: CEC‐200‐2010‐004.
<http://www.energy.ca.gov/2010publications/CEC‐200‐2010‐004/CEC‐200‐2010‐004‐ES.PDF>
KEMA‐Xenergy, Itron, RoperASW. June 2004. California Statewide Residential Appliance
Saturation Study – Volume 2, Study Results and Final Report. California Energy Commission.
Publication Number: 300‐00‐004. <http://www.energy.ca.gov/reports/400‐04‐009/2004‐08‐
17_400‐04‐009VOL2B.PDF>.
A‐2

California Commercial End - Use Survey (CEUS)
The CEUS is a comprehensive study of commercial sector energy use in California, primarily
designed to support the stateʹs energy demand forecasting activities. A stratified random
sample of 2,790 commercial facilities was collected from the service areas of five major utility
service providers. The sample was stratified by utility service area, climate region, building
type, and energy consumption level.
For each utility service area, floor stocks, fuel shares, electric and natural gas consumption,
energy‐use indices (EUIs), energy intensities, and 16‐day hourly end‐use load profiles were
estimated for twelve common commercial building type categories.
Information on interior commercial lighting from the CEUS report was utilized in this
document.
Itron Inc. March 2006. California Commercial End‐Use Survey. California Energy Commission.
Publication Number: CEC‐400‐2006‐005. Last accessed October 2, 2012:
<http://www.energy.ca.gov/2006publications/CEC‐400‐2006‐005/CEC‐400‐2006‐005.PDF>.

California Energy Demand Forecast
The Electricity Supply Analysis Division of the Energy Commission prepares electricity
demand forecasts, and maintains historical data for California, including each of its major utility
service territories. Their forecasts are used to support development of California’s IEPR and are
based on demographic information, environmental factors and economic information. Forecasts
are periodically updated to reflect changes conditions affected these projections. Information on
California’s energy demand forecast, including demographic information affecting this use,
may be found in the following reports. Electricity use by sector, including demographic
information and commercial building projections are utilized and referenced in this report.
Information was taken from the following documents:
Kavalec, Chris. 2011. Draft Staff Report – Updated California Energy Demand Forecast 2011‐
2022. California Energy Commission, Electricity Supply Analysis Division. Publication
Number: CEC‐200‐2011‐006‐SD.
Kavalec, Chris, Nicholas Fugate, Tom Gorin, Bryan Alcorn, Mark Ciminelli, Asish Gautam,
Glen Sharp, and Kate Sullivan. 2012. Revised California Energy Demand Forecast 2012‐
2022. California Energy Commission, Electricity Supply Analysis Division. Publication number:
CEC‐200‐2012‐001‐SD‐V1.
California Energy Commission; California Energy Analysis Supply Analysis Division;
Mid_Statewide_Demand_Preliminary_Forecast_Forms, August 2011. <
http://www.energy.ca.gov/2011_energypolicy/documents/2011‐08‐30_workshop/mid‐case/>.
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U.S. Lighting Market Characterization - Volume 1: National Lighting
Inventory and Energy Consumption Estimate
This report was prepared by Navigant Consulting, Inc. for DOE’s Energy Efficiency and
Renewable Energy Building Technologies Program in 2002. The Lighting Market
Characterization study is a multiyear program, consisting of two phases, to evaluate light
sources in the United States, and identify opportunities for saving energy. This report, phase I,
provides an estimate of installed lighting technologies for 2001 and their associated energy
consumption. The report is intended to provide information about three main areas: 1) the
amount of energy consumed by light sources in the U.S., 2) the number/location/area
illuminated of these sources, and 3) the performance attributes of installed lighting
technologies. The study draws data from existing sources such as the Commercial building
energy consumption Survey and the Manufacturing energy Consumption Survey, end‐use
metering studies, and building audits.
Navigant Consulting Inc. September 2002. U.S. Lighting Market Characterization. Volume I:
National Lighting Inventory and Energy Consumption Estimate. U.S. Department of Energy,
Building Technologies Program.

Energy Savings Potential of Solid-State Lighting in General
Illumination Applications 2010-2030
This report, prepared by Navigant Consulting on behalf of DOE, estimates the energy savings
impacts of solid state lighting if it were to achieve certain market impacts projected by DOE. It
projects energy savings for solid‐state lighting (SSL) assuming these products achieve certain
performance and price objectives. Information on street lighting growth rates was taken from
this report.
Navigant Consulting Inc. February 2010. Energy Savings Potential of Solid‐State Lighting in
General Illumination Applications 2010 – 2030. U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy.

Commercial Buildings Energy Consumption Survey (CBECS)
These reports, conducted by the Energy Information Administration (EIA), provide basic
statistical information about energy consumption and expenditures in U.S. commercial
buildings, and information about energy‐related characteristics of these buildings. The EIA is
funded by Congress to promote sound policymaking, efficient markets, and public
understanding of energy use.
The survey used a list‐supplemented, four‐stage, area sampling design, including advanced
statistical weighting methods, to select the buildings for interview by field workers. Weighting
factors were determined from many sources, including Census data and past CBECS
information collected specifically for this purpose. Where interviews yielded insufficient
information, energy supplier records were used.
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Due to the survey’s complexity, Relative Standard Errors (RSE) are computed for each estimate
in the report (rather than computing an overall confidence interval) using the Jackknife
Replication method. All published estimates had an RSE less than 50 percent.
Purpose and funding source: About EIA
< http://www.eia.gov/about/>
Standard Error information source: Estimation of Standard Errors
< http://www.eia.gov/emeu/cbecs/tech_std_errors.html>
All other details: CBECS: Sample Design
< http://www.eia.gov/emeu/cbecs/2003sample.html>

California Department of Finance (DOF)
DOF prepares, explains and administers California’s financial plan. Information on residential
new home construction, reported by the DOF, was utilized in this report.
http://www.dof.ca.gov/html/fs_data/latestecondata/documents/BBAnnualResConstCA‐US.xls.

Assembly Bill 1109, Chapter 534, Statues of 2007
AB 1109, authored by Assemblyman Jared Huffman, requires California to reduce its lighting
electrical energy consumption in the commercial, residential and outdoor sectors. By 2018,
reductions must meet 25 percent for commercial interior and outdoor lighting, and 50 percent
for residential interior lighting, compared to 2007 levels.
Huffman, Jared. Assembly Bill 1109, Chapter 534, October 2007.
<http://www.leginfo.ca.gov/pub/07‐08/bill/asm/ab_1101‐
1150/ab_1109_bill_20071012_chaptered.pdf>.

U.S. Census – California
The U.S. Census counts every resident in the United States. It is mandated by Article I, Section 2
of the Constitution and takes place every 10 years. The data collected by the decennial census
determine the number of seats each state has in the U.S. House of Representatives and is also
used to distribute billions in federal funds to local communities. The census includes state‐level
demographic profiles that include information on race, age and housing status. The most recent
census information on California was made available to the public in May 2012, for the 2010
census. Information on population, occupied housing units and persons per household, taken
from the 2010, 2000, and 1990 surveys was utilized in this analysis.
U.S. Census of Population and Housing, 1990: Summary Population and Housing Characteristics:
California. Washington: Government Printing Office, 1992.
U.S. Census of Population and Housing, 2000: Summary Population and Housing Characteristics:
California. Washington: Government Printing Office, November 2002.
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U.S. Census of Population and Housing, 2010: Summary Population and Housing Characteristics:
California. Washington: Government Printing Office, May 2012.
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APPENDIX P:
Market Connections and Partnership Development
CLTC is dedicated to accelerating the development and commercialization of next-generation,
energy-efficient lighting and daylighting technologies. Since CLTC’s inception, the organization
has approached this process through three types of activities: research and development,
demonstration and outreach, and education and training.
Figure 1: CLTC Activities Pipeline

Source: CLTC

Working in partnership with designers, manufacturers, end users, utilities, government
agencies, and others, CLTC commercializes energy-efficient lighting and daylighting
technologies, producing new technologies, inventions, patents, and license agreements. The
center conducts technology demonstrations and publishes reports and case studies on the
projects. The center's faculty and staff provide curriculum and instruction for education and
training courses and conducts workshops, seminars and outreach activities. CLTC also provides
engineering specifications, market research, resources, lighting guides, working papers, and
white papers. All core competencies were utilized in market connections and partnership
development activities throughout this project.

Project Approach
CLTC delivered targeted market transformation support for the PIER technology portfolio in
order to achieve increased market penetration for PIER lighting, daylighting, and fenestration
technologies. Market facilitation objectives included increasing customer awareness of energyefficient lighting and best practices and educating Californians on existing and emerging highquality lighting products, design principles, and their associated codes and standards
requirements. Activities included teaching seminars, providing daily support for inquiries and
requests on general illumination topics; responding to speaking requests to address California
stakeholders; promotion of PIER lighting technologies at industry trades shows and
conferences; development of application guides, technology fact sheets, case studies, and
similar materials for PIER stakeholders; creating, maintaining and enhancing websites that
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support PIER technology; providing support for the development of new product and building
standards; and supporting utility and case study development, market analyses, and other
requests as needed. These activities were critical in communicating the benefits PIER research
results. Resulting market connections and project partnership activities fall into one of the four
primary groups listed below.
∞ Technology transfer to industry / partnership development
∞ Market transformation through communication to critical audiences
∞ Policy development
∞ Workforce development and education

Partnership Development
Throughout this project, CLTC strengthened its relationships with a variety of stakeholders
including manufacturers, utility companies; representatives from professional lighting
associations, educational and nonprofit organizations focused on training; and large end-users
from the public and private sectors. These partnerships form an evolving network of lighting
stakeholders. CLTC collaborates with these partners research lighting energy use patterns;
develop improved products, systems and components; establish demonstration projects; and
support educational programs for students and professionals. CLTC works with these partners
to effectively increase the number and variety of innovative, energy-saving products and
practices brought to market and applied through more widespread use.
Some of these stakeholders are members of the CLTC affiliate annual gift program. These
affiliates, which include utilities and lighting technology manufacturers, fulfill the role of the
stakeholder task force by commercializing next-generation lamps, fixtures, controls, and other
lighting components and technologies the Program was designed to bring to market. CLTC has
strong relationships with these organizations. The center works with affiliates to advance goals
related to strategic planning, research and development, demonstrations, policy development,
and outreach. The affiliate program is the backbone of the partnership development efforts that
took place as part of the Program. The current member list is located at:
http://cltc.ucdavis.edu/affiliates.

Market Transformation through Communication to Critical Audiences
Throughout this program, CLTC served as a resource to California and beyond by increasing
awareness of PIER-funded energy efficient lighting technologies and strategies. Information
was distributed through a range of publication tools, including the CLTC website, the Lighting
Link newsletter, events, and standard communication modalities such as email exchanges,
phone conversations and small meetings.
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Publications
CLTC’s market connections strategy included a variety of publications, each created to serve a
specific stakeholder need. Most publications were designed in a traditional print format,
finalized as PDFs and archived on the CLTC website. Emerging marketing techniques and
social media platforms provide new ways to reach audiences, but the completed work relied on
demonstrated and proven methods that stakeholders were familiar with. Doing so maximized
resources and created products that could be shared quickly through the website, newsletter,
and email.
Case studies and guides were two major products that CLTC deployed to share results from
PIER-funded projects and encourage the use of PIER-funded technologies in a wide variety of
indoor and outdoor applications. Case studies or content from them were included as examples
in a range of training materials, presentations, and guides. In addition to the case studies and
guides, the other publications that were posted on the CLTC website included:
∞ Product catalogs
∞ Media links (articles, news items that mention CLTC, press releases)
∞ Specification sheets
∞ Reports
∞ Videos
∞ Event files (agendas, programs, etc.)
∞ Presentations
∞ Working papers

Events
Events bring stakeholders together to exchange information. Compared to standard practice at
the start of the Program, more events are held in virtual meeting spaces. However, there is still
significant value in in-person exchanges. Meetings, tours of CLTC, workshops, forums and
conferences were organized to reach stakeholders and support technical research, development
and demonstration efforts as well as codes and standards development activities from the
market connections project portfolio. Over the duration of this agreement, CLTC held meetings
between stakeholders and CLTC directors or staff on a weekly basis. Larger events that
consumed significant staff resources were held once a month, on average. The frequency
increased to once a week during particularly busy times of year or at the start of the
implementation period for a statewide standard. Events hosted or attended to publicize Public
Interest Energy Research (PIER)-funded research results include the following:
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∞ Conference
∞ Conference Presentation
∞ Forum
∞ Meeting
∞ Presentation
∞ Press Event
∞ Tour
∞ Training
∞ Webinar
∞ Workshop

Support for California’s Building Codes and Appliance Standards
Since its inception, CLTC has actively supported the evolution of California’s building energy
efficiency codes and standards by providing industry intelligence and informed guidance;
assessing the feasibility of new lighting and daylighting measures; proposing and developing
new lighting and daylighting measures; hosting state and industry stakeholder workshops; and
providing support on lighting and daylighting topics as requested by California Energy
Commission staff. Codes and standards development success stories conducted within the
timeframe of this project include:
∞ Development support for new Title 20 replacement lamp standards
∞ Development support for the residential lighting measures in the 2016 Title 24, Part 6
standards
∞ Development support for the 2013 Title 24, Part 6 standards addressing automatic shutoff controls (occupancy and schedule based control during night time hours) for outdoor
commercial luminaires
∞ Refinement and development support for the 2013 Title 24, Part 6 Automatic
Daylighting requirements for commercial buildings
∞ Development of the 2012 California Voluntary LED Lamp Standard
∞ Development and deployment of training classes and publications to support
compliance with the 2008 and 2013 standards.
CLTC offers state and national policymakers access to information on energy-efficient lighting
technologies and strategies. The center also produces a variety of resources such as lighting
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design guides for Title 24, created to help building professionals and end users meet or exceed
state codes and standards.

Project Outcomes
Outreach, education and training activities that support market transformation are a significant
part of the technology transfer process and these activities were conducted in parallel to RD&D
to provide awareness of the Program’s technical research, emerging strategies and technologies.
These activities identify audiences and encourage adoption of successfully commercialized
products.

Partnership Development - Affiliate Program
Developing and maintaining a diverse portfolio of affiliates is critical to the success of CLTC’s
research, demonstration and outreach projects. Resources used to support those relationships
contributed directly to the commercialization of new products and distribution of projects
results that this agreement supported. With this network in place, individual conversations
guiding the development of products serving the California market can be specific to
manufacturers’ needs and their market segment. These smaller meetings and resulting
information shared within that group influenced the outcome of the product development
process, which is the ultimate goal. Figure 2 shows organizations that were members of the
affiliate program during the Program. Not all of these organizations are sustaining members.
Partnerships established through this program or through engagement on technical
development activities often resulted in sustained shared market connections activities. Many
partner groups value CLTC as a training resource and seek consultation and training on
technical topics as they develop products and services and prepare retrofit plans. Training and
knowledge transfer to their clientele is frequently requested.
As part of this project, CLTC staff members prepared training materials on specific topics
related to common objectives. All events where CLTC assisted with organization or provided a
speaker included content on energy efficient lighting best practices, adaptive lighting and other
PIER-supported project outcomes. The materials developed for seminars were tailored to each
audience, but sections were exportable and expandable for subsequent events. Initial training
curriculum developed at the start of the Program served as the foundation for subsequent
requests to support other program activities.
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Figure 2: Past and Current CLTC Affiliate Members

Source: CLTC

Over the course of the Program, CLTC hosted seminars for affiliates including Acuity Brands,
Eaton’s Cooper Lighting Business, General Electric, Intermatic, Philips, OSRAM Sylvania,
Sylvania Lighting Services, Venture Lighting, and WattStopper. Some distributors and lighting
representatives who offered their product for sale that the center worked with included CALLighting, ALR, CJS, Graybar, Platt Electric, and Grainger. The following are examples of content
developed specifically for lighting product manufacturer events, then refined and adapted for
broader distribution through subsequent publications and lectures.
LEDs: The Next-Generation Light Source: A review of the key technology and market drivers
and the directions for high-efficiency lighting.
CLTC Director Michael Siminovitch presented a white paper on August 20, 2010 on highefficiency lighting at the “Global Dynamics in the Green Energy Industry: a New Engine of
Growth” conference. The conference examined the green energy policies of major global
economies. Content delved into activities within these nations including
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research and development, manufacturing capacity, enabling infrastructure and market
development in core green energy technologies. The conference focused on technologies poised
to reduce, avoid, or capture and store greenhouse gas emissions: solar photovoltaic, wind
power, light-emitting diode (LED) lighting, smart grid, nuclear, and carbon capture and
storage.
The paper “LEDs: The Next-Generation Light Source” reviews key market and technology
drivers associated with the emerging application of LED technology in lighting buildings. The
paper focused on the evolving marketplace, the technology, and how current market and
regulatory pressures form the key drivers for near-term and long-term market penetration for
emerging light sources. The paper was a foundation for future presentations prepared for
specific partners. The white paper is available here:
http://cltc.ucdavis.edu/publication/leds-next-generation-light-source
American Lighting Association, Dallas Market Seminar, 2011
CLTC prepared an overview of LED readiness for broad use in general illumination
applications to reach manufacturers outside the CLTC affiliate portfolio. “Built to Last? LED
Strengths and Limitations” was presented by CLTC Director of Engineering Keith Graeber and
CREE Global Director of Applications Engineering Mark McClear (now CREE Vice President of
Applications Engineering) at the American Lighting Association (ALA) Dallas Market Seminar
on January 18, 2011.
In early 2011, many manufacturers and lighting industry professionals questioned the readiness
of LEDs to reliably serve multiple applications. Since then, confidence in LED lighting
technology has significantly grown. The presentation materials used in this seminar, including
slides and sample materials, served as a basis for many subsequent events that offered guidance
on LED systems. The original presentation is available here:
http://cltc.ucdavis.edu/publication/built-last-led-strengths-and-limitations
Laboratories for the 21st Century Annual Conference, 2011 and 2012
CLTC Outreach Director Kelly Cunningham adapted and expanded the content of the ALA
seminar and presented it in collaboration with Lutron staff at the 2011 and 2012 Laboratories for
the 21st Century conferences. This conference was hosted by the International Institute for
Sustainable Laboratories, in partnership with the U.S. Department of Energy and the U.S.
Environmental Protection Agency. The event, which was the largest U.S. gathering of
sustainable laboratory professionals, offered content on recent advancements in laboratory
efficiency and performance. The four-hour workshop presented by CLTC and Lutron were part
of pre-conference events for the 2011 and 2012 conferences. The workshop covered: lighting and
lighting control basics; LEDs, use and control; light control strategies; whole building solutions;
demand response for lighting; and laboratory lighting case studies.
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Adaptive Lighting for Outdoor Applications
Building on the research associated with this agreement and other PIER-funded projects, CLTC
Director Michael Siminovitch and other CLTC staff have advocated for developing and
deploying technologies that can be used for outdoor adaptive lighting applications, including
parking garages, parking lots, pathways, and building exteriors. Adaptive exterior lighting,
which was a new concept at the start of this agreement, has now graduated into Title 24, Part 6.
Lighting industry and energy regulators widely recognize adaptive exterior lighting as a
potential method to reduce energy use in outdoor spaces, especially those with low occupancy
rates.
Presentations created for conferences, workshops, seminars, and meetings on this topic were
distributed to attendees and archived online. The content evolved as technologies became
widely available and the strategy was applied to large projects that serve as case studies. These
topics were presented to lighting stakeholders, especially manufacturers, to encourage the
development of technology used in adaptive lighting applications. Key documents are listed
below.
∞ PIER Solutions for Parking Lots and Garages
http://cltc.ucdavis.edu/publication/pier-solutions-parking-lots-and-garages
∞ Adaptive Exterior Lighting Guide
http://cltc.ucdavis.edu/publication/adaptive-exterior-lighting-guide
∞ Adaptive Solutions for Outdoor Lighting
http://cltc.ucdavis.edu/publication/adaptive-solutions-outdoor-lighting
∞ UC Davis Institutional-Level Adaptive Controls for Exterior Lighting
http://cltc.ucdavis.edu/publication/uc-davis-institutional-level-adaptive-controlsexterior-lighting
Professor Siminovitch and other CLTC staff used these resources, published between 2011 and
2013, in meetings and workshops with manufacturers who were not yet offering LED or
induction luminaires with a bi-level option. By utilizing case studies and a collection of
competitors’ luminaires and the potential for adaptive lighting requirements to be including in
future (now current) iterations of Title 24, Part 6 and ASHRAE 90.1, manufacturers were
encouraged to develop and release bi-level lighting products.
Content on this topic was presented at numerous public speaking opportunities to audiences
that included lighting manufacturers. Here are examples of presentations advocating for the
adoption of the adaptive lighting strategy in exterior lighting applications:
∞ Keynote: 2014 DesignLights Consortium Stakeholder Meeting
July 29, 2014, San Diego, CA, Presenter: Michael Siminovitch
http://cltc.ucdavis.edu/publication/dlc-stakeholders-meeting-keynote
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∞ Keynote: "Integration of Adaptive Lighting & Daylighting," 2014 SSLNet Conference
August 19, 2014, Toronto, Canada, Presenter: Konstantinos Papamichael
http://cltc.ucdavis.edu/140819-iIntegration-adaptive-lighting-daylighting
Daylight Management
CLTC Co-director Konstantinos Papamichael has delivered multiple lectures and led numerous
workshops and seminars on daylighting management and daylighting and electric lighting
controls. Daylight management explores the intersection and integration of daylight and electric
light through integrated lighting system controls
Content was made available to manufacturing stakeholders to encourage innovation and
product development as research results were available or viable strategies emerged. He took
one such opportunity to share PIER-funded research results through his participation in the
National Electrical Manufacturers Association (NEMA) Daylight Management Council. In 2011,
Dr. Papamichael presented on daylight management-related topics to a Virginia audience that
would become the NEMA Daylight Management Council.
The council, which represents a cross-section of lighting and lighting controls manufacturers,
was formed to evaluate existing standards, metrics, guidelines, modeling tools, and policies on
daylight management. Council members also collaborate to identify methods to reduce market
barriers and increase the adoption of daylight management technologies and practices.
Dr. Papamichael’s initial presentation and his continued participation on the council brought IA
project results to a range of representatives including: the Illuminating Engineering Society; the
International Association of Lighting Designers; the Window and Door Manufacturers
Association; daylighting device manufacturers; and lighting controls manufacturers. The
content from the initial presentation was repurposed in many presentations following the
meeting and has been integrated into talks for individual manufactures, large end-users, utility
representatives, and other lighting industry stakeholders.

Partnership Development with State and Federal Agencies
Public organizations represent a significant opportunity for reducing energy use in public
facilities. CLTC has strengthened or initiated relationships with California state agencies and
academic institutions including the University of California; California State University;
California Community College Districts; School Facilities Planning Division of the California
Department of Education; municipal departments in cities across California; the Governor's
Office of Planning and Research; California Department of Public Health; California
Department of Parks and Recreation; California Department of Corrections and Rehabilitation;
and other state agencies. Additionally, CLTC has used resources from the Program to reach
state agencies by interacting with the investor-owned and municipal utilities that provide
electricity to their facilities.
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In order to effective in encouraging the adoption of energy-efficient lighting technologies in
California’s public buildings, CLTC became known as an approachable resource willing to take
the time to understand requests and provide the needed information or support. Utilizing the
CLTC website and e-newsletter as information distribution points, CLTC staff provided access
to project results in a timely and efficient manner.
Interactions with the organizations occurred through a variety of methods. CLTC leadership,
technical staff and outreach staff scheduled conference calls, answered emails, hosted small
meetings, and conducted outreach at conferences at forums hosted by CLTC or others. CLTC
provided publications to share PIER-funded research results. Agencies assisted include:
∞ University of California (UC), California State University (CSU), and California
Community Colleges (CCC)
∞ California Department of General Services (DGS)
∞ West Coast Utility Lighting Team (WCULT)
∞ California municipalities
∞ California Department of Education, K–12 schools
∞ California Department of Corrections and Rehabilitation (CDCR)
∞ U.S. Navy and U.S. Air Force
University of California, California State University, and California Community Colleges
CLTC collaborated with the University of California, California State University and California
Community Colleges in an advisory capacity about energy efficiency lighting decisions.
Through the State Partnership for Energy Efficient Demonstrations (SPEED) program, CLTC
installed energy-efficient technologies for indoor and outdoor applications. The technologies
utilized more efficient light sources and controls. The demonstrations showed increased energy
savings and shorter payback periods as technology improved. Additionally, the CLTC and the
SPEED team provided resources to help those responsible for lighting retrofits to take
advantage of incentives before the new Title 24 2013 standards took effect. Successful
demonstration results were disseminated through various SPEED case studies, the California
State University Facilities Management Conference, and the California Higher Education
Sustainability Conference. Frequent meetings and workshops were held at various locations
throughout the state to confer on project goals, timelines and evaluate results. Although CLTC
has assisted many campuses, two projects were conducted specifically under this agreement:
∞ Campus-wide installation of adaptive parking and roadway luminaires at UC Irvine
∞ Demonstration at UCSF of adaptive corridor lighting, consultation with facility
management staff on campus-wide inclusion of other measures including adaptive
lighting in all bathroom, stairwells and other transitional spaces
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In an effort to duplicate the successful demonstrations and large-scale projects on other UC
campuses, CLTC Director Michael Siminovitch frequently conferred with Dirk van Ulden,
Associate Director of Energy and Utilities at the UC Office of the President (UCOP), and
Wendell Brase, Vice Chancellor of Administrative and Business Services at UC Irvine on energy
efficiency projects/initiatives in the UC system. The result was the creation of the Strategic
Energy Plan, an in-depth analysis of system-wide energy efficiency and renewable energy
potential. The plan identified thousands of projects on every UC campus (except UC Merced)
and on all five medical centers.
The success of CLTC’s advisory role and demonstrations led to Professor Siminovitch’s
appointment to the UC Global Climate Leadership Council. UC President Janet Napolitano
formed the council to guide UC efforts aimed at achieving carbon neutrality by 2025. The
council is made up of UC officials, students and outside experts. At the first council meeting on
June 9, 2014, she outlined her vision for UC’s future sustainability work and the roles the
council will play in disseminating best practices and improving energy efficiency on UC
campuses. Since then, Professor Siminovitch joined the Applied Research Steering Committee.
Through this council, CLTC continues to demonstrate energy-efficiency leadership for all UC
campuses.
Department of General Services (DGS)
CLTC has investigated previous barriers to working with DGS and attempted to overcome
those barriers by bringing DGS representatives and CLTC staff together to explore mutual
goals. CLTC personnel also examined potential demonstration sites and developed and
executed a contract between UC Davis and DGS. The contract allows CLTC to work with DGS
directly rather than using the resources from this agreement. In April 2012, CLTC participated
in several meetings with DGS employees to identify barriers to demonstrations conducted on
DGS properties. The discussion focused on waiting until a contract between CLTC and DGS
was executed to collaborate on demonstrations or outreach efforts.
CLTC is now working in partnership with DGS under a three-year agreement. The agreement
establishes a partnership between DGS and CLTC to explore and apply energy-efficient lighting
technologies in state facilities to achieve energy savings as outlined in the Executive Order (EO)
B-18-12. This contract is the product of a long-term effort to establish a path to collaboration and
to apply PIER-funded research, development and demonstration results at state agencies.
West Coast Utility Lighting Team (WCULT)
Over the course of the Program, CLTC has participated in West Coast Utility Lighting Team
(WCULT) meetings to discuss the development and adoption of emerging lighting technologies.
During the meetings, the group focuses on technology assessment and market penetration.
WCULT is a consortium of lighting energy efficiency program sponsors and stakeholders from
California, Idaho, Montana, Oregon, Washington, and beyond. WCULT members include
lighting experts from the California Investor-Owned Utilities (IOUs) and the Sacramento
Municipal Utility District (SMUD), Bonneville Power Administration, BC Hydro, California
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Institute for Energy and the Environment, CLTC, Pacific Northwest National Laboratory, the
Design Lights Consortium and others. CLTC staff attended WCULT meetings to share CLTC
project updates with attendees, work collaboratively on existing IOU/CLTC projects, and foster
future collaboration.
California Municipalities
CLTC worked with various California municipalities to promote the adoption of LED
streetlights and advanced controls. CLTC worked with the Bay Area Climate Collaborative
(BACC) to develop and host the Next-Generation Street lighting Workshop series. The goal was
helping local governments in the Bay Area to move to action to reduce their energy use and
realize significant cost savings through energy-saving street lighting upgrades. The workshops
provided a discussion platform between municipal entities, sustainability leaders, lighting
professionals, manufacturers, and university researchers.
Four workshops were held covering topics on lighting technologies and controls, financing,
implementation strategies, engaging stakeholders, product purchasing, and best practices. To
support the topics, CLTC and other city representatives presented on various street lighting
case studies and technology advancements. To summarize topics discussed in the workshops,
BACC implemented the Bay Area Next Generation Streetlight Initiative with the supporting
publication, “Next Generation Streetlights: LED Technology and Strategies for Action.” CLTC is
listed as a co-author. The overarching goal is to catalyze the conversion of 200,000 streetlights in
the Bay Area and deliver $50 million in cost savings and 100,000 metric tons of CO2 avoidance
over five years. Download the guide here: http://www.baclimate.org/impact/next-genguide.html.
California Department of Education, K–12 Schools
In 2011, State Superintendent of Public Instruction visited CLTC to determine potential
collaboration projects/initiatives between California public schools and CLTC with the goals of
establishing lighting best practice guidelines for large-scale change. There was an opportunity
for further discussions on a larger scale with more lighting and sustainability leaders from K–12
schools. CLTC collaborated with the UC Davis Energy Efficiency Center, Western Cooling
Efficiency Center, and Greenwise Joint Venture to host the Smart Schools Symposium in 2013.
This was a one-day event with the goal of improving the efficiency and performance of
California’s K–12 facilities through energy retrofits and new funding options. During this event,
CLTC Co-director Konstantinos Papamichael presented on daylighting and electric lighting
opportunities and best practices for deeper energy savings. The content included case studies
from various CLTC demonstration projects through the SPEED program.
With the passing of the California Clean Energy Jobs Act (Proposition 39), eligible local
educational agencies had the opportunity to request funding for energy efficiency projects.
CLTC recognized an opportunity to reach K–12 school facility managers to encourage
implementing adaptive lighting projects to achieve long-term, lasting energy reductions rather
than short-term limited gains. In late 2013, CLTC developed a design guide (Part of IA 3.5),
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“Lighting Retrofit Strategies for California Schools.” This technology-neutral retrofit guide
supports schools working to achieve maximum energy savings in an efficient and cost-effective
manner. The guide covers lighting and daylighting retrofit strategies consistently proven to
provide the greatest long-term energy savings and lighting quality improvements on K–12 and
community college campuses. Download the guide at:
http://cltc.ucdavis.edu/publication/lighting-retrofit-strategies-california-schools
Through partnerships with SCE, PG&E, SDG&E and True Market Solutions, CLTC participated
in several roundtable events in 2014 that exposed facility and energy managers from the K–12
schools to the content in the design guide and PIER-supported research results. Three
roundtables, one in each IOU territory, provided direct interaction with school districts. CLTC
advised the adoption of various energy-efficient light sources paired with adaptive controls.
Many suggested technologies had proven energy savings through various CLTC case studies
and demonstrations. However, many school district representatives were unable to include
many of the most effective lighting and lighting controls strategies in their Proposition 39
project plans. The calculator used by K–12 schools in the funding acquisition process either did
not support the recommended technology or did not take critical factors into account in the
savings-to-investment ratio (SIR) determination. For example, the calculator is based on
occupancy estimates in the Database for Energy Efficient Resources (DEER). The DEER contains
conservative estimates of occupancy rates. Without actual occupancy rates in calculating the
SIR, occupancy controls paired with LED luminaires rarely passed the process. The result is that
promising lighting and lighting controls technologies were left out of project funding proposals.
In addition to interacting with K–12 school facility and energy managers, CLTC hosted a
training seminar in August 2014 for the supervisors of the California Conservation Corps
(CCC), on behalf of General Electric and Grainger. CLTC staff offered training on the topics of
Title 24, Part 6 2013 and adaptive lighting. The CCC is conducting audits and creating energy
use reports as part of the Proposition 39 process.
California Department of Corrections and Rehabilitation (CDCR)
CLTC hosted several roundtables with CDCR to develop solutions for energy-efficiency
projects. CLTC provided expertise in lighting projects that would enhance the CDCR’s Design
Criteria Guidelines. There was ambivalence about using LEDs in a correctional facility because
of the perception that LED luminaires provided lower light levels when compared to
predecessor technologies. CLTC provided recommendations and verifiable data from successful
PIER-supported LED lighting demonstrations. CLTC continues advising CDCR as needed and
as resources allow.
U.S. Navy and U.S. Air Force
Although federal agencies were not the direct intended audience in this task, there are many
military bases and properties in California that serve as leaders in green building innovation
and representatives of the public building sector. CLTC directors, UC Davis leadership and U.S.
Navy representatives signed a memorandum of agreement in 2011. The goal of the partnership
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was reducing outdoor lighting energy use on Navy bases by implementing adaptive lighting
strategies developed with PIER support.
When the memorandum was signed, CLTC was already testing lighting systems at three
military installations in California: Beale Air Force Base in Marysville, California National
Guard Joint Forces Headquarters in Sacramento and Naval Base San Diego. After the Beale
demonstrations concluded, Beale and Travis Air Force Base representatives consulted with
CLTC staff on technical recommendations for several projects, including outdoor and indoor
applications. CLTC has provided technical assistance to the Navy and Air Force as requested.
Technical Support Activities for State Agencies
CLTC established itself as a statewide resource for objective, accurate and timely information on
energy-efficient lighting and daylighting technologies. As part of technical support activities,
CLTC directors and staff worked to determine which state agencies required input on lighting
energy efficiency. Agreements were developed with state agencies and academic institutions to
provide support on lighting technologies and applications. The activities placed a strong
emphasis on identifying opportunities for PIER-developed technologies and included the
following: site audits and evaluation; reviewing plans for new buildings and planned
renovations; working with facility managers and end users to understand needs; technical
support in preparing lighting-related specifications, codes, and policies; and technical support
for lighting procurement, including group procurement activities.
The objective was building connections between CLTC and California state agencies and
academic institutions to better inform them about PIER-supported lighting technologies and
strategies. These connections provided a deeper understanding about how facility management
decisions were made in state organizations and presented the opportunity to distribute
information about how energy-efficient lightings strategies could be implemented in public
buildings. The following state organizations selected to serve as examples of this type of activity
include:
∞ University of California, Davis (Smart Lighting Initiative)
∞ City of Berkeley
∞ California Department of Education
∞ California Public Utilities Commission
∞ California Department of Parks and Recreation
∞ U.S. Navy and U.S. Air Force
UC Davis Smart Lighting Initiative
The UC Davis Smart Lighting Initiative was a successful partnership with state agencies to
encourage the implementation of PIER-supported technologies. Professor Siminovitch
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advocated for a campus-wide plan for implementing adaptive lighting technologies, starting
with the installation of bi-level lighting in all campus parking garages and lots.
The initiative was established in 2010 to improve the quality and efficiency of indoor and
outdoor lighting on campus. The project’s goal is reducing UC Davis’ electricity use for lighting
by 60 percent, based on 2007 levels of energy use. It will help with the CPUC’s goal to reduce
statewide electricity consumption for lighting by 60 percent or more by 2020.
Phase 1 included replacement lamp retrofits, stairwell and bathroom retrofits and exterior
networked lighting. More than 1,600 adaptive, networked LED luminaires were installed,
helping UC Davis to reduce exterior lighting energy consumption by about 60 percent. Phase 2
of the project affected interior lighting retrofits for 42 buildings (2.5 million square feet) on
campus. Many lighting technologies, innovations and strategies implemented as part of the
project were developed at CLTC and demonstrated through PIER-supported pilot projects on
campus.
The project is a collaborative effort involving CLTC and a number of campus offices and units.
CLTC staff participated in the initial energy audits, the review of products and plans,
development of specifications, and implementation of the phases completed so far. CLTC,
which serves on the advisory committee, provides technical assistance and outreach support to
the campus teams managing the project. More information on the project can be found at
http://sli.ucdavis.edu.
City of Berkeley
In April 2014, Berkeley approved a project to upgrade 8,000 streetlights to LED technology by
the end of the year. The project will cost approximately $3 million, but is expected to produce
annual energy savings of nearly $400,000, resulting in a simple payback period of less than eight
years. It will cut the city’s CO2 emissions from streetlight electricity consumption by 50% and
reduce the city’s total emissions by about 7%. The city’s Climate Action Plan calls for reducing
emissions 33% by 2020 and 80% by 2050. BACC, the Energy Commission and CLTC provided
design and construction guidance for the project.
California Department of Education
With the passing of the California Clean Energy Jobs Act (Proposition 39), eligible local
educational agencies had the opportunity to request funds for energy efficiency projects. CLTC
recognized an opportunity to reach K–12 school facility managers to encourage the
implementation of adaptive lighting projects. In late 2013, CLTC developed a design guide (Part
of IA 3.5), “Lighting Retrofit Strategies for California Schools.” The guide covers lighting and
daylighting retrofit strategies that have provided the greatest long-term energy savings and
lighting quality improvements on K–12 and community college campuses.
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California Public Utilities Commission (CPUC)
CLTC Director Michael Siminovitch participated in the authorship and adoption of the Lighting
Chapter 1 of the California Energy Efficiency Strategic Plan. This chapter was published in 2010 2
as an addition to the original 2008 document. A revised Lighting Action Plan was released in
November 2011 with the hopes of actualizing the chapter’s goals. CLTC executed an agreement
with the CPUC to continue to support the CPUC’s Energy Division in implementing the energy
efficiency strategic plan from March 2013 to July 2015. Through the Program, CLTC assisted in
deploying the Lighting Action Plan to fulfill the lighting chapter’s objectives. CLTC also
developed strategies outlining the short-term actions needed to supplement the Lighting Action
Plan and improve its chances of success.
California Department of Parks and Recreation
CLTC and the California Department of Parks and Recreation discussed energy-efficient
lighting demonstration site possibilities. California State Parks has suffered large budget cuts in
the last several years. There was a potential opportunity for energy retrofits funding in the
agency, but only when proven and with very short payback periods. Most strategies providing
the best long-term results did not fit into the departments constrained payback window.
CLTC worked primarily with the State Parks’ Capital District Office to list potential indoor and
outdoor sites in the Sacramento area. CLTC hosted several meetings and met with district
representatives to provide advice on topics such as LED replacement lamps, outdoor lighting
retrofit solutions and LED downlights.

Conferences and Associations
CLTC staff members served on association committees that benefitted PIER-funded projects.
The committee work enabled CLTC staff to expose other committee members and the
communities they served to PIER technologies while staying current on emerging standards,
industry trends and research advances. The following list represents an overview of CLTC staff
and the committees they participated that support PIER-related work:
∞ Director Michael Siminovitch:
o

CPUC Energy Division Technical Advisory Committee

o

CPUC Lighting Action Plan Core Team

o

UC Davis Campus Planning and Design Committee

o

UC Davis Energy Efficiency Center Advisory Board

CPUC, 2010. Lighting Chapter: California Long Term Energy Efficiency Strategic Plan. Online at
http://www.cpuc.ca.gov/NR/rdonlyres/BE058656-3913-4DDD-92D560E82DD6AF0C/0/Lightingchapter_CAEnergyEfficiencyStrategicPlan_Jan2011.pdf.
1

2

CPUC, 2010. D.10-09-047, Decision Adopted Lighting Chapter of Energy Efficiency Strategic Plan. Online at
http://docs.cpuc.ca.gov/PublishedDocs/WORD_PDF/FINAL_DECISION/123970.PDF
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o

UC Davis Smart Lighting Initiative Committee

o

UC Davis Smart Lighting Initiative Phase 2 Management Committee

o

UC Global Climate Leadership Council

∞ Co-director Konstantinos Papamichael:
o

Bonneville Power Administration Commercial Buildings Emerging Technologies
Advisory Committee

o

International Commission on Illumination (CIE) U.S. Executive Committee

o

CIE U.S. Membership Committee

o

CIE U.S. National Committee

o

CPUC Lighting Action Plan Goal 4 (R&D) Committee

o

I2SL Lab Lighting and Lighting Controls Working Group on Laboratory
Efficiency

o

Illuminating Engineering Society (IES) Board of Nominations Committee

o

IES Core Sunlighting Subcommittee

o

IES Daylight Metrics Committee

o

IES Daylighting Committee – Chair

o

IES Daylighting Terms Subcommittee

o

IES Skylight and Light Pipe Testing Subcommittee

o

IES Visual Effects of Light Spectral Distribution Committee

o

IES LightFair 2011 Planning Committee

o

NEMA Daylighting Management Council Steering Committee

o

National Fenestration Rating Council Daylight Rating Group

∞ Engineering Director Keith Graeber:
o

Biannual joint meeting of the U.S. and Canadian national committees of the
International Commission on Illumination (CIE/USA and CNC/CIE)

o

UC Davis Exterior Lighting Committee

o

UC Davis Smart Lighting Initiative Committee

o

UC Davis Smart Lighting Initiative Management Committee

o

UC Davis Smart Lighting Initiative Phase 2 Management Committee

o

Program Director Cori Jackson:

o

UC Davis Smart Lighting Initiative Committee

∞ Senior Development Engineer Nicole Graeber:
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o

U.S. Department of Energy (DOE) Municipal Solid-state Street Lighting
Consortium, Technical Committee and Controls Subcommittee

∞ Outreach Director Kelly Cunningham:
o

CPUC Lighting Action Plan Team

o

DOE Municipal Solid-state Street Lighting Consortium, Communications
Subcommittee

o

R20 Regions of Climate Action, LED Street Lighting Workgroup

Market transformation through communication to critical audiences
More than 300 events or publications were completed between 2009 and 2014 to support Tasks 3
of this interagency agreement. Information about these work products was collected into one
document, “IA_Task3_Events_Publications_2009-2014.xlsx”, to support this final report
appendix. The work products were organized into the following categories
The archive “IA_Task3_Events_Publications_2009-2014.xlsx.” is included as an attachment to
this report. As a result of these activities, key audiences were exposed to PIER-supported
energy efficient technologies and strategies. These audiences included lighting manufacturers,
lighting representatives, electrical distributors, lighting designers, interior designers, architects,
facility managers, energy managers, directors and management level decision makers for large
facilities, utility representatives, energy management consultants, city building department
employees, representatives from state and public agencies, contractors, and representatives
from other professional fields who make decisions about lighting implementation in
California’s buildings and outdoor lighting infrastructure.
Table 1: Events and Publication Products Developed under the Program

Events

Publications

Presentation

Article

Press Event

Case Study

Tour

Conference Presentation

Training

Guide

Webinar

Presentation

Workshop

Press Release

Conference

Report

Conference Presentation

Specificaton Sheets

Forum

Videos

Meeting
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Website
The CLTC website at cltc.ucdavis.edu was one of the organization’s most important
communication platforms. The site features overviews of CLTC’s project portfolio, events (both
upcoming and an archive), and a collection of publications that CLTC has developed.
The site includes a list of eight project categories that organizes the research, development, and
demonstration projects that CLTC worked on and the efforts to support policy, codes and
standards. The organization allowed visitors to locate information about the different aspects of
the CLTC project portfolio. Each focus area includes information about the various RD&D
projects and training and education activities and resources. The website also includes functions
to tag various projects and content items under several focus areas, eliminating project page
duplication. The tagging system provided visitors with a fluid navigation through the website,
connecting them with related resources, events and publications.
The highest-traffic portion of the website is the Publications section. CLTC hosts a repository of
lighting research information including training guides, case studies, and working papers. This
popular section provides users with a centralized repository of publications, presentations, case
studies, and other media files. From this section, publications were tagged and dynamically
attributed to various projects. Visitors were able to view presentations from events such as the
2013 Smart Schools Symposium. They can also accessed course materials and reference guides,
such as the training materials, presentation slides and lighting design guides that CLTC
developed for Title 24, Part 6 courses.
In addition to projects and publications, the website was used to promote events. The website
also enabled event materials such as agenda, presentations and photos to be easily organized
and archived. The website served as the central hub and was integrated with the other
communication platforms that CLTC outreach staff used to distribute information such as the
online newsletter and social media sites.
Data on website visits has been collected since August 2010 via Google Analytics. The data was
reviewed to determine which web pages drew the most visitors and to identify spikes in visitor
traffic. These increases in website traffic usually coincided with events or major announcements
made through CLTC’s e-newsletter, which is generated through MyEmma, an email marketing
service.
Lighting Link Newsletter
The Lighting Link Newsletter is a monthly email campaign with news from CLTC and its
partners. The primary goal of the email campaign was to distribute a monthly online newsletter
sharing information about CLTC’s recent projects. CLTC outreach staff found it was an effective
communications vehicle and expanded it to relay information about new publications and
upcoming events such as training, workshops, and forums. These email campaigns have
increased the traffic to the website.
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Since 2009, CLTC has circulated 120 email campaigns. As of early 2015, there were more than
8,700 subscribers to the CLTC newsletter. When the CLTC website was updated in 2013, the
newsletter format changed from its original 300+ word articles. The new website allowed CLTC
staff to streamline content for the newsletter. Newsletter items were shorter with links to the
longer stories on the website. Doing this increased the open rate for the newsletter and
increased traffic to the website. It also made it easier for archiving and linking.
Case Studies
Case studies provide proof of technology viability. By sharing results from CLTC projects,
specifically on topics related to adaptive lighting, CLTC encouraged the implementation of
strategies using PIER-funded technologies in a wide variety of indoor and outdoor applications.
PIER resources were used to develop and demonstrate and support the market adoption of new
energy-efficiency lighting products that CLTC brought to the marketplace in partnership with
industry, utilities and large end users. The research, development, outreach and technology
transfer activities were done in collaboration with the California Energy Commission, utilities,
industry and other academic and professional institutions.
CLTC played a leading role in incorporating adaptive lighting controls into the 2013 Title 24
Building Energy Efficiency Standards. The lighting portion of Title 24 incorporates many
technologies developed through CLTC’s work with PIER. The demonstrations, conducted
through the State Partnership for Energy Efficiency Demonstrations (SPEED), provided data
about the effectiveness, affordability and feasibility of adaptive lighting technologies. This
agreement funded many of those projects. The publication, education, and training efforts for
adaptive controls for outdoor applications helped UC Davis and UC Irvine adopt smart lighting
measures.
These case studies were included as examples in a range of training materials, presentations,
and guides, including the Title 24, Part 6 lighting guides. Case studies are archived online at
http://cltc.ucdavis.edu/publication-type/case-studies. Significant case studies featuring the
implementation of PIER technologies are listed below.
∞ Adaptive Exterior Lighting at UC Santa Barbara
∞ Adaptive Corridor Lighting at UC San Francisco
∞ Campus-wide Networked Adaptive LED Lighting, UC Davis
∞ Adaptive LED Wall Packs at UC Davis
∞ Curfew Dimming Parking and Area Luminaires at CSU Long Beach
∞ Adaptive Corridors at UC Davis
∞ Integrated Office Lighting System at UC Davis
∞ Adaptive Corridors at Latham Square
∞ Integrated Classroom Lighting System at Laney College
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∞ Adaptive LED Post-top Luminaires at Los Angeles
∞ SPEED Business Case: Adaptive Corridor Lighting
∞ SPEED Business Case: Adaptive Street and Area Lighting

Design Guides
CLTC has been a critical resource for lighting education and training since its inception. The
center has provided codes and standards resources and training for lighting industry
professionals across every market sector. Over the last year, CLTC has positioned itself as a
statewide educational resource for the lighting portions of the 2013 Title 24, Part 6 Building
Energy Efficiency Standards.
CLTC’s education and outreach efforts have included numerous publications, in-person and
web-based training sessions for a variety of projects partners, utility-sponsored full-day training
courses, and lighting design guides and presentation-based curriculum materials.
The Title 24, Part 6 design guides assist lighting and building industry professionals become
more familiar with the standards and increase compliance throughout California. The guides
complement the Energy Commission’s compliance manuals by focusing on specific applications
and providing additional resources where needs for supplemental materials have been
identified.
They provided information on current lighting technologies, lighting design terms and
principles, and best-practice recommendations. The guides complemented lighting courses
developed by CLTC and funded, in part, by the Program. Funding was also provided from
PG&E and SCE, through the Energy Education programs and from CLTC’s affiliate gift
funding. Select CLTC affiliates consider codes and standards education for employees, product
distributors, and customers a valued component of their relationship with CLTC. These
manufacturing partners have requested trainings on the topics covered in the guides and are
interested in distributing them.
CLTC assessed market sectors and target audiences for the guides to determine which had the
greatest potential to reduce statewide energy use through standards compliance. CLTC
identified applications with the greatest lighting energy use or the highest lighting power
density in California, providing the greatest opportunities for energy savings. The decision was
made to develop guides for residential, office, retail, and non-residential outdoor applications.
CLTC’s affiliates assisted with the guides by providing insights on the current lighting market
and emerging product categories. Manufacturer affiliates submitted case studies and product
briefs. They also provided examples of commercially available solutions and illustrated
concepts for specific applications. The Title 24-focused publications created by CLTC are listed
below.
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What’s New in the Title 24 2013 Code?
This brief guide offers an overview of important requirements and major updates to the lighting
code.
http://cltc.ucdavis.edu/publication/whats-new-title24-2013-code
Title 24, Part 6 Residential Lighting Guide
Explanation of the new requirements for residential lighting are organized by space type
(kitchens, bathrooms, outdoor lighting, etc.) and accompanied by best-practice
recommendations and sample lighting plans. The new guide includes an overview of updates
made to the 2008 standards, information on current lighting technologies, and energy-efficient
lighting strategies and principles.
http://cltc.ucdavis.edu/publication/2013-title-24-part-6-residential-lighting-guide
Title 24, Part 6 Outdoor Lighting Guide
The guide includes an overview of updates to the 2008 standards, information about current
lighting technologies, and energy-efficient lighting strategies and principles. Explanations of
critical code requirements for outdoor lighting and controls accompany best-practice
recommendations.
http://cltc.ucdavis.edu/2013-title-24-part-6-outdoor-lighting-guide
High-Efficacy Residential Lighting Guide
The guide provides information about lighting products and key lighting principles and bestpractice recommendations. The guide helps builders and lighting industry professionals
working on zero-net energy (ZNE) and sustainable residential projects. The standards require
lighting controls in many residential spaces meet the criteria for high-efficacy lighting. The
guide supplements the Residential Lighting Guide.
http://cltc.ucdavis.edu/publication/high-efficacy-residential-lighting-guide
Retail Lighting Guide
This guide educates builders, lighting designers, contractors and others about the retail
nonresidential lighting portion of Title 24, Part 6. The guide provides information on the
compliance process, lighting technology concepts and principles, current lighting technologies,
and code requirements and recommendations.
http://cltc.ucdavis.edu/publication/2013-title-24-part-6-retail-lighting-guide
Lighting For Office Applications
This guide helps builders and lighting professional become more familiar with the office
lighting nonresidential lighting portion of Title 24, Part 6. The guide provides information on
current lighting technologies, lighting design terms and principles, and best-practice
recommendations.
http://cltc.ucdavis.edu/publication/2013-title-24-part-6-lighting-office-applications-guide
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Other significant guides developed during the course of the agreement include:
Advanced Lighting Guidelines (ALG)
CLTC successfully completed the daylighting chapter for the guidelines. The work of CLTC Codirector Konstantinos Papamichael and staff resulted in ALG having for the first time an entire
chapter on daylighting. ALG, which is a resource for the lighting design and engineering
community, covers best practices in energy-efficient lighting design and current lighting
technology for commercial building applications. The resource is here: https://algonline.org/
LED Retrofit Options for Linear Fluorescent Luminaires
LED alternatives to fluorescent lighting products fall into these categories: linear (tubular)
lamps, retrofit kits and dedicated luminaires. This guide provides the latest information on
these rapidly developing lighting product categories, including safety precautions, photometric
performance considerations and labor requirements.
http://cltc.ucdavis.edu/publication/led-retrofit-options-linear-fluorescent-luminaires
Lighting Retrofit Strategies for California Schools
This guide helps project managers navigate the options available for lighting retrofits and
installations. The guide covers lighting and daylighting retrofit strategies proven to provide the
greatest long-term energy savings and lighting quality improvements on K–12 and community
college campuses. The interactive document includes links to case studies, product specification
sheets, organizations offering free or low-cost services, and other resources.
http://cltc.ucdavis.edu/publication/lighting-retrofit-strategies-california-schools
2010 and 2015 Lighting Technology Overview
The Lighting Technology Overview, published by the California Lighting Technology Center in
2010, reviews the major commercial, residential and outdoor lighting technologies as
determined through market analysis to show the most potential to achieve at least a 60 percent
reduction in energy used for lighting in the most common applications in California. The
technology overview was developed, in part, to support the creation of the California Public
Utilities Commission’s (CPUC) Lighting Action Plan and show feasibility for achieving the
reductions outlined in the Lighting Chapter of the Energy Efficiency Strategic Plan.
The lighting chapter in the Lighting Action plan sets forth a vision for the lighting in California,
if accomplished, will achieve a 60 to 80 percent reduction in statewide electric lighting energy
consumption by 2020. These reductions exceed the levels outlined in AB1109 and are in sync
with or exceed other statewide goals. Many strategies and technologies needed to fulfill the
promise of the market segments outlined in the overview are part of the PIER-funded project
portfolio. The technology overview document was created with support from the Program as
well as the State Partnership for Energy Efficient Demonstrations (SPEED) program. At that
point, the technologies offering the best potential for energy savings included:
∞ Task-ambient lighting systems, specifically those used in offices
∞ Integrated lighting systems, specifically those used in classrooms
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∞ Occupancy controls used in commercial and residential applications
∞ Ballast upgrades for HID and fluorescent fixtures to allow dimming functionality
∞ LED fixtures and retrofits, particularly in residential applications and downlights
∞ Dimmable CFLs, halogen IR bulbs, or other high-efficacy alternatives used in lamp
replacements
∞ Daylighting techniques and strategies
∞ High-efficacy lighting technology applications to exterior and street lighting
CLTC is currently updating the report to reflect changes in market trends and available
technologies over the intervening years. This updated document will also inform readers of
changes in code requirements between 2010 and 2013. The document will be restructured to
separate technology from strategy and offer new analysis on the market potential of the
technologies selected for this iteration.
The updated report is funded through a contract with the CPUC that was created to financially
support CLTC’s contribution to further development of the Lighting Action Plan. The 2010
Lighting Technology Overview was identified by the CPUC as a document worth updating and
disseminating statewide to Lighting Action Plan stakeholders. CLTC collected input from a
variety of stakeholder groups present at a CPUC meeting in November 2013. This outside input
helped confirm which technologies and applications should be included and focused on in this
revised technology overview.
The next version of the Lighting Technology Overview is expected to be available for review by
the CPUC and the Energy Commission at the close of the third quarter in 2015. The 2010 report
is here: http://cltc.ucdavis.edu/publication/2010-lighting-technology-overview.
Events
Lecture-based seminars, conferences and workshops were the most common way that CLTC
shared research and demonstration results from PIER-funded projects with lighting industry
professionals. CLTC hosted numerous training events that represent outreach to the
professional lighting community. After many events, materials were shared via email with
attendees or posted on the CLTC website. Lecture materials used for training opportunities
were supplemented with case studies and guides.
Outreach for professional development training activities primarily focused on professional
representatives associated with the lighting industry. These audiences included lighting
manufacturers, lighting representatives, electrical distributors, lighting designers, interior
designers, architects, facility managers, energy managers, directors and management level
decision makers for large facilities, utility representatives, energy management consultants, city
building department employees, representatives from state and public agencies, contractors,
and representatives from other professional fields who make decisions about lighting
implementation in California’s buildings and outdoor lighting infrastructure. Outreach
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activities were also conducted in collaboration with the local chapters of professional
organizations including the Illuminating Engineering Society, the American Institute of
Architects and the Association of Energy Engineers. The IOUs also connected to multiple target
audiences within this list. CLTC’s relationship with the IOUs provided direct and indirect
access to a significant number of professional designers, contractors, facility managers and
occupants who benefited from the information shared in seminars, workshops, private
meetings, and publications such as case studies and guides. In several instances, CLTC
organized workshops for utility staff to improve their understanding of energy-efficient lighting
and daylighting strategies and the existing and emerging technologies. For example, in 2011
and 2013 CLTC Co-director Konstantinos Papamichael worked with Southern California Edison
(SCE) to offer full-day workshops on daylighting and daylighting controls. This helped transfer
information to SCE employees charged with applying the information through programs for
their customers.
Instead of using resources from this agreement, some seminars for utility partners were
supported in part by the IOUs Statewide Codes and Standards program but served the same
audiences and focused on Title 24, Part 6. Training events were also organized in partnership
with manufacturers through CLTC’s affiliate program. These seminars served the
manufacturing partner’s employees and invited members of the professional lighting
community. In the past two years, these training events have focused on Title 24, Part 6. In
reaching out to professional organizations to encourage the use of PIER-funded strategies, Title
24 and Title 20 are often part of the discussion. Materials created for one seminar are useful as a
basis for another.
Academic Roundtables
CLTC served as a resource to academic institutions throughout California and nationally by
sharing results from CLTC projects, specifically on adaptive lighting topics, in order to
encourage the implementation of PIER-funded energy-efficient technologies. The center
participated and hosted many meetings and conference calls with academic partners. Center
staff participated in events hosted at other locations or remotely via web conferencing. Smaller
roundtables or meetings with staff from interested organizations were more effective in
encouraging the adoption of adaptive lighting strategies. Following are examples of events
supporting the goal to host roundtable meetings with academic institutions.
University of California, Davis Smart Lighting Initiative
The UC Davis Smart Lighting Initiative was established in 2010 to improve the quality and
efficiency of indoor and outdoor lighting on campus. CLTC Director Michael Siminovitch
advocated for a campus-wide plan for implementing adaptive lighting technologies, starting
with the installation of bi-level lighting in all campus parking garages and lots.
Many lighting technologies, innovations and strategies implemented as part of the project were
developed at CLTC and demonstrated through PIER-supported pilot projects on campus. The
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project serves as an example for campus and education facilities across California and provides
a pathway for PIER-funded technologies to be deployed in these environments.
The project was a collaborative effort involving CLTC and a number of campus offices and
units. CLTC staff participated in the initial energy audits, the review of products and plans,
development of specifications, and implementation of the phases completed so far. CLTC,
which serves on the advisory committee, provides technical assistance and outreach support to
the campus teams managing the project.
CLTC developed a product specification document for interested organizations and campuses.
The document is here: http://cltc.ucdavis.edu/publication/uc-davis-institutional-level-adaptivecontrols-exterior-lighting. More about the initiative is currently archived online:
http://cltc.ucdavis.edu/project/uc-davis-smart-lighting-initiative and http://sli.ucdavis.edu.
2010 Big Ten Environmental Roundtable
November 15, 2010 – Chicago, Illinois
CLTC Director Michael Siminovitch discussed PIER-funded strategies for bi-level parking and
area lighting at the 2010 Big Ten Environmental Roundtable. He presented roundtable
participants, who were facility managers from the Big Ten schools, with a proposal to adopt bilevel lighting as a standard practice for the campuses. PIER-funded technologies introduced to
the California market will have greater success if there is a national market to support demand.
In 2012, the Big Ten institutions formed the Midwest Collaboration for Adaptive Lighting with
the goals of reducing energy consumption in parking facilities across Midwestern university
campuses and promoting adaptive lighting strategies to surrounding communities. The
collaboration is direct result of Professor Siminovitch’s participation in the roundtable.
UC Irvine UC/CSU Energy Efficiency Workshop, UC’s Capital Programs Institute
November 1, 2011 – UC Irvine/ November 15, 2011 – UC Davis
The Capital Programs Institute, which is the UC Office of the President program for design,
construction and project management training, provides training for the capital programs staff
on all UC campuses and laboratories. CLTC Director Michael Siminovitch spoke at two
roundtable workshops, focusing on adaptive lighting strategies and PIER-technologies for
academic campuses. He pointed to the installations at UC Davis and UC Irvine as outstanding
examples. Attendees included invited guests from UC and California State University systems.
The workshops strengthened the relationship between UC Davis and UC Irvine. UC Irvine has
installed several adaptive exterior projects, completed campus-wide lamp and ballast
replacements, and added occupancy sensors throughout many spaces. UC Irvine is planning for
a large networked lighting installation similar to the system selected by UC Davis. Presentations
are archived at: http://budget.ucop.edu/dc/cpi/deepenergy.html
2012 California Higher Education Sustainability Conference

26

June 18-21, 2012 – UC Davis
PIER-funded projects had a significant presence at the conference hosted at UC Davis. The
installations of PIER lighting technologies throughout the campus provided data and talking
points for presentations and walking tours. CLTC was also involved through a pre-conference
workshop at the center, a booth in the exhibit area supported by the SPEED program, and by
providing presenters. CLTC hosted a June 20 tour and roundtable discussion that drew facility
managers and representatives from college and community college campuses.
CLTC shared information about UC Davis’ networked exterior lighting installation and other
adaptive lighting projects on campus. Facility managers from UC Santa Cruz and UC Merced
followed up with CLTC for more information about how to adopt PIER-funded adaptive
lighting strategies on their campuses. Other campuses throughout California have connected
with CLTC for similar advice. CLTC has participated in the conference annually since 2009, but
this year was especially effective in reaching more campuses since attendees toured and met at
the center.
Utility and Industry Forums
CLTC organized seminars and workshops to help accelerate the adoption of energy-efficient
lighting and daylighting technologies. These forums provided curated information for and
offered attendees real-world examples of how to implement energy-efficient technologies.
For these events, CLTC collaborated with other organizations and agencies to reach larger
audiences and provide attendees a greater variety of resources. Sharing event planning and
outreach tasks with other UC Davis-based centers, nonprofits, and other not-for-profit
organizations also expanded CLTC’s contact lists for future events. Sharing event preparation
tasks allowed the partners to minimize staff time on event preparation and maximize the use of
the combined available resources.
Industry and utility forums included the UC Davis Energy Efficiency Forum for corporate
campuses and the Smart Schools Symposium for Northern California K–12 and community
college campuses. Attendance numbers exceeded 200 for both events, which were held at the
UC Davis Conference Center. Presentation slides were posted on CLTC’s website immediately
after each event to facilitate further contact between attendees and expand access to the
information presented.
In October 2012, CLTC and the Bay Area Climate Collaborative (BACC) launched the first of a
series of workshops for cities and municipalities interested in Next-Generation Street Lighting.
Tools and resources are available on the BACC website, www.baclimate.org, including a “NextGeneration Streetlight Guide” that CLTC helped create.
The strategy for the workshops has been to provide more detailed information and assistance
with each event to help cities at different stages of their planning, selection and deployment of
27

streetlighting technologies. This has been effective in tailoring workshop materials and
presentations to participants’ needs and supporting the progress of more projects. One direct
result is CLTC is working with the City of Berkeley and Silicon Valley Power to develop
streetlighting technology specifications and other aids to the procurement process in
preparation for a transition to LED street lighting.
Smart Schools Symposium 2013
September 5, 2013 – UC Davis Conference Center
More than 200 representatives from K-12 schools and community colleges across Northern
California attended the event to learn about improving the efficiency and performance of
California’s K–12 facilities. They learned about best practices for lighting, HVAC and water
conservation upgrades, attended technology and financing workshops, and connected with
nonprofits and companies interested in the issue.
UC Davis Energy Efficiency Forum: Retrofitting Corporate Campuses
November 8–9, 2011 – UC Davis Conference Center
CLTC worked with UC Davis’ Energy Efficiency Center and Western Cooling Efficiency Center
to organize a two-day forum designed to share strategies and solutions for increasing energy
efficiency on corporate campuses.
Next-Generation Streetlights Initiative Workshop Series
Local governments can lower electricity costs, reduce the need for streetlight maintenance, and
reduce emissions by implementing energy-efficient street lighting. To help cities achieve these
goals, CLTC partnered with BACC on the Next-Generation Streetlights Initiative.
The two organizations organized four successful workshops to help Northern California cities
navigate the variety of new technologies available for street lighting upgrades, gain knowledge
and guidance for project management and key decisions, and use available financial resources
as well as sources of expertise. The workshops held are provided below.
∞ Next-Generation Streetlight Workshop
October 16, 2012 – CLTC in Davis
CLTC partnered with BACC, PG&E and lighting industry leaders to organize
workshops for California municipalities making the transition to advanced streetlight
technologies. Twenty-five representatives from Bay Area and Central Valley cities
attended the first workshop, which focused on luminaires, lighting controls and
regulatory issues.
∞ Next-Generation Streetlight Workshop
December 6, 2012 – Hayward City Hall, Hayward
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The second workshop, which drew 75 attendees, addressed implementation concerns
related to energy-efficient streetlight upgrades through in-depth discussions on issues
such as funding sources, financing opportunities and implementation strategies.
∞ Strategies for Successful Deployment of LED Streetlight Upgrades
November 20, 2013 – Redwood City Public Library & City Hall
Public works staff, transportation directors and engineers, and municipal sustainability
leader attended an in-depth workshop on strategies for successful LED retrofit projects.
More than 50 representatives from local agencies, including the City of Oakland, Foster
City, San Bruno, and San Jose, shared insights and experiences.
∞ Next-Generation Lighting Workshop: Lighting for Street and Off-Street Parking
June 17, 2014 – Berkeley
BACC and CLTC presented an in-depth workshop for municipal staff, area
sustainability leaders and lighting professionals interested in improving public
streetlights.
The Don Aumann Memorial Lecture Series
As part of Program outreach and workforce development, the research team addressed the
critical needs of lighting design professionals through development and deployment of a multiyear seminar series on emerging lighting topics. This training series provides design
professionals with knowledge about energy-efficient lighting strategies and technologies,
delivered by a diverse team of industry experts. This appendix summarizes each annual
training topic and includes recommendations on how to further develop and maintain the
program.
The annual Don Aumann Memorial Lecture in Lighting Efficiency honors CLTC’s first program
director, Don Aumann, who died March 2007. Each event promotes energy efficiency and
sustainability through education, reflecting goals shared by the University of California, Davis,
and the California Lighting Technology Center (CLTC).
The lecture series is a free event for university students and lighting professionals to learn about
technological innovations and discuss industry issues. Each event has drawn more than 100
attendees at the UC Davis Conference Center. Video footage of the series, hosted on CLTC’s
website, expanded the lectures’ reach. To date, the PG&E and the PIER program supported this
series.
Speakers are selected based on their ability to inspire action and inform the audience, which
includes students from area campuses. Plans call for the next lecture to be held in the first
quarter of 2015. After this project is complete, funding has been secured for two more years.
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Dr. Lorne Whitehead: Bringing Daylight Indoors—January 25, 2011
Lorne Whitehead, professor of applied physics at the University of British Columbia, spoke at
the inaugural lecture. He discussed new technologies for harnessing daylight to illuminate
buildings more efficiently while delivering the benefits of daylight to more building occupants.
Dr. Whitehead helped develop the SunCentral Core Sunlighting System, which consists of a
combination of moveable and fixed mirrors and a horizontal light pipe that redirects and
distributes sunlight into the cores of buildings. The system uses daylight instead of electric light
whenever direct sunlight is available.
UC Davis partnered with the University of British Columbia to install and test the system at the
Veterinary Medicine Facility N-2 Building on the Davis campus. CLTC collaborated with
partners to test the system’s feasibility for the mid-Central Valley latitude and climate. More can
be found here: http://cltc.ucdavis.edu/publication/bringing-daylight-indoors
Figure 3. Newsletter announcement for 2011 training event: Dr. Lorne Whitehead: Bringing
Daylight Indoors—January 25, 2011

Source: CLTC
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Figure 4. Event poster for 2011 training series event

Source: CLTC
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James R. Benya and Deborah Burnett: A Perfect Circadian Day—February 22, 2012
Renowned architectural lighting designer James R. Benya, FIES, FIALD, PE, and interior
designer and circadian science expert Deborah Burnett, ASID, CMG, LGC, shared some of the
latest research findings in the field of circadian science and discussed the implications for the
growing field of sustainable design.
Benya and Burnett discussed the health effects of living in a world full of windowless spaces,
light-based electronic devices and 24/7 activity. They talked about the monetary and human
costs of circadian de-synchronization and provided an overview of the benefits of daylighting
and circadian adaptive lighting. The lecturers shared practical tips for students and
practitioners of lighting design and described some emerging lighting technologies that apply
circadian science. More can be found here: http://cltc.ucdavis.edu/publication/perfect-circadianday.
Figure 5. Newsletter announcement for 2012 training event - James R. Benya and Deborah
Burnett: A Perfect Circadian Day—February 22, 2012
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Source: CLTC

Figure 6. Event poster for 2012 training event

Source: CLTC
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Dr. Shuji Nakamura: The Evolution and Future of LEDs and Laser Diodes—May 7, 2013
World-renowned materials scientist and “father of the LED,” Dr. Shuji Nakamura discussed his
work researching and developing the process for producing blue and green light-emitting
diodes (LEDs), the bright white LED still revolutionizing the field of lighting, and violet laser
diodes.
Dr. Nakamura, who won the 2014 Nobel Prize in Physics, is research director of the Solid-State
Lighting and Energy Center at UC Santa Barbara and a lead innovator in the field of LED
technology. He talked about his work in the early evolution of LED manufacturing and a
breakthrough in developing LEDs using gallium nitride substrates. A question and answer
session followed his talk.
The lecture provided a better understanding of the challenges of creating LEDs suitable to serve
as light sources and the solutions that led to LED lighting. Attendees were eligible to earn 1.5
continuing education units through the Illuminating Engineering Society. More can be found
here: http://cltc.ucdavis.edu/evolution-future-of-leds-laser-diodes.
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Figure 7. Newsletter announcement from 2013 training event - Dr. Shuji Nakamura: The Evolution
and Future of LEDs and Laser Diodes—May 7, 2013

Source: CLTC
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Figure 8. Event poster for 2013 training event

Source: CLTC
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Maintaining the level of outreach needed to support the series is critical to its continued success.
Each lecture was supported by an email messaging campaign through an e-newsletter service.
Follow-up calls were also made. A promotional poster was printed for the first two lectures. A
digital poster was used for the third. For future lectures, developing a stronger outreach
campaign to involve local community colleges would draw attendees who were difficult to
reach for past lectures.
Bringing preeminent leaders in the lighting industry to the Davis campus benefited the
speakers’ research centers and promoted collaborative exchange afterwards. The lecture series
could continue to improve if additional funding could be secured for 2016 and beyond.
California Advanced Lighting Control Training Program (CALCTP) Seminar Series
Work conducted as part of the Program did not directly support the creation of the California
Advanced Lighting Control Training Program (CALCTP), but resources were used to raise
awareness of the program. A strong connection can be made between CLTC’s involvement in
the formation and growth of CALCTP and the work that CLTC leadership and staff did to
develop relationships with the professional contractor community through this task. CALCTP,
which provides training and certification to electricians, contractors and managers, is increasing
the use of energy-saving lighting controls in commercial buildings and ensuring the controls are
properly installed and commissioned for maximum effectiveness. CLTC maintains and expands
the training curriculum, keeping CALCTP current with lighting technology developments.

Outreach to the Green Buildings Industry
The good intentions and project planning efforts of facility managers and decision makers who
lead state agencies in reaching state efficiency goals will be realized in part by the contractors
and building professionals responding to the requests for proposals. To actualize goals,
building professionals must also be motivated to use the most efficient technologies and install
them at a reasonable cost.
CLTC has further established itself as a statewide resource for objective, accurate and timely
information on energy-efficient lighting and daylighting technologies. Sustainable buildings
industry representatives consulted with CLTC directors and staff on a regular basis to discuss
issues and opportunities about emerging technologies, how to implement adaptive lighting
strategies in real-world application, ands California’s current and future codes and standards.
The following list represents a selection of events including conferences, events, seminars and
workshops that CLTC hosted or participated in that addressed designers, architects, facility
managers, contractors or association representatives who actively participate in California’s
green building industry. The CLTC website and e-newsletter were primary communication
hubs for outreach activities to engage these stakeholders. There are other meetings, e-mail
exchanges, phone conversations and events that could be associated with this task. The
following list is a cross-section of the stakeholders that CLTC has connected with:
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Ribbon Cutting for Woodland Unified Solar Project
January 28, 2014 – Woodland
With the support of CLTC and SolarCity, the Woodland Unified School District implemented
solar structures at 10 different sites throughout the district, including Woodland High School.
The solar-paneled structures will produce 2,112 kilowatts of energy, enough to offset 68% of the
energy use at the installation sites. CLTC Co-Director Michael Siminovitch made introductory
remarks at the ribbon-cutting event.
Lighting Quality: Trojan Horse for Energy Efficiency
February 26, 2014 – Santa Clara
CLTC Co-Director Konstantinos Papamichael presented at the Strategies in Light event,
speaking on issues related to LED lighting and luminous comfort, well-being, and aesthetics. He
presented data on the performance of LED replacement options now on the market and
discussed the effectiveness of standards and regulations in supporting lighting quality
improvements.
Honda Smart Home US Open House Event
March 25, 2014 – UC Davis West Village
American Honda Motor Co., Inc. worked with CLTC and UC Davis to create a new model
home for sustainable living. The zero net energy (ZNE) Honda Smart Home US features a
photovoltaic system that generates more solar power than household operations consume. It
also showcases ultra-efficient LED lighting and HVAC technologies. High-quality, circadiansensitive LED sources are paired with controls to minimize lighting energy use and optimize
safety and comfort.
Title 24: Office Lighting Presentations
April 16, 4014
CLTC Outreach Director Kelly Cunningham was the instructor for an Office Lighting course
offered through Pacific Gas and Electric Company’s (PG&E) Energy Training Center. The
course was designed for those who design, specify, or inspect lighting installations in new and
remodeled commercial office spaces. The curriculum included an overview of current lighting
technologies, including LED luminaires, and updates on new lighting requirements and
sections in the 2013 standards.

38

Light and Health: Design Strategies and Technologies
April 16, 2014 – San Francisco
April 17, 2014 – Gensler Architecture Design & Planning in San Francisco
CLTC Co-Director Konstantinos Papamichael discussed how new lighting strategies and
technologies can impact human health and circadian function, both positively and negatively.
The program clarified information about LED technology and gave building and design
professionals dependable guidelines for lighting indoor and outdoor applications. The
presentation was made to the San Francisco edition of the Illuminating Engineering Society and
to the architectural community.
Title 24: Residential Lighting Class Presentations
April 28, 2014
CLTC Outreach Director Kelly Cunningham taught a class about the best practices in residential
lighting design in order to comply with Title 24. The class was for professionals who design,
specify, and/or inspect lighting installations in new and remodeled retail spaces.
Residential Lighting: Title 24 and Technology Update
May 6, 2014 – Pacific Energy Center, San Francisco
CLTC Outreach Director Kelly Cunningham taught a class for professionals who design,
specify, or inspect lighting installations in new and remodeled homes. California residents and
businesses were offered the free class through PG&E’s Energy Education Center.
Decoding Lighting: Nonresidential Indoor Mandatory Lighting Controls
May 7–9, 2014
CLTC Outreach Director Kelly Cunningham and Gina Rodda of Gabel & Associates, LLC, led
online discussions about the newest mandatory requirements for nonresidential lighting
controls under Title 24, Part 6.
Next-Generation Lighting Workshop: Lighting for Street and Off-Street Parking
June 17, 2014 – Berkeley
BACC and CLTC presented an in-depth workshop for municipal leaders interested in
improving public streetlights. Municipal staff, area sustainability leaders and lighting
professionals were encouraged to attend.
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Ergonomic, Energy-Efficient Lighting for Offices and Labs
February 27, 2013 – Palo Alto
CLTC Co-Director Konstantinos Papamichael made a presentation looking at case studies and
factors that contribute to healthy work environments and explores methods for evaluation,
improvement and ideas for implementation. In the design, development, retrofit and operation
of buildings and facilities, these factors need to be integrated and workspaces designed around
teams and individuals to facilitate their needs and maximize their potential.
Retail Lighting: Title 24 and Technology Update
September 18, 2013 – CLTC
September 20, 2013 – CLTC
October 2, 2013 – SCE Education Center in Irwindale
October 18, 2013 – CLTC
CLTC Outreach Director Kelly Cunningham taught the intermediary class, which demystified
the lighting and daylighting guidelines for retail in the current Title 24 Energy Efficiency
Standards for design, building and energy-efficiency professionals.
Smart Lighting Initiative Phase 2: Town Hall Meeting
September 23–25, 2013 – UC Davis
The UC Davis Smart Lighting Initiative Phase 2 planning meetings were held at Kleiber Hall.
Presentations were made and participants are invited the Sciences Lab Building to see smart
lighting installed in an office, prep labs and a computer lab.
Light-RITE: Relighting California Public Buildings
November 5, 2013 – UC Davis Alumni Center
CLTC Co-Director Michael Siminovitch presented the Light-RITE California program proposal
at a stakeholder workshop. The program will focus on top lighting retrofit strategies to ensure
that at least one senior manager involved in public building retrofit projects is trained and
certified through the program to conduct a building audit, evaluate contractors, prioritize
available best-practice options, implement an effective lighting retrofit program, and measure
and verify project results.
Decoding Lighting: A Free Online Workshop for Building Department Personnel
November 12–14, 2013
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Energy efficiency experts Gina Rodda, Kelly Cunningham and Tom Herbert led “Decoding
Lighting," a no-cost 90-minute interactive online event, which was held each day, to discuss and
decode new Title 24 indoor lighting controls requirements for nonresidential buildings.
Making the Grade: Prop. 39 Discussions, Sustainable Savings & Energy Innovations
November 14, 2013 – Embassy Suites in Brea
At the K-12 Schools Symposium, school officials involved in energy-efficiency projects in
Southern California and successful school districts shared how to develop cost-effective, waterwise and energy-efficient solutions for their facilities.
Strategies for Successful Deployment of LED Streetlight Upgrades
November 20, 2013 – Redwood City Public Library & City Hall
Public works staff, transportation directors and engineers, and municipal sustainability leaders
were encouraged to attend an in-depth workshop on strategies for successful LED retrofit
projects. More than 50 representatives from local agencies, including the City of Oakland, Foster
City, San Bruno, and San Jose, shared insights and experiences.
Lighting for Office Applications: Title 24 2013 and Technology Update
December 12, 2013 – CLTC
The CLTC debuted a new curriculum in the intermediate class for professionals who design,
specify, or inspect lighting installations in new and remodeled commercial office spaces. The
curriculum includes an overview of current lighting technologies, including LED luminaires,
and updates on new lighting requirements and sections in the 2013 standards.
Lightfair 2012
May 7–11, 2012 – Las Vegas, Nev.
The CLTC booth showcased the networked wireless solution for exterior luminaires combining
the Lumewave system with Philips luminaires and WattStopper sensor products.
Green Building Strategies
August 8, 2012 – Sacramento
CLTC Co-Director Michael Siminovitch presented at "Looking Cool and Bright," Session 1 of the
Policy Forum Series presented by the UC Davis Policy Institute for Energy, Environment and
the Economy.
Laboratories for the 21st century Annual Conference
October 2–4, 2012 – San Jose
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CLTC Outreach Director Kelly Cunningham and Tim Kehrli of Lutron Electronics co-presented
at a pre-conference lighting control workshop on “Effective, Efficient and Sustainable Light
Control Strategies for Laboratory and Healthcare Facilities.” She was a panelist on “Thinking
Outside the Laboratory: A Broad Approach to Smart Lighting Strategies and led a roundtable
discussion on “Inside and Out: An Update on the UC Davis Smart Lighting Initiative.”
Streetlighting Workshop Series (1)
October 16, 2012 – CLTC
CLTC partnered with BACC, PG&E and lighting industry leaders to organize workshops for
California municipalities making the transition to advanced streetlight technologies. Twentyfive representatives from Bay Area and Central Valley cities attended the first workshop, which
focused on luminaires, lighting controls and regulatory issues.
Greenbuild International Conference and Expo
November 11–16, 2012 – Moscone Center, San Francisco
CLTC staff collaborated with Philips to showcase the results of the design and implementation
of the Adaptive Campus Control System, a PIER-supported technology package adopted by UC
Davis to network exterior lighting across the campus. UC Davis selected Philips to provide post
top retrofit kits, wall packs, pathway and roadway luminaires for the project. CLTC worked
with Philips to create a demonstration of the installation for the Philips booth and provided
information about CLTC, UC Davis and PIER-funded research.
i2SL Conference
September 20–22, 2011 – Rhode Island Convention Center, Providence, R.I.
CLTC Outreach Director Kelly Cunningham joined Lutron at the i2SL Sustainable Laboratories
annual conference, which provided an opportunity to bring CLTC's mission and research
results to a national audience.
Energy Efficiency Forum: Retrofitting Corporate Campuses
November 8–9, 2011 – UC Davis Conference Center
CLTC worked with UC Davis’ Energy Efficiency Center and Western Cooling Efficiency Center
to organize a two-day forum designed to share strategies and solutions for increasing energy
efficiency on corporate campuses.
7th annual Sacramento Area Regional Technology Alliance (SARTA)
Tech Index Celebration Event
February 17, 2010 – Hyatt Regency Sacramento
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CLTC staff was an exhibitor at the event representing PIER-funded lighting technology
development and UC Davis's innovative research centers. The event celebrated the 50
companies on the 2010 SARTA Technology Index, which measures the health and growth of the
Sacramento technology sector.
California Utility Forum
May 5–7, 2010 – Tahoe City
CLTC presented research and demonstrated emerging lighting products for California’s
municipal utilities. CLTC works closely with the Investor-Owned Utilities (IOUs), but
municipal utility programs are often underserved in getting current information on LEDs and
other emerging lighting options. The event was organized to help achieve efficiency goals
outside of the IOUs’ territories.
LightFair 2010
May 11–14, 2010 – Las Vegas, Nev.
CLTC staff participated in LightFair to showcase PIER-supported technology development,
including the wireless lighting control system for indoor and parking garage lighting control.
Adura commercialized the system. CLTC’s booth provided information on other technologies
and PIER case studies showcasing demonstration results.
Sacramento Mayor Kevin Johnson's Green Bus Tour
June 3, 2010 – CLTC
CLTC staff hosted 30 Sacramento-area visitors who were interested in learning about emerging
energy-efficient lighting technologies with an emphasis on LEDs. The visitors were introduced
to PIER-technologies and bi-level lighting for outdoor and indoor applications through the
demonstrations at CLTC.
Association for the Advancement of Sustainability in Higher Education, Annual Conference
October 11–13, 2010 – Denver, Colo.
CLTC staff shared results from research projects, including those funded by PIER, with higher
education facility managers from around the United States. The annual conference is held to
exchange ideas supporting sustainable building and retrofit practices on campuses nationwide.
The event drew attendees from multiple California campuses, including UC Davis faculty and
staff.
This Way to Sustainability VI ~ "Connecting Communities"
November 4–6, 2010 – Chico
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The annual collaboration between California State University, Chico and Butte College covered
a range of sustainability topics. CLTC staff provided information about PIER-research results
and the demonstrations supported through the SPEED program.
Governor's Global Climate Summit 3
November 15–16, 2010 – UC Davis
UC Davis hosted the third annual Governor's Global Climate Summit, which drew thought
leaders from government, business, nonprofits and academia. The event showcased innovative
climate, energy, and environmental solutions from a variety of disciplines. CLTC showcased
lighting technologies at an exhibit booth and provided tours of CLTC.

Support for California’s building codes and appliance standards
Since its inception in 2004, CLTC has actively supported the Efficiency Division, at its request,
by providing industry intelligence and market projections; assessing the feasibility of new
lighting and daylighting measures; proposing and developing new lighting and daylighting
codes and standards; hosting state and industry stakeholder workshops; and providing rapid
response and support on lighting and daylighting topics and activities as requested by
Efficiency Division staff.
CLTC has provided long-term continuity and a lighting/daylighting knowledge base that
would otherwise have been lost during staff transitions at the Energy Commission. CLTC
informed the building and appliance standards development processes, highlighting the
potential value of energy-efficient lighting products developed during Task 2 projects and other
proven lighting technologies from the Public Interest Energy Research (PIER) program.
Due to its collaborative, partnership-based operating structure, CLTC is uniquely positioned as
a public entity with a strong understanding of the needs, desires, and plans of the lighting
industry. Energy Commission staff can access this information to support the state’s building
and appliance codes and standards development processes. By leveraging the knowledge base
and industry connections of the CLTC, the Energy Commission could expect their code
planning processes to be more efficacious and gain wider industry support. Key activities
conducted in support of PIER and Commission activities include:
∞ Work with the Energy Commission to provide information about major trends in the
lighting industry and their potential effect on shaping California Title 20 and Title 24
standards
∞ Work with the Energy Commission and industry to facilitate communication and
interaction through roundtable meetings focusing on specific Title 20, Title 24 issues,
and legislation related to lighting and daylighting
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∞ Provide technical input on lighting and daylighting code and standard development
through reviews, comments and suggestions for the 2011 versions of Title 20 and Title
24 energy standards
∞ Provide technical support and assistance in testing and evaluating technologies to
resolve issues and provide information for decision making for specific PIER RD&D
lighting technologies
∞ Continue to assist the Energy Commission to resolve critical technical issues as needed
and provide technical support to validate the applicability and impact of proposed
policies in the lighting area
∞ Provide 10 hours of expert testimony on behalf of the Energy Commission as may be
required in the legislative process.
∞ Participate in committees and conferences of major lighting, sustainability and energy
associations such as those organized by IESNA, NEMA, DOE, USGBC LEED, Energy
Star, ASHRAE, etc. Provide leadership and technical support for the development of
industry standards, such as prescriptive and performance metrics, process protocols for
measurements, simulations and evaluations.
Industry and Energy Commission Roundtables
CLTC’s core mission includes facilitating the commercialization and adoption of energyefficient lighting and daylighting technologies in California by serving as a bridge between the
lighting industry and the state regulatory agencies.
The National Electrical Manufacturers Association (NEMA) represents a significant portion of
the lighting industry. During the course of the Program, NEMA held bi-annual or quarterly
roundtables at CLTC to discuss pending legislation and codes and standards updates with the
Energy Commission. During these roundtables, NEMA members met at CLTC and sometimes
at the Energy Commission to discuss codes and standards related topics. These meetings were
often scheduled around public hearings at the Energy Commission to reduce travel costs and
maximize the opportunity to meet with Energy Commission and CLTC staff over a two-day
period. The roundtables typically were scheduled for a four to six hour timeframe and included
15 to 20 participants representing NEMA member brands. Energy Commission staff were
invited to attend meetings hosted at CLTC to review Title 20, Title 24, Part 6 and other
standards related topics. Various Energy Commission staff including advisors to the
Commissioners and lighting technical staff have attended.
In addition to hosting and facilitating these important roundtables, CLTC Co-directors Michael
Siminovitch or Konstantinos Papamichael typically presented an overview of CLTC activities
related to codes and standards topics. Between these larger milestone meetings, CLTC hosted
smaller discussions with contacts such as Alex Bosenberg, NEMA’s Manager of Regulatory
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Affairs, and representatives from NEMA’s member companies who serve on the NEMA
leadership committees. At these remote or in-person meetings, CLTC directors facilitated the
codes and standards development process by testing the feasibility of proposed code measures
or listening to industry feedback on implementing current ones. This valuable exchange often
fostered support for more stringent energy efficiency policy in advance of its proposal. Without
buy-in from the lighting industry, many measures face challenges when implementation occurs.
Codes and Standards Development
CLTC directors and staff have supported preparing for codes and standards updates by
reviewing and offering commentary on multiple standards. These standards include Title 24,
Part 6 of the 2013 Building Energy Efficiency Standards, the Voluntary California Quality Lightemitting Diode (LED) Lamp Specification, and Title 20 and the Appliance Efficiency Program.
Title 24, Part 6 of the 2013 Building Energy Efficiency Standards
CLTC directors and staff supported the updates to lighting requirements included in the 2013
Building Energy Efficiency Standards (Title 24, Part 6). They provided technical support by
sharing research and demonstration results, participating in stakeholder meetings, and
consulting with Energy Commission staff as needed throughout the process of drafting the
standards. The revised requirements specified in Sections 130.1 (b) and (c) of 2013 Title 24, Part
6 incorporate adaptive lighting strategies were tested and proven through CLTC’s research and
demonstration project portfolio. CLTC demonstrations of adaptive lighting strategies applied in
corridors, stairwells, parking garages, and outdoor lighting applications indicated the deep
energy savings potential of these strategies and garnered support for their inclusion in Title 24,
Part 6.
CLTC also provided technical support for the inclusion of Joint Appendix 8 (JA8), which
describes the criteria for LED sources and source systems to be considered high efficacy for
residential use under the 2013 standards. The JA8 requires that LED light sources measure 90 or
higher on the color rendering index (CRI) and have a correlated color temperature (CCT)
between 2700K and 4000K for indoor applications.
Following the adoption of the 2013 Title 24, Part 6 language, CLTC has encouraged
manufacturers to produce and list products meeting the criteria in the California Energy
Commission’s Appliance Efficiency Database. The database is included in CLTC’s outreach and
education materials on residential lighting and Title 24, Part 6 compliance.
CLTC is currently providing support for the proposed changes to Title 24, Part 6 for the 2016
version of the standards, with an emphasis on the residential lighting measures, by hosting and
participating in stakeholder workshops organized by the Statewide Codes and Standards
Enhancement (CASE) team and supporting technical work for future residential measures
through demonstrations.
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Title 20 and the Appliance Efficiency Program
Although Title 20 is not revised on a regular cycle, CLTC directors and staff have participated in
numerous workshops to explore potential updates to the Appliance Efficiency Program and
Title 20. Working with NEMA and the CASE team, CLTC staff hosted and participated in
roundtables to discuss topics on a quarterly or bi-annual basis, depending on need. Topics
included small-diameter directional lamps, other directional lamps and omni-directional lamps.
CLTC completed the “LED Omni-Directional Test Report” on behalf of PG&E and CLASP. The
reported test results provide the basis for several of the proposed performance requirements in
the pending Title 20 LED Quality CASE report, including the reported evaluation results of
product performance with regard to dimming throughout the required light output range,
power factor, flicker, and color temperature. Additionally, the CASE team reviewed the CLTC
report for reported results on evaluations that include percent flicker, color consistency and
light distribution requirements.
CLTC also supported Title 20 CASE proposals through its collaborations with PG&E and SCE
by testing dimmable fluorescent ballasts. Publication is pending on the results of this work.
CLTC staff continues educating stakeholders on the importance of submitting documentation to
the Energy Commission in order to have lighting control devices listed in the Appliance
Efficiency Database, which are now regulated under Title 20. CLTC has encouraged
manufacturing partners to list devices, and CLTC’s staff has included information about the
compliance requirements in curriculum developed for Acceptance Test Technicians and in
curriculum and materials for Title 24, Part 6 training events.
Voluntary California Quality Light‐emitting Diode (LED) Lamp Specification

In December 2012, the Energy Commission adopted a voluntary lighting quality specification
for LED replacement lamps. This standard requires LED lamps to meet certain performance
criteria in order to qualify for utility incentive programs and rebates.
The specification marks a step forward in state energy policy by incorporating quality factors
related to end-user satisfaction into efficiency standards. The decision recognizes the
importance of consumer satisfaction in affecting long-term market transformation, sets a new
precedent for lighting excellence, and capitalizes on the power of utility programs to achieve
California’s energy efficiency goals.
CLTC's directors have urged the U.S. Environmental Protection Agency's ENERGY STAR
program to adopt a similar quality specification for LED replacement lamps. As ENERGY STAR
prepares to update its specification, a number of lighting industry leaders and energy efficiency
advocates have also submitted formal comments calling for more stringent quality metrics.
CLTC directors and staff supported the process of creating the California Quality Specification
by facilitating industry support for its formation and encouraging manufacturers to produce
products that meet the requirements in a timely manner following the document’s publication.
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As the California Quality Specification was drafted, strong support from Soraa and Cree led the
way to support from other manufacturers after the specification was published.
CLTC directors also supported the creation of the California Quality Specification by offering
comment and review of the specification language in direct collaboration with the authors of
the document at the Energy Commission. CLTC enlisted the assistance of other prominent
lighting experts to offer insights, including Lorne Whitehead of the University of British
Columbia. CLTC continues to support implementation of the California Quality Specification by
facilitating its adoption by California utilities, encouraging manufacturers to produce products
that meet or exceed the specification’s criteria and working with PG&E to develop an online
database to share CLTC’s LED replacement lamp testing results conducted to support the
specification.
Working in partnership with California's Investor Owned Utility companies, CLTC has created
a third-party LED lamp testing program and a database for test results. The LED Performance
Database is designed to help utilities and other organizations understand how the LED lamp
market is evolving and identify which lamps meet the California Quality Specification. The
database is here: http://www.ledperformancedatabase.org/.
Technical Support for Standards through RD&D
CLTC demonstrations of adaptive lighting strategies applied in corridors, stairwells, and
outdoor lighting applications indicated the deep energy savings potential of these strategies and
garnered support for their inclusion in Title 24, Part 6. The following case studies highlight
projects that informed the lighting controls measures included in the mandatory requirements
associated with sections 130.1 (b), (c), (d) and section 130.2. Although the case studies and
reports listed below were not funded solely through the Program, there is a direct connection to
its development work associated with the technical projects. The following list does not
represent all work accomplished on these topics, but those with case studies on the CLTC
website.
Partial ON/OFF Corridor and Stairwell Lighting
∞ Smart Corridors
∞ Next Generation Adaptive Interior Luminaires
o

Adaptive Corridor Lighting, UC San Francisco


o

SPEED Business Case: Adaptive Corridor Lighting


o

http://cltc.ucdavis.edu/publication/adaptive-corridor-lighting-ucsf
http://cltc.ucdavis.edu/publication/speed-business-case-adaptivecorridor-lighting

Adaptive Corridors at UC Davis


http://cltc.ucdavis.edu/publication/adaptive-corridors-uc-davis
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Automatic Daylighting Controls
∞ Commercial Dual Loop Lighting Controls for Skylight Applications
o

Dual-Loop Photosensor Control System for Daylight Harvesting


http://cltc.ucdavis.edu/publication/dual-loop-photosensor-controlsystem-daylight-harvesting

Outdoor Lighting
∞ Develop Exterior Lighting Technologies High Efficiency Bi Level Smart Wall Packs
∞ Smart Exterior Dark Sky Friendly Historically Accurate Lighting
∞ Next Generation Adaptive Exterior Luminaires
o

Campus-wide Networked Adaptive LED Lighting, UC Davis


o

SPEED Business Case: Adaptive Street and Area Lighting


o

http://cltc.ucdavis.edu/publication/adaptive-exterior-lighting-uc-santabarbara

Adaptive LED Post-top Luminaires, Los Angeles Trade Technical College


o

http://cltc.ucdavis.edu/publication/adaptive-led-wall-packs-uc-davis

Adaptive Exterior Lighting, UC Santa Barbara


o

http://cltc.ucdavis.edu/publication/speed-business-case-adaptivestreet-and-area-lighting

Adaptive LED Wall Packs, UC Davis


o

http://cltc.ucdavis.edu/publication/speed-case-study-campus-widenetworked-adaptive-led-lighting-uc-davis

http://cltc.ucdavis.edu/publication/adaptive-led-post-top-luminaireslattc

Bi-level Induction Area Luminaires


http://cltc.ucdavis.edu/publication/bi-level-induction-area-luminaires

Technical Support for Energy Commission Policies
CLTC directors and staff supported the process of preparing for codes and standards updates
by providing insight and analysis on technical issues related to lighting and lighting controls.
This work was done in support of the Codes and Standards Enhancement (CASE) process and
at request of the Energy Commission. The supported standards include Title 24, Part 6 (2013
and 2016) Building Energy Efficiency Standards, the Voluntary California Quality Lightemitting Diode (LED) Lamp Specification, and Title 20 and the Appliance Efficiency Program.
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The topics selected to represent the most significant work accomplished include:
∞ Technical support for section 130.2 (c) 3 of Title 24, Part 6 of the 2013 Building Energy
Efficiency Standards
∞ Evaluation of networked lighting control systems for use in automated demand
response (ADR) scenarios in support of section 130.1 (e) of Title 24, Part 6 of the 2013
Building Energy Efficiency Standards
∞ Support for the creation and inaugural launch of the Acceptance Test Technician
program now required by section 130.4 of Title 24, Part 6 of the 2013 Building Energy
Efficiency Standards
∞ Evaluation of medium-base replacement lamps in support of the Voluntary California
Quality Light-emitting Diode (LED) Lamp Specification
∞ Evaluation of replacement lamps in support of proposed changes to Title 20
Technical support for section 130.2 (c) and 130.1 (c) 3 of Title 24, Part 6 of the 2013 Building
Energy Efficiency Standards
As draft language for section 130.2 (c) 3 was considered, CLTC’s research and demonstration
results provided strong support for including motion sensors for outdoor lighting where the
bottom of the luminaire is mounted 24 feet or less above the ground. The strategy was
demonstrated to be technically feasible, reliable and capable of significantly reducing energy
use during vacant nighttime hours.
Multiple studies have demonstrated the significant energy savings that bi-level, occupancybased lighting controls can achieve in outdoor applications. These controls maintain
recommended illumination levels during occupied periods and automatically dim lights,
reducing power by 50% or more during vacant periods. Between 2007 and 2011, California’s
State Partnership for Energy Efficient Demonstrations (SPEED) and CLTC conducted numerous
case studies of bi-level lighting retrofits in university campus parking lots and garages. More
information on bi-level lighting demonstrations in parking lots is available at
cltc.ucdavis.edu/publication/relighting-california-parking-lots. These projects repeatedly
demonstrated energy savings ranging from 40% to 70%.
The adaptive networked lighting installation at UC Davis supported by IA tasks 2.6 and 2.22
showed similar or better results, again supporting the inclusion of the motion sensor
requirements for outdoor lighting. Work completed by CLTC associated with task 2.8 provided
validation of energy reductions achieved through LED retrofits for post-top luminaires. By
developing and demonstrating that post-top luminaires can accommodate local occupancy
controls and communication components for zoned/non-local occupancy control, codes and
standards enhancement stakeholders were able to justify the reasonableness and accessibility of
occupancy controls for most outdoor applications.
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CLTC’s case studies for parking garages also provided strong technical verification that the
language included in 130.1 (c) 3 was technically appropriate and there were ample products
available in the lighting marketplace to meet the standards’ requirements.
Several case studies and guides were published by CLTC demonstrating the viability of
adaptive lighting as an energy reduction strategy in parking garages, including the following:
∞ PIER Solutions for Parking Lots and Garages
∞ http://cltc.ucdavis.edu/sites/default/files/files/publication/2011-pier-cataloglots-and-garages.pdf
∞ Adaptive LED Parking Garage Luminaires
∞ http://cltc.ucdavis.edu/publication/adaptive-led-parking-garage-luminaires
∞ Adaptive Fluorescent Parking Garage Luminaires at UC Santa Barbara
http://cltc.ucdavis.edu/publication/adaptive-fluorescent-parking-garageluminaires-uc-santa-barbara
∞ Bi-level Induction Parking Garage Luminaires at UC Davis
∞ http://cltc.ucdavis.edu/publication/bi-level-induction-parking-garage-luminaires-ucdavis
Evaluation of networked lighting control systems for use in automated demand response (ADR)
scenarios in support of section 130.1 (e) of Title 24, Part 6 of the 2013 Building Energy Efficiency
Standards
In 2013, CLTC and Lawrence Berkeley National Laboratory partnered to test the ADR-readiness
of commercially available networked lighting control systems. All three systems tested were
configured for ADR communication. The systems successfully accessed the demand response
automation server to retrieve demand response events. The research indicates the potential for
lighting control manufacturers to refine ADR software features in future product iterations. It
also raised several compelling questions for discussion among utility leaders, regulators,
ratepayers, and others in the lighting industry and energy sectors. This project helped provide
technical validation supporting section 130.1 (e) of Title 24, Part 6. The project is summarized in
an article published in LD+A magazine available here:
(http://cltc.ucdavis.edu/publication/pursuit-automated-demand-response).
Support for the creation and inaugural launch of the Acceptance Test Technician program now
required by section 130.4 of Title 24, Part 6 of the 2013 Building Energy Efficiency Standards
The revised lighting measures in Title 24, Part 6 2013 include an unprecedented number of
requirements for lighting controls. To ensure newly installed lighting controls operate properly,
the new standards required that a certified lighting controls acceptance test technician (ATT)
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conduct and document all required lighting controls acceptance tests. The general requirements
are listed in section 130.4 of the standards.
This requirement applies to all non-residential lighting controls projects regulated by Title 24.
Acceptance testing must be completed and documented before a certificate of occupancy can be
issued. CLTC partnered with utilities, electrical contractors, and lighting controls manufacturers
to support the requirement, which is designed to maximize lighting controls’ energy and cost
savings.
CLTC directors and staff supported Energy Commission staff as needed in developing the
language for the new requirements. Through the established relationship with the California
Advanced Lighting Controls Training Program, CLTC supported the creation of approved
curriculum to train and certify California’s ATTs. In doing so, CLTC participated in the
evaluation of how this new addition to the code would affect the construction industry and
electrical trades and whether it would provide an opportunity for job growth. CLTC reviewed
the required certificates of acceptance. CLTC’s input and evaluation was intended to improve
compliance by improving the usability of the form and correcting errors. Suggestions for
improvement were communicated to Energy Commission staff members.
Evaluation of medium-base replacement lamps in support of the Voluntary California Quality
Light Emitting Diode (LED) Lamp Specification
In December 2012, the Energy Commission adopted a voluntary lighting quality specification
for LED replacement lamps. This standard requires LED lamps to meet certain performance
criteria in order to qualify for utility incentive programs and rebates. The specification marks a
step forward in state energy policy by incorporating quality factors related to end-user
satisfaction into efficiency standards. The decision recognizes the importance of consumer
satisfaction in effecting long-term market transformation, sets a new precedent for lighting
excellence, and capitalizes on the power of utility programs to achieve California’s energy
efficiency goals.
CLTC directors and staff provided technical support for the process of creating the California
Quality Specification through the testing and verification of replacement lamps available in the
marketplace and securing support for a project to accelerate the availability of a lamp that
exceeded the specification through the design of a “Best in Class” lamp. Pacific Gas & Electric
funded this effort to develop technical solutions for known flicker and dimming issues
associated with LED replacement lamps.
Working with California's Investor Owned Utility companies, CLTC created a third-party LED
lamp testing program and a database for test results. The LED Performance Database is
designed to help utilities and other organizations understand how the LED lamp market is
evolving and identify which lamps meet the California Quality Specification. Through these
projects, CLTC supported the validation of replacement lamps that would likely meet or exceed
the requirements of the specification.
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Evaluation of replacement lamps in support of proposed changes to Title 20
Although Title 20 is not revised on a regular cycle, CLTC staff performed technical work to
support potential updates to the Appliance Efficiency Program and Title 20. CLTC currently
supports Title 20 CASE proposals through its collaborations with PG&E and SCE by testing
dimmable fluorescent ballasts. Publication is pending on the results of this work.
CLTC completed the “LED Omni-Directional Test Report” on behalf of PG&E and CLASP. The
reported test results provide the basis for several of the proposed performance requirements in
the pending Title 20 LED Quality CASE report, including the reported evaluation results of
product performance with regard to dimming throughout the required light output range,
power factor, flicker, and color temperature. The CASE team also reviewed the CLTC report for
reported results on evaluations that include percent flicker, color consistency and light
distribution requirements.
During the course of the agreement, CLTC’s replacement lamp testing program has grown
significantly, providing a valuable resource for use by many state agencies and utilities. The
research results derived from lamp testing programs are useful for comparison with
manufacturers' product claims and for deepening public understanding of how new and
emerging lighting technologies function under various operating conditions. Through its lamp
testing work, CLTC supports the integrity and quality of advances in energy-efficient lighting
while protecting consumers and providing vital information to utilities and regulators. CLTC
researchers are also developing new protocols and test methodologies to share at the state and
national level.
Public Testimony
CLTC directors and staff supported the Energy Commission in the rulemaking process for Title
24, Part 6 of the 2013 Building Energy Efficiency Standards, the Voluntary California Quality
Light-emitting Diode (LED) Lamp Specification, and Title 20 and the Appliance Efficiency
Program with testimonial support as needed. CLTC directors and staff also participated in the
Energy Commission’s public workshops to support the Title 24, Part 6 and Title 20 rulemaking
process. The following are notable examples of testimonial support, including the CLTC
attendees:
∞ July 20, 2011, Staff IEPR Workshop, Hearing Room A, Energy Commission, Attendee:
Michael Siminovitch
∞ August 31, 2011, Efficiency Committee Scoping Workshop: Potential Topics for Future
Appliance Efficiency Rulemakings, Hearing Room A, Energy Commission, Attendee:
Konstantinos Papamichael
∞ October 11, 2012, Voluntary LED Quality Standard Public Meeting, Hearing Room B,
Energy Commission, Attendee: Michael Siminovitch
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∞ December 12, 2012, Testimony offered in support of the California Advanced Lighting
Controls Training Program as a model for job growth and successful implementation of
energy efficiency policy through labor training programs, Attendee: Michael
Siminovitch
In addition to providing testimony, CLTC directors and senior staff have served as subject
matter experts to support the fact-finding efforts of the Energy Commissioners and advisory
staff. CLTC directors and staff members hosted visits at CLTC with Commissioners and made
information available to them or their staff as requested
CLTC’s directors also served as subject matter experts to the Commissioners, their advisory
staff or other Energy Commission staff to support codes and standards or other policy-related
activities. The following examples represent a cross-section of the topics supported by CLTC’s
directors and staff through testimony or interactions with Energy Commission staff in
preparation for a rulemaking, policy adoption or public hearings. These examples provide
demonstrated evidence of efforts that supported the evolution of multiple state standards,
policies or legislative acts:
∞ AB 1109 (Huffman) Lighting Efficiency & Toxics Reduction Act, Statutes of 200
o

Developed a report for the Energy Commission to present and discuss the
components of the Huffman Bill, the assumptions and methodology utilized to
determine the 2007 lighting baseline, and the results of this analysis

∞ Energy Efficiency Strategic Plan, Lighting Action Plan, CPUC
o

Co-authored the lighting chapter of the Energy Efficiency Strategic Plan and
supported the creation and refinement of the Lighting Action Plan to implement
it

o

Serve as a liaison as needed between the Energy Commission and the Lighting
Action Plan implementers at the CPUC and lighting industry stakeholders

∞ Energy Independence and Security Act of 2007 (EISA) in California
o

Provided information as needed to support the preparation for California’s early
adoption of the EISA regulations

o

Served as a subject matter expert for media requests on the EISA regulations

∞ Title 20 and the Appliance Efficiency Program
o

Suggested areas of revision to Title 20 as market trends indicate potential for
significant statewide savings

o

Provided information and attend preparatory meetings as needed on pending
changes to Title 20, including measures involving LED omni-directional and
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directional replacement lamps and the migration of the regulation of lighting
control devices to Title 20 from Title 24, Part 6
∞ Title 24, Part 6 of the 2013 Building Energy Efficiency Standards
o

Provided technology evaluation results and product availability information
regarding the inclusion of the 90 CRI requirements in advance of the adoption of
the JA8

o

Provided technical research, development and demonstration results from
adaptive stairwell, corridor and parking garage demonstrations to support
measures included in section 1301.1 (c)

o

Provided technical research, development and demonstration results to support
the automatic daylighting requirements in section 130.1 (d)

o

Provided technical research, development and demonstration results to support
the outdoor lighting motion controls requirements in section 130.2 (c)

o

Shared research results from projects created to test the functional use of
networked lighting controls in an automatic demand response system in support
of section 130.1 (e) and 130.5 (e)

o

Solicited and shared feedback from the National Electrical Manufacturers
Association (NEMA) and other lighting manufacturers on the feasibility of the
2013 iteration of the standards

o

Solicited and shared feedback from the Investor Owned Utilities on the
specification and plans to base future programs on the 2013 standards

∞ Title 24, Part 6 of the 2016 Building Energy Efficiency Standards, residential measures
o

Hosted meetings with industry and utility representatives

o

Made key presentations to the Energy Commission and industry

o

Provided input to Energy Commissioners and managers

o

Collaborated with the Energy Commission to establish partnerships with toplevel lighting industry executives.

∞ Voluntary California Quality Light-emitting Diode (LED) Lamp Specification
o

Shared replacement lamp evaluation results

o

Discussed availability of product that meets the specification

o

Offered performance recommendations during the development of the
document

o

Solicited and shared feedback from NEMA and major LED replacement lamp
manufacturers on the feasibility of the specification
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o

Solicit and share feedback from the Investor Owned Utilities on the specification
and plans to base future programs on it

Recommendations
Collaborative presentations at conferences and industry events are critical in raising awareness
about the need for reducing statewide lighting energy use and project results. The lighting
industry is changing at a rapid rate. Attending events such as the Dallas Lighting Market, Light
Fair International, participation in the Daylight Management Council and many other events
where the adaptive lighting for outdoor applications topic was presented provided
opportunities to reach industry stakeholders and establish networking opportunities with
industry. Such conferences and events serve as an important link in identifying potential
companies that CLTC may partner with. CLTC can encourage industry to produce high-quality
products that serve a market in California and address codes and standards compliance needs.
For future Commission-supported outreach and education programs, it is recommended that
the work allow for relationship development to take place through attendance at valuable
lighting industry events. Doing so helps establish contacts with promising new companies and
new divisions in established companies. The information gathered can be used to conduct a gap
analysis of the emerging partners’ needs before deciding about developing a curriculum project.
The resulting work product will be shaped to meet the specific needs of the intended audience.
Work products could include curriculum, presentations, collaboration at conferences and
hosting an event series.

State and federal agencies
CLTC was successful in connecting with many public organizations involved in managing
California’s public buildings, but many agencies needed technical assistance to be paired with
the resources to install demonstrations to serve as an example for broad adoption, agency-wide.
Without the demonstrations, it is difficult convincing decision makers that installing energyefficient lighting technologies will perform as planned and realize the intended savings.
There is still much to be done to provide access to accurate and timely information that state
agencies could use. The ultimate goal of installing best-practice energy-efficient lighting
technologies in public facilities starts with access to trusted information about a strategy or
technology. A comprehensive campaign to disseminate the results of the Interagency
Agreement, the SPEED program and other PIER-funded projects completed over the past five
years is needed. Outreach at the end of a project is critical to distribute the project results. A
natural next step would be devoting resources for an outreach and education campaign
reaching the largest and most influential agencies. Some ways include contemporary online
marketing tools, remote learning strategies and limited in-person training events. The Energy
Commission and the state agencies would benefit from such efforts.
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There are several agencies that were not reached through during the Program term and they
should be considered for future relationships and projects, including the California Department
of Transportation; California Division of the State Architect; California Environmental
Protection Agency; California Office of Statewide Health Planning and Development; and
additional technical support for the Governor’s Office of Planning and Research.

Support for California’s building codes and appliance standards
CLTC has been called one of the “jewels” of the Energy Commission’s investment portfolio over
the ten years it has been in existence. CLTC is very successful in terms of moving technologies
from the lab to the marketplace and facilitating the development of new codes and standards.
Over the course of the Program, CLTC directors and staff have supported the codes and
standards rulemaking process for multiple measures over several code iterations. This activity
fulfills one of the original responsibilities proposed for CLTC when it was established. At its
inception, CLTC’s founders received direction from the Energy Commission intending for
CLTC to serve as a neutral third-party and provide technical oversight for proposed standards
measures, separate and insulated from the utilities’ codes and standards development efforts.
Stakeholders agreed this would avoid conflicts of interest potentially encountered by
participating directly in CASE efforts. CLTC has maintained this role and excelled in supporting
and leading a number of substantial updates to Title 24, Part 6, Title 20 and other emerging
standards.
If CLTC’s codes and standards support is intended to continue, a support mechanism similar to
the agreement which provided resources for this Program must be identified. The resources
accessed through the Program to provide this service were essential to offering requested
expertise and insight. This type of activity often falls outside of project scopes that limit work to
technical activities such as product development and commercialization. For policy support to
continue, it must be supported through an inclusive statement of work that allows for a
contribution of this type.
In summary, the following list of activities contributed to the codes and standards enhancement
process over the Program term. These activities illustrate the value provided by outreach,
education and policy support activities.
1. Consistently incorporated PIER technology into CASE activities, leading to new
standards. CLTC consistently uses PIER projects and technologies to inform and
support ongoing codes and standards processes. The lighting center has been very
successful at commercializing and translating PIER findings and technologies into codes
and standards activities. Some key examples of this include occupancy-based lighting
controls for bathrooms, adaptive (bi-level or multi-level) lighting controls for exterior
applications, including parking lots and garages, perimeter daylighting, high-efficacy
downlights, and ongoing efforts with street lighting and Title 20 activities.
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2. Developed (rapidly) Acceptance Test Technicians (ATTs) course program. As of July
1, 2014, ATTs are an integral part of the Title 24 compliance process for projects with
lighting controls measures that require code compliance.
3. Initiated the adaptive outdoor lighting program as an industry-supported
collaborative lab. CLTC led this effort from initial concept to development of multiple
technologies, demonstrations in partnership with multiple professional industry groups
and eventually inclusion into CA codes and National standards (ASHRAE 90.1)
4. Contributed to the development of the daylighting code for the 2013 T24 standards.
CLTC provided emergency support in the development of the prescriptive path of the
code, to replace the complicated, unrealistic CASE proposal.
5. Supported 2013 Title 24, Part 6 outdoor lighting controls requirements (having
established adaptive lighting as a best practice). CLTC completed demonstration and
analysis activities that supported inclusion of the new outdoor lighting controls
requirements in the 2013 Title 24, Part 6 standards.
6. Created the California Quality Specification for LED Lamps as a voluntary program.
This program is now informing Title 24 and Title 20 requirements. It is also having
national influence on other efforts to improve lighting standards. This program will
greatly accelerate market uptake of high-quality LED replacement lamps.
7. Provided leadership for 2016 Title 24, Part 6 residential lighting standards. CLTC has
achieved support for key elements of the latest code proposal, including restructuring of
fixtures and color components, from professionals in the lighting industry and those
working for environmental protections.
8. Initiated Light-RITE California: The Lighting Retrofit Information, Training and
Education Program. The Light-RITE California program will focus on top lighting
retrofit strategies, including implementation of lighting controls in those applications
expected to yield significant energy savings. One of the modules within this training
program is dedicated to codes and standards compliance.
9. Established and hosted NEMA/California Energy Commission quarterly discussions.
Title 24 and Title 20 meetings are held quarterly at CLTC, where discussions facilitate
rapid progress on efforts to enhance these state codes and standards.
10. Redrafted (by commission requested) the 2005 Title 24 residential lighting standards
based on PIER efforts, achieving 44% lighting energy savings—the largest in residential
code history. The 2005 Title 24, Part 6 standards relied on dedicated high-efficacy
fixtures and the use of occupancy/vacancy controls and dimmers throughout the home.
11. Developed base line for residential lighting energy saving programs. This was critical
to accelerating and broadening the Road to Huffman scope of the 2016 proposal. The
Energy Commission requested this task.
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12. Created California Advanced Lighting Controls Training Program (CALCTP).
CALCTP is a statewide initiative aimed at increasing the use of lighting controls in
commercial buildings and industrial facilities. CLTC assisted with the development of
the program, creation of curriculum, and provides technical and political support as
needed. CALCTP has proven so successful that, in early 2013, it was adopted as a
national program, the National Advanced Lighting Controls Training Program
(NALCTP). Five states have since adopted NALCTP programs, using the same
curriculum as the CALCTP program. The extensive lighting controls inclusions in the
mandatory measures in Title 24, Part 6 2013 necessitate a trained workforce to be able to
properly install advanced lighting controls systems.

Conclusion
It is critical that project funds support the communication vehicle to disseminate information in
addition to creating the work products. Future contracts should again include support for the
website as a work product, as this one did. Using third-party social media sites is now a
standard way to reach audiences. Support for using these tools should also be considered part
of market transformation programs. The most successful outreach activities took complex
content and clarified information for implementers and end users, archived them online and
supported them with marketing efforts to make stakeholders aware of the resources available.
The most successful market transformation activities combined a publication that addressed an
identified need, a strategy to bring it to key audiences, and an event or an announcement to
support deployment.
During the course of the Program, LEDs have matured and graduated from an emerging
technology to a viable option for residential and non-residential applications, but market
transformation is just beginning. The activities conducted under this Task and Task 3.9
contributed to the awareness of LED options most significantly in public sector applications
such as higher education campuses. In California, university facilities are early adopters of
energy-efficient technologies and set an example for other facilities managers. Outreach
activities to these audiences are expected to continue to have a ripple effect on other facilities
throughout the state in the next few years.
Lighting controls represent the most significant savings opportunity beyond implementing
LEDs in facilities that have areas of intermittent occupancy or have limited hours where lighting
was previously left on regardless of operating hours or use. Using lighting controls was
advocated and encouraged in almost every market transformation and outreach work product
that the Program supported. However, there is significant work that still needs to be done to
gain end user confidence that lighting controls will yield the energy savings need to justify
investment costs and that they will perform as expected over the intended lifetime of the
product. In the past five years, adaptive lighting transitioned from an emerging strategy for
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spaces with intermittent occupancy to a standard measure for many applications through
inclusion in the 2013 Title 24, Part 6 standards. There is still much to be done. It is
recommended that market transformation activities continue to be supported in the future to
inform key end users, train contractors and implementers, and expose the professional building
community to the benefits and potential of achieving energy reductions by implementing
lighting controls.
In summary, the market connections and partnership development activities conducted as part
of the Program resulted in more than 300 work products to support market transformation
activities to bring PIER-funded lighting technologies and strategies to stakeholders throughout
California and nationwide. CLTC’s website will serve as an archive for these activities for the
next few years or until resources no longer allow. Outreach and marketing activities are
essential in supporting technical development efforts. Without such activities, great innovations
may never reach the intended audience. California’s energy goals are more likely to be met if
there is proper support to transfer information from the lab to the marketplace.
Market transformation activities are best conducted throughout the entire commercialization
process. It is critical to tell the story of the technology from the start and get buy-in from
intended audiences and potential manufacturers and not wait until the end of the R&D process.
During the development process, communications and outreach to stakeholders about
successful testing and demonstration results support the process and helps build an eager
market. Engineering and outreach activities should be integrated and not partitioned into
separate work products. Outreach supports the engineering process. In a successful project,
there will be manufacturers ready to champion the concept and produce the first products
when the prototype is ready for adoption.
Market connections activities must happen in parallel with other aspects of the innovation
process. Without support for these activities from the inception of the idea, the end result may
be that there is no audience to receive the good news.
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