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EXECUTIVE SUMMARY
The majority of building power distribution systems use alternating current (AC).
This significantly influences the design of connected, direct current (DC) appliances
including light-emitting-diode (LED) light sources and digital controls. With the
proliferation of DC devices as standard design elements across many building
technology categories, the interest in DC power distribution systems has also
increased significantly. In theory, direct-DC power distribution can increase overall
electrical system efficiency by eliminating losses associated with multiple AC-to-DC
conversions. This increase in efficiency translates directly to reduced energy use and
increased operational cost savings.

STUDY GOAL & OBJECTIVES
The goal of this study was to evaluate the electrical performance of commercially
available DC lighting products for commercial interior lighting as compared to
traditional AC lighting products. Manufacturers boast energy-efficiency improvements
and ease of installation as benefits of DC lighting systems. In some configurations,
DC systems may also be powered directly from on-site, renewable energy sources,
which may eliminate the need for multiple DC to AC power conversions. This study
was aimed at quantifying DC lighting system performance, validating these
manufacturer claims, and documenting benefits and/or challenges under typical and
worst-case design scenarios.

RESULTS
MARKET ASSESSMENT
At the time of this project, CLTC identified twelve manufacturers selling DC lighting
systems. DC lighting systems are categorized into two types: Power-over-Ethernet
(PoE) and Low Voltage Direct Current (LVDC). Manufacturers and products are listed
in Table 1. In addition, CLTC contacted multiple lighting distributors to identify a
commonly used, commercially available, AC lighting system for use as a baseline.
TABLE 1. DC LIGHTING SYSTEMS

Manufacturer

Description/Product ID

Classification

Hubbell

PowerHUBB

PoE

Cree

SmartCast

PoE

H.E. Williams

Williams PoE System

PoE

Color Beam

Color Beam DC Lighting

PoE

Philips

PoE Lighting

PoE

Sylvania

Armstrong DC FlexZone™

PoE
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Manufacturer

Description/Product ID

Classification

Eaton

Connected Lighting

PoE

Ideal

Audacy Lighting Controls

LVDC

Lumanext

Lumanext

LVDC

ADC Energy

Power Distribution System

LVDC

LumaStream

Low-Volt LED Lighting

LVDC

Armstrong

DC FlexZone™

LVDC

CLTC selected two PoE systems and one LVDC system to evaluate compared to one
traditional AC system (Table 2). The DC systems represented the market segment of
commercially available DC lighting solutions, with PoE systems being the most
common. CLTC identified two PoE systems that used the same 480 W, eight-channel
power switch, and selected the LVDC and AC systems to roughly fit the same area
served by the PoE systems. Manufacturer responsiveness also played a role in
selecting the LVDC system for this study. For the AC system, CLTC reached out to
multiple lighting distributers to determine the most prevalent AC LED luminaire and
driver combination used in commercial applications
TABLE 2. LIGHTING SYSTEMS SELECTED FOR EVALUATION

System
Classification

Lighting System
Manufacturer

Maximum
Power Output

Number of
Channels

LCDV
PoE
PoE
AC

DC Manufacturer 1
DC Manufacturer 2
DC Manufacturer 3
AC Manufacturer

226
480
480
N/A

9
8
8
N/A

The overall composition of each system varied across manufacturers. All DC lighting
systems consisted of a power supply and luminaires. DC Manufacturer 3 system also
required a wall switch dimmer for dimming, and the PoE systems required additional
control peripherals for commissioning and control (gateway computer and router).
The baseline AC system consisted of eight luminaires with dimmable drivers.
The luminaires used with the PoE and AC systems were 2-foot by 4-foot recessed
LED troffers. The LVDC system utilized 2-foot by 2-foot surface mounted luminaires
recommended by DC Manufacturer 1. These luminaires were chosen to maximize the
load on the LVDC power supply while remaining within the project budget.

LABORATORY EVALUATION
CLTC analyzed the electrical performance of the three DC systems compared to the
baseline AC system. Each of the DC lighting systems evaluated was marketed as
serving a “Floor/Large Space”, which CLTC estimated using computer modeling as
1,750 square feet or less in floor area based on the size of the DC power supply and
wattage of typical luminaires. The systems tested provided 8-9 ports with total
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power output ranging from 226 to 480 Watts. CLTC analyzed electrical performance
at the building level only and did not consider generation or transmission losses
occurring upstream of the building itself.
Each system's overall electrical efficiency was determined by summing the individual
electrical efficiencies of each component. Ideal efficiency is 100 percent, meaning no
power loss occurs anywhere in the system. In practice, power loss occurs at many
points within a lighting system. For DC systems, power losses consist of 1)
conversion losses (both AC-to-DC and DC-to-DC), 2) peripheral device losses
(gateway computers, routers, etc.) and 3) line losses. For AC systems, power loss
occurs at the LED driver (AC-to-DC conversion) and at peripherals, when included.
Line losses for AC lighting systems are often very small. For this evaluation, no AC
system peripherals were required and line losses were assumed to be zero.
Measurements were taken before and after each power conversion point in the
system, and at the beginning and end of each conductor or cable carrying power. For
each system, these losses were totaled and used to calculate the total system
efficiency (Equation 1).
EQUATION 1. DEFINITION OF TOTAL SYSTEM EFFICIENCY

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) =

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑊𝑊) + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑊𝑊)
(100)
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑊𝑊)

Analysis showed that the traditional AC system was more electrically efficient than all
of the DC systems tested. Under typical operating conditions, the AC system had a
total system efficiency of 86 percent when luminaires operated at full output. The
best performing DC systems operated at approximately 81 percent efficiency under
the same conditions. For DC systems, the losses due to cabling and required
peripherals were more than the gains achieved by centralizing the AC-to-DC
conversion in a single system power supply.
System efficiency was impacted by multiple system components. Power supply
loading and cable length had a large influence. Due to standard line losses of CAT
cabling, PoE system efficiency decreases as cable length increases. When operating
with the maximum recommended length of CAT cable, 100 meters, DC system
efficiencies decreased an additional three to nine percent as compared to the AC
system.
For AC luminaires, power supply loading is equivalent to dimming level as each
individual LED power supply is "fully loaded" when the luminaire is operating at full
output. However, in DC systems, each port on the central power supply was not fully
loaded even when its connected luminaire was operating at full output. For DC
systems, luminaires operating at full output corresponded to between 50 and 80
percent total power supply loading depending on the particular DC system. This is
shown in Figure 1 where data for DC systems have a maximum power supply load
much less than 100 percent. Regardless, as luminaires were dimmed, the total
system efficiency decreased dramatically for all systems when operating at less than
50 percent of full output.
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FIGURE 1. ELECTRICAL PERFORMANCE OF AC AND DC SYSTEMS USING MAXIMUM CABLE LENGTHS RECOMMENDED BY
THE MANUFACTURER.

For this study, electrical measurements were taken under what could be considered
worst case scenarios for the DC lighting systems. Specifically, measurements were
taken using the longest recommended cable runs from the power supply (or power
switch) to the luminaires. It is unlikely that a real-world lighting system would
consist of 8 luminaires each 100 meters away from the power source. Therefore,
reporting system efficiencies under these conditions may unrealistically penalize the
DC lighting systems efficiencies. In an effort to identify cable lengths under realistic
operating conditions for each lighting system, CLTC created computer models using
AGi32 lighting simulation software.

FIGURE 2. ELECTRICAL PERFORMANCE OF AC AND DC SYSTEMS USING AVERAGE CONDUCTOR LENGTHS DETERMINED
FROM COMPUTER MODELING.
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The computer modeling showed that average cable lengths for each system ranged
from 2.66 to 4.75 meters. Under these conditions, the DC Manufacturer 1 and 2
were able to achieve efficiencies of up to 81 percent compared to 75 percent under
the worst-case scenario conditions while the maximum system efficiency achieved by
DC Manufacturer 3 was 77 percent.

RECOMMENDATIONS
This study analyzed DC systems of up to 480 Watts of output power. The results of
this study show that for this power capacity, the efficiency gains from the larger
scale conversion of AC-to-DC are less than the power losses due to the additional
DC-to-DC conversions, line losses and load of the peripheral control equipment. It is
possible that a DC lighting system with a larger (greater than 480 W) centralized
power supply could realize enough energy savings from larger scale AC-to-DC
conversion to offset the losses due to the additional DC-to-DC conversion and the
power consumption of the peripheral control equipment. To continue evaluating the
validity of the claimed benefits of DC lighting systems, CLTC recommends a Phase 2
study focused on the larger scale (480-2,000 W) DC systems identified in the market
assessment.
Additionally, CLTC recommends that a future study examine a wider range of
commercially available AC lighting system products. These products would include
higher efficiency drivers (greater than 90%) as well as more advanced AC lighting
control systems to better match the control capabilities in the DC systems that were
evaluated
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ABBREVIATIONS AND ACRONYMS
AC

Alternating Current

ACM

AC Manufacturer

ANSI

American National Standards Institute

AWG

American Wire Gauge

CAT

Category

CLTC

California Lighting Technology Center

DC

Direct Current

DCM 1

DC Manufacturer 1

DCM 2

DC Manufacturer 2

DCM 3

DC Manufacturer 3

DCR

Direct Current Resistance

DOE

Department of Energy

GUI

Graphical User Interface

I

Current

IT

Information Technology

K

Kelvin

L

Length

LVDC

Low Voltage Direct Current

N

Number of luminaires
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PAC

AC power

PAC_peripherals

AC power into the peripheral devices

PDC_load

DC power at the load (right before the luminaire)

PDC_node

DC power into the node

PDC_source

DC Power at the power source

PoE

Power Over Ethernet

SDG&E

San Diego Gas and Electric

W

Watt
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INTRODUCTION
The majority of building power distribution systems use alternating current (AC).
This significantly influences the design of connected, direct current (DC) appliances
including light-emitting-diode (LED) light sources and digital controls. With the
proliferation of DC devices as standard design elements across many building
technology categories, the interest in DC power distribution systems has also
increased significantly. In theory, direct-DC power distribution can increase overall
electrical system efficiency by eliminating losses associated with multiple AC-to-DC
conversions. This increase in efficiency translates directly to reduced energy use and
increased operational cost savings.
Today, LED lighting systems are typically implemented in AC power distribution
systems despite LEDs requiring DC power for operation. Traditional luminaire design
practice resolves the incompatibility between DC devices and AC power distribution
at the luminaire level by using AC-to-DC power supplies/drivers (Figure 3).

FIGURE 3. WIRING DIAGRAM OF TYPICAL LED LIGHTING SYSTEM WITH AC-TO-DC CONVERSION AT THE DRIVER LEVEL

Emerging DC lighting design concepts use one of two configurations: a centralized
AC-to-DC power supply or high voltage DC power provided directly from renewable
energy sources to DC appliances (Figure 4). AC-to-DC conversion efficiency increases
as the total DC load increases. 1 Studies show AC-to-DC conversion nears optimal
efficiency when the system is loaded above 60 percent for the DC system assuming a
95 percent conversion efficiency from AC-to-DC. Therefore, centralized power
supplies that support larger connected loads can be more efficient than distributed
power supplies when powering the same total electrical load. 2

1

Starke, M.R. & M. Tolbert, Leon & Ozpineci, Burak. (2008). AC vs. DC distribution: A loss comparison. IEEE/PES
Transmission and Distribution Conference and Exposition. 1 - 7. 10.1109/TDC.2008.4517256

2

Thomas, Brinda A., Inês L. Azevedo, and Granger Morgan. 2012. "Edison Revisited: Should we use DC circuits for
lighting in commercial buildings?" Energy Policy 45:399-411. doi: http://dx.doi.org/10.1016/j.enpol.2012.02.048.
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FIGURE 4. TYPICAL DC LIGHTING SYSTEM WITH THE AC-TO-DC CONVERSION OCCURRING IN THE POE SWITCH WHICH
THEN DELIVERS DC POWER TO THE LUMINAIRES/AUXILIARY DEVICES VIA CAT CABLES

While this approach has the potential to increase the overall electrical system
efficiency and reduce system cost by replacing multiple power supplies with a single
device, implementation barriers do exist:
•

Higher upfront cost associated with transitioning to a DC distribution system
for commercial lighting.

•

Potential for increased conductor losses associated with DC power
distribution. These losses can offset, or sometimes exceed, the gains from
centralized AC-to-DC conversion.

•

Some DC lighting systems require components that may be unfamiliar to
installers. Contractors may increase the budget contingency or the overall
project cost to cover perceived increased time to install and commission
unfamiliar system components.

•

Lack of standardization across DC lighting system architectures creates
product replacement and maintenance challenges.

•

Limited product availability and lack of established manufacturers can reduce
consumer confidence in service and warranty claims.

STUDY GOAL & OBJECTIVES
The goal of this study was to evaluate the electrical performance of commercially
available DC lighting products for commercial interior lighting as compared to
traditional AC lighting products. Manufacturers boast energy-efficiency improvements
and ease of installation as benefits of DC lighting systems. In some configurations,
DC systems may also be powered directly from on-site, renewable energy sources,
which may eliminate the need for multiple DC to AC power conversions. This study
was aimed at quantifying DC lighting system performance, validating these
manufacturer claims, and documenting benefits and/or challenges under typical and
worst-case design scenarios.
The project included two components 1) a market assessment of available DC
lighting systems, manufacturers and applications and 2) a laboratory evaluation of
SDG&E Emerging Technologies
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representative DC lighting systems. As part of its market assessment, CLTC
identified commercial, DC lighting systems available for purchase and reviewed
product literature to assess their electrical performance in comparison to a standard
AC lighting system. CLTC then purchased multiple representative systems, installed
these systems under typical operating conditions, and evaluated the electrical
efficiency and performance of each as compared to a standard AC lighting system.

BACKGROUND
Electrical efficiency is a primary metric for evaluating electrical distribution system
performance. For systems composed of many powered devices, the performance of
each device is critical to the success of the system. However, the literature often
does not include measures of individual or system electrical efficiency. Instead,
product and marketing literature may include examples of energy savings, which are
not a result of the electrical infrastructure itself, or non-energy benefits such as
increased control and connectivity.

ELECTRICAL EFFICIENCY
Power losses in LED lighting systems occur at any point where power draw occurs.
Primary losses are attributed to 1) conversion from AC-to-DC, 2) conversion from
DC-to-DC and 3) the distribution of electricity (commonly referred to as line losses).
AC-to-DC conversion efficiency: AC-to-DC losses are a result of power factor
correction required to address reactive losses during the AC-to-DC conversion.
During the rectification stage, losses occur when the sinusoidal AC wave signal is
converted to DC voltage. For DC systems, electrical efficiency varies as a function of
connected electrical load size.
This is also the main source of power losses in LED lighting systems operating with a
traditional AC architecture, but their power losses do not vary significantly with load
size like DC systems. 3
DC-to-DC conversion efficiency: In some DC systems, higher voltage DC
originating from a centralized power supply or renewable source is reduced to a
lower DC voltage required by the DC appliance.
Line losses: This is a factor only in the distribution of DC and is the reason why
manufacturers specify a maximum conductor length for their systems. Exceeding the
recommended maximum conductor lengths can have a negative effect of altering the
light output or response of the system due to voltage degradation in the conductors.
Most DC lighting system manufacturers provide a “maximum allowed” resistance per
unit length of conductor in their product literature. To reduce the conductor
resistance, two approaches can be taken 1) using conductors of a larger diameter
(increasing the cost) and/or, 2) reducing the length of cabling (not always feasible
for illuminating large spaces such as warehouses).

3

H.E. Gelani et. al (2019), Efficiency Comparison of AC and DC Distribution Networks for Modern Residential
Localities. Applied Sciences. 9. 10.3390/app9030582.
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There are only a few studies of DC lighting systems by independent research groups.
Most notably, the US Department of Energy (DOE) published a two-part report in
2017 4 and 2018 5 focusing solely on conductor losses in PoE lighting systems. In
their evaluation, the DOE considered two conductor lengths (1.5 meters and 49
meters). Power measurements were taken at both ends of the conductor for a set of
nine different conductor types. These conductors ranged from 22 American Wire
Gauge 6 (AWG) to 24 AWG copper wire. Two different luminaires, with nominal power
of 44 and 51 Watts, served as fixed loads for a Cisco CDB-8U power switch.
DOE used the results to develop a linear function for estimating power loss as a
function of conductor length. Line losses in commonly used conductors for PoE
systems, such as CAT 5e and CAT 6 Ethernet cables 7, were found to be between 1.9
percent and 3.7 percent, depending on the luminaire and conductor used. This is less
than the five percent threshold guideline from American National Standards Institute
(ANSI) C137.3-2017 for conductor lengths under 50 meters.

PERFORMANCE CLAIMS
CLTC reviewed multiple case studies of LVDC and PoE lighting projects published by
manufacturers to determine commonly claimed system benefits. Reported benefits
varied among the published literature. The most common claimed benefits of DC
lighting systems were:
• Energy savings,
• Ease of lighting system commissioning and day-to-day control
• Easy integration into an Internet of Things (IoT), or "smart" building control
system
Other
•
•
•

claimed benefits included:
Reduced installation complexity and cost,
Increased property value,
Improved occupant satisfaction with the work environment

One case study of a lighting installation in an apartment complex claimed an 86
percent reduction in the building’s electricity bill. The manufacturer attributed 62
percent of the savings to the switch from fluorescent to LED light sources, nine
percent to use of lighting controls such as occupancy and daylighting controls, and
an additional 15 percent to “optimized analytics”. The case study implies that
analytics refers to the ability of the building manager to more easily determine
lighting use patterns, energy performance, and maintenance issues, and make
appropriate adjustments to the lighting system in response to this data. The case
study does not cite centralized AC to DC power conversion as an energy benefit or
source of savings, and no mention of installation benefits or challenges is noted.

4

https://www.energy.gov/sites/prod/files/2017/04/f34/2017-02%20ssl-poe_part1_0r.pdf

5

https://www.energy.gov/sites/prod/files/2018/11/f57/cls_poe-cable-pt2.pdf

6

Smaller gauge numbers denote larger diameters on a logarithmic scale. 22 AWG corresponds to a diameter of
0.6438 mm and 24 AWG to 0.5106 mm.
7

Suitable conductors for PoE systems. A higher “category” number implies a higher standard of compliance and
better performance, usually due to an increase in wire diameter and better insulating materials.
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Another case study detailed a PoE lighting installation at a large commercial office
building. This installation was comprised of 6,500 networked, LED luminaires and
networked control system with 3,000 integrated occupancy sensors. The case study
highlighted the lighting system's control features including the ability for occupants
to adjust the lighting on a room-by-room basis from a smart-phone app. The case
study also referenced the ability to integrate the new lighting system with the
building management system and use sensor occupancy data to optimize other
building control systems such as space conditioning and ventilation. Additionally, the
case study asserted that the lighting installation was expected to save $115,000 in
annual energy costs.
A third study documented a LVDC lighting installation in an 8,000 square foot office
building. The lighting system used T-bar DC power transmission infrastructure and
included wireless lighting controls. Claimed benefits included the ability to integrate
the controls with existing space conditioning and fire alarm systems, as well as
provide the occupants with direct control of the lighting in their personal workspace.

EMERGING TECHNOLOGY OVERVIEW
DC lighting systems are categorized into two groups: power-over-Ethernet (PoE) and
low-voltage direct current (LVDC). The primary difference between these two
classifications is the electrical and communication infrastructure.
•

Power-over-Ethernet (PoE) is a standardized way of passing power and
data over the same cable. These systems use network communication devices
and protocols along with Ethernet cables to power, communicate with and
control luminaires. Power can be carried on the same conductors as data or
on separate conductors in the same cable.

•

Low-Voltage Direct Current (LVDC) systems use Class 2 wiring methods
to power, communicate with and control luminaires. Data and power are
carried on separate low-voltage conductors, which can be housed in the same
conduit or raceway 8.

CLTC further classified the subcomponents of DC lighting systems into four
categories. Information on each as it relates to the PoE and LVDC lighting system are
provided 9.
•
•
•
•

Infrastructure – medium through which the DC power is distributed (cables,
connectors etc.)
Power – Power supplies
Peripheral – Luminaires, ballasts, drivers
Controls – sensors, user interfaces, switches, gateways etc.

DC luminaires are very similar to traditional AC luminaires in terms of style and
efficiency. They use the same types of LED sources. The primary difference between
DC luminaires and AC luminaires is that AC luminaires have drivers that convert the

Class 2 is an National Electrical Code designation that specifies the required wire gauge and maximum power
output for an electrical system. Class 2 has less restrictive installation requirements than Class 1, which is used in
AC lighting systems.
8

These classifications were developed by Emerge Alliance. Emerge Alliance is an association that develops standards
for DC distributed systems.

9
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AC voltage to usable DC voltage, while DC luminaires use DC-DC nodes that accept
DC input.
The majority of the DC lighting system manufacturers (PoE and LVDC) report system
efficiencies between 87 to 94 percent for the central, AC-to-DC converter. These
power supplies provide a voltage of 24 to 54 Volts and can power luminaires installed
up to 100 meters away. Each LVDC manufacturer contacted provided a list of Class 2
conductors compatible with their systems, with the most common being 18 AWG
copper wire.

POWER-OVER-ETHERNET SYSTEMS
PoE systems use information technology (IT) infrastructure including
Ethernet/network switches, Ethernet cables (Category 5/6), and computers (often
referred to as gateways). The PoE gateway hosts the software and provides the
interface that enables users to program, commission and control the devices on the
network (Figure 5).
PoE switches also route internet protocol (IP) communications like standard Ethernet
switches, however, they also contain an AC-to-DC converter that allows them to
supply regulated DC power of up to 60 Watts through each available RJ45 female
port or channel. A single Ethernet cable is used to distribute both DC power and
communication traffic. As stated, power and data can be passed on the same
conductor or on different conductors in the same cable.
INFRASTRUCTURE: POE
Category 5 or 6 cables are the primary infrastructure component used in PoE lighting
systems and are commercially available through many manufacturers. Category
cables can range in gauge from 24 AWG to 22 AWG. Most PoE manufacturers found
in the market assessment recommend a minimum of CAT 5e (24 AWG) while
suggesting larger gauge CAT cable (CAT 6 at 23 AWG or CAT 6A at 22 AWG) to
minimize cable losses. PoE lighting infrastructure differs from traditional AC lighting
infrastructure, primarily in the classification of power transmission wiring. PoE power
transmission is considered Class 2 wiring according to the National Electrical Code
(NEC), whereas traditional AC lighting power transmission is considered Class 1. Due
to this classification, PoE Ethernet cables can be run through plenums and do not
require conduit.
POWER: POE
The PoE power components consist of primarily PoE switches. PoE switches come in
two different ranges of output power and distribution channels (Table 2): large space
(less than 1,750 sqft of floor area) and whole floor (greater than 1,750 sqft of floor
area).
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TABLE 3. RANGE OF SPECIFICATIONS FOR 6 POE SWITCHES FOUND DURING MARKET ASSESSMENT.

Number of
Manufacturers

Input Voltage

Output Voltage

Output Power

Efficiency

Channels

3

120-240 VAC

54 VDC

480-1,000 W

90-93%

8-12

3

120-240 VAC

54 VDC

1,000-2,880 W

-

24-48

CLTC identified three PoE power switch manufacturers with each manufacturer
offering room-level and whole floor-level models. All of identified PoE switches accept
AC input voltage between 120-240 VAC. The primary distinction between the roomlevel and whole floor-level switches is the output wattage and number of channels.
Two of the three room-level PoE switch manufacturers provided electrical efficiency
values, while none of the whole floor-level switches provided electrical efficiency
information.

FIGURE 5. POE LIGHTING SYSTEM SCHEMATIC

LUMINAIRES: POE
Luminaires were the only peripheral components found in the PoE category. PoEcompatible luminaires are available in a variety of common form factors such as
linear strips, recessed troffers and downlights (Table 4). Similar to the DC-power
components, the majority of peripheral DC lighting components are luminaires with
PoE power drivers. CLTC identified a total of 22 PoE compatible luminaires from 5
different manufacturers. Like traditional AC luminaires, they are available in a variety
of CCT, CRI, lumen output and efficacies, as the only difference is the power supply.
The most common input voltage for the PoE luminaires is 24 VDC.

SDG&E Emerging Technologies

Page 19
January 2020

ET18SDG1011

Laboratory Evaluation of DC Lighting Systems

TABLE 4. POE COMPATIBLE LUMINAIRES FOUND IN THE MARKET ASSESSMENT
Luminaire Type

Quantity

Input Voltage

Lumen Output

Efficacy (lm/W)

CCT

CRI

2x2
1x4
2x4
Linear
6" downlight
4" downlight

3
4
3
6
4
2

24 VDC
24 VDC
24 VDC
9-24 VDC
36-48 VDC
-

2000-4455
1600-5200
2000-6100
852-5644
1400-3632
515

125-166
125-166
100-166
45-141
74-115
29

3000-5000
3000-5000
3000-5000
3000-5000
2700-5000
4500

80-90
80-90
80-90
70-90
80-90
-

The PoE-compatible luminaires range in efficacy from 29 lm/W to 166 lm/W. PoE
luminaires have a female RJ45 connector to accept power and communications from
a Cat 5/6 cable with a male RJ45 connector.
CONTROLS: POE
The PoE controls components identified include offerings from seven manufacturers
(Table 5). PoE controls components use female RJ45 connectors for power and
communications. The controls components necessary for all PoE lighting systems are
gateways, routers and control software. Since almost any network router can be
used in PoE systems, they were not considered as part of this assessment. Other
controls components, such as wall switches, motion- and photosensors, can also be
incorporated to the lighting system as needed.
TABLE 5. POE CONTROLS COMPONENTS FOUND IN THE MARKET ASSESSMENT

Description

Quantity

Input Voltage

Wall Switch
Gateway
Photosensor
Occupancy Sensor
Software

4
3
2
7
2

24 VDC
6-24 VDC
24 VDC
24 VDC
N/A

LOW VOLTAGE DIRECT CURRENT SYSTEMS
Low voltage direct current (LVDC) systems do not use IT-based infrastructure like
PoE DC systems. Instead, they use Class 2 wiring and components for power
distribution and communications. Class 2 describes the portion of a wired system
between the load side of a Class 2 power source and connected equipment. Data and
power are carried on separate low-voltage conductors, which can be housed in the
same conduit or raceway. There is no standard connector type for lighting systems of
this type.
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INFRASTRUCTURE: LVDC
In LVDC systems, unique infrastructure components include Class 2 wiring and lowvoltage bus bar systems. The latter are designed to operate as mechanisms for
power transmission and also as structural ceiling grids for T-bar drop ceilings. One
manufacturer offers a power transmission system that uses drop ceilings with tile
support grids that act as DC bus-bars that provide power to luminaires, sensors and
controllers. The connection to the power grid is through clips, which allow for quick
and easy modifications in the placement of luminaires and sensors. The ceiling grid
supports all types of luminaire options, such as recessed, surface mounted and
pendant. This ceiling grid infrastructure is unique to DC systems and could not be
used with 120 VAC, which would violate the National Electrical Code (NEC) that
requires use of conduit for such voltages.
POWER: LVDC
CLTC also found that LVDC power components come in two different ranges of
output power and distribution channels (Table 3): room level (226-1,600W with 8-12
channels) and whole floor (1,200-120,00W with unspecified number of channels).
TABLE 6. RANGE OF SPECIFICATIONS FOR 20 LVDC POWER SUPPLIES FOUND DURING MARKET ASSESSMENT

Number of
Manufacturers

Input Voltage

Output Voltage

Output Power

Efficiency

Channels

4

120-305 VAC,
380-430 VDC

6-48VDC

226-1,660 W

87-96.7%

4-16

2

85-380 VAC

5-400 VDC

480-120,000 W

94-97%

N/A

In these non-PoE systems, the power supplies perform the same function as the PoE
switches but have a wider range of voltage inputs and outputs. Unlike the PoE
switches, some of the LVDC power supplies are capable of accepting a DC input
ranging from 380-430 VDC. The claimed electrical efficiencies of these power
supplies appear to increase as output wattage increases. LVDC power supplies do
not need to conform to PoE standards, such as IEEE 802.3at. The NEC allows Class 2
power supplies to have up to 100 W per channel, while the Cisco developed UPOE
standard allows a maximum of 60 W per channel. LVDC power supplies are not
limited to using RJ45 connectors or Cat 5/6 Ethernet cable to transmit power like PoE
power switches. Traditional AC lighting systems differ from DC lighting systems in
that they do not use centralized power components. Each luminaire has a driver that
converts 120-277 VAC from the power grid to a usable DC voltage for the luminaire.
LUMINAIRES: LVDC
CLTC identified eight LVDC luminaires from four manufacturers and 5 LED drivers
from three manufacturers. The 2’x2’ form factor was the most common with five
offerings from two manufacturers (Table 5). The input voltages and efficacies for the
LVDC luminaires range from 9 to 24 VDC and 88 to 100 lm/W respectively.
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TABLE 7. LVDC PERIPHERAL COMPONENTS FOUND IN THE MARKET ASSESSMENT
Peripheral Component

Quantity

Input Voltage

Lumen Output

Efficacy (lm/W)

CCT

CRI

2x2

5

24 VDC

3000-4455

88-100

3000-5000

80-90

2x4

1

24 VDC

3813

100

3000-5000

82

Linear

1

9-24 VDC

421-584

-

3000-5000

90

A Lamp

1

12 VDC

1200

100

5000

-

LED Driver

5

10-26.4 VDC

N/A

N/A

N/A

N/A

The primary difference between PoE and LVDC luminaires is the method of DC power
connection to the driver that provides power to the LEDs. Unlike PoE, LVDC power
grids are not limited to using RJ45 female connectors and can utilize any
commercially available connector type. To be identified and controlled by the
gateway, PoE luminaires also must have the necessary electronics for IP
communications, which is not a requirement for LVDC luminaires.
CONTROLS: LVDC
Many motion- and photo-sensors and some wall switches used in traditional AC
lighting systems are powered through low voltage DC inputs and could be compatible
with LVDC lighting systems that use the same communication protocols. Six
manufacturers were found to offer control components marketed specifically for
LVDC DC lightings systems (Table 7).
TABLE 8. LVDC CONTROL COMPONENTS FOUND IN THE MARKET ASSESSMENT

Description

Quantity

Input Voltage

Wall Switch
Gateway
Photosensor

1
2
1

24 VDC
6-24 VDC
24 VDC

The gateways found for LVDC lighting systems differ from PoE gateways in that they
all communicate using wireless radio frequency protocols. There are minimal
differences between LVDC control components and traditional AC components.

SYSTEM PROVIDERS
CLTC identified twelve manufacturers selling DC lighting systems at the time of this
project. Products were categorized into two types: PoE and LVDC (Table 9).
TABLE 9. DC LIGHTING SYSTEMS
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Manufacturer

Description/Product ID

Classification

Hubbell

PowerHUBB

PoE

Cree

SmartCast

PoE

H.E. Williams

Williams PoE System

PoE

Color Beam

Color Beam DC Lighting

PoE

Philips

PoE Lighting

PoE

Sylvania

Armstrong DC FLEXzone™

PoE

Eaton

Connected Lighting

PoE

Ideal

Audacy Lighting Controls

LVDC

Lumanext

Lumanext

LVDC

ADC Energy

Power Distribution System

LVDC

LumaStream

Low-Volt LED Lighting

LVDC

Armstrong

DC FLEXZone™

LVDC
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METHODOLOGY
SELECTED TECHNOLOGY
Based on this market assessment, CLTC selected two PoE systems and one LVDC
system to evaluate compared to one traditional AC system (Table 10). The lighting
systems were selected based on their prevalence in the market. This was determined
by assessing product literature and conducting interviews with lighting distributors to
determine which, if any, DC lighting systems they sell to customers. The baseline AC
system was identified by asking lighting distributors which AC LED troffer luminaires
were most often used for common commercial applications such as offices and
schools.
Based on the selection criteria, three DC lighting systems and one AC lighting system
were purchased for laboratory evaluation. CLTC developed a test procedure to
evaluate each system’s electrical performance.
TABLE 10. SYSTEMS SELECTED FOR EVALUATION

System
Classification

Lighting System
Manufacturer

Maximum
Power Output

Number of
Channels

LVDC
PoE
PoE
AC

DC Manufacturer 1
DC Manufacturer 2
DC Manufacturer 3
AC Manufacturer

226
480
480
N/A

9
8
8
N/A

All luminaires used to load the systems were 2-foot by 4-foot recessed troffers, with
the exception of the 2-foot by 2-foot surface mounted luminaires from DC
Manufacturer 1. CLTC selected 2-foot by 2-foot luminaires for DC Manufacturer 1 to
provide enough (greater than 60%) of an electrical load for the power supply while
remaining within the project budget. Each of the DC lighting systems consisted of a
power supply, luminaires, wall switch dimmer (DC Manufacturer 3 system only), and
control peripherals (gateway computer and router for the PoE systems). The baseline
AC system consisted of eight luminaires.
AC MANUFACTURER (BASELINE)
The baseline AC lighting system consisted of eight dimmable troffers with the
following specifications: 4,000 lumens, 3,500 Kelvin (K), 34.5 Watts (W) and input
voltage 120 VAC. Luminaires utilized 0-10V dimming drivers. During this study, a 010V dimming signal was generated by a computer to automate the dimming and
data collection process. In an actual installation, the AC lighting system would
require a 0-10V compatible dimming switch for operation. A compatible passive 010V dimmer switch draws current from the driver. Since the driver is sourcing the
current necessary for the 0-10V dimming signal, the dimmer switch's power draw is
captured by measuring the input and output of the AC driver. Thus, for the AC
system, the primary source of power loss is only the AC-to-DC conversion loss
occurring at each dimming driver.
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DC MANUFACTURER 1 (LVDC)
The power architecture of the LVDC DC Manufacturer 1 system resembles a
traditional AC system but with a centralized driver for all luminaires on the network.
The system uses a centralized power supply that accepts a DMX signal as an input to
deliver a constant current output to each of up to nine output channels. The
centralized power supply can provide up to 226 Watts of DC power. Each channel can
provide up to 23.5 W. This power supply handles power delivery to the luminaires
without requiring any additional peripheral devices for communication networking or
software hosting. Nine 16 Watt recessed luminaires were used in this study and
connected to the power supply via 18 AWG cable. The power switch and luminaires
used are shown in Figure 6.

FIGURE 6. DC POWER SUPPLY (LEFT) AND 16W LED LUMINAIRE (RIGHT)

DC MANUFACTURER 2 (POE)
The PoE lighting system from DC Manufacturer 2 follows Cisco’s UPoE standard 10 and
utilizes PoE power switches ranging from 480 to 1,800 Watts of output power. The
power switch used for both the DC Manufacturer 2 and DC Manufacturer 3 systems
can deliver up to 60 Watts of power at each of its eight ports with a standby power
of approximately eight Watts.
DC Manufacturer 2 offers a wide variety of PoE compatible luminaires ranging from
2-inch diameter downlights to industrial high bay luminaires. For this study, eight
50-Watt 2-foot by 4-foot recessed luminaires were used as loads. Luminaires were
connected to the PoE switches via 24 AWG CAT 5e cable with a DCR of 26
Ohms/1000 feet.
The system supports the ability to connect multiple PoE-enabled peripherals in series
so long as the total power required does not exceed 60 Watts per channel including
power losses in the cabling. The DC power from the PoE switch is converted to a
useable voltage and constant current for the LED luminaire at a PoE “node” attached
to each luminaire. The node also serves as a communication end-point. The PoE
switch and luminaire node are shown in Figure 7.

10

As one of the leading manufacturers of PoE compatible power switches, Cisco has developed their “UPoE
standard” which describes the technical requirements in terms of networking and power distribution that a powered
device must comply with in order to be compatible with their power switches.

SDG&E Emerging Technologies

Page 25
January 2020

Laboratory Evaluation of DC Lighting Systems

ET18SDG1011

FIGURE 7. DC MANUFACTURER 2 “NODE” (LEFT) ACCEPTS POWER AND COMMUNICATIONS FROM A POE POWER SWITCH
(RIGHT) AND OUTPUTS A VOLTAGE AND CONSTANT CURRENT TO DRIVE THE POE-ENABLED PERIPHERAL DEVICES.

System control software is hosted on a gateway computer and the network routing is
managed by a standard internet router per the manufacturer’s requirements. The
router and gateway computer are essential components to this lighting system and
the system does not function without these devices. The router manages all
communication on the network and the gateway computer hosts the software that
allows the user to commission and interact with the lighting system. CLTC included
the power of the gateway and router when calculating the total system efficiency for
this system. Luminaire control was achieved solely through the graphical user
interface (GUI) provided with the control software. The luminaires could have been
controlled through a wall switch, dimmer or other control devices, but it can be
equivalently controlled through the user interface. Since the control devices consume
power and are not strictly necessary to operate the lighting system, they were not
used when evaluating DC Manufacturer 2 lighting system.
DC MANUFACTURER 3 (POE)
At the time of this study, DC Manufacturer 3’s PoE lighting system was similar to DC
Manufacturer 2 system, with the following three differences:
1. DC Manufacturer 3 system does not allow connecting devices in series (daisy
chaining).
2. DC Manufacturer 3 only offers PoE-enabled luminaires with a maximum rated
power of 40 Watts DC at the time of this study. These luminaires were selected
because they were the largest electrical load for the power switch offered by DC
Manufacturer 3.
3. The control software does not allow dimming through the GUI unless a
compatible dimmer switch is detected on the network. Because of this, one of the
eight available PoE ports must be allocated to a PoE dimmer switch to enable
dimming control.
The combination of the first two factors resulted in up to 20 Watts per channel of
unused power. All of these factors led to a maximum PoE network switch loading
percentage of approximately 60 percent compared to 85 percent with the DC
Manufacturer 2 system.
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The gateway computer, PoE network switch and network router used by the DC
Manufacturer 3 system were the same as that used for the DC Manufacturer 2
system. Also similar to DC Manufacturer 2 system, DC Manufacturer 3 utilizes a DCDC voltage converter/constant current LED “node” that manages communication and
delivers usable power to the LED luminaire. Luminaires were connected to the PoE
switches via 24 AWG CAT 5e cable.

LABORATORY EVALUATION
CLTC conducted a laboratory evaluation of three DC lighting systems and one AC
lighting system to determine each system's overall electrical efficiency. Assuming
each were used to power and control an identically sized lighting system, the
electrical efficiency of the power infrastructure becomes a significant factor in
selection of the most energy efficient system.

LABORATORY SETUP & EQUIPMENT
The electrical performance was evaluated in the CLTC laboratory. The test load bank
consisted of eight or nine luminaires depending on the system under test. The
luminaires were mounted in a custom rack (Figure 8) to allow airflow to stabilize the
LED temperature within the desired operating temperature. One luminaire was
placed on the bench top for metering. The measurements taken on the bench top
were assumed representative of the other seven luminaires.

FIGURE 8. LUMINAIRES MOUNTED ON RACKS WITH ENOUGH SPACE FOR AIRFLOW TO STABILIZE TEMPERATURE AT THE
LUMINAIRE OPERATING TEMPERATURE.

Measurements were taken with the following laboratory-grade equipment: digital
function generator, power analyzers and PoE switch.
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DIGITAL FUNCTION GENERATOR
The California Instruments 2253iX 11 (Figure 9) is a 3-channel digital function generator
with a maximum output of 750 VAC per channel. This device powered each lighting
system during testing with an output sinusoidal signal of 120 VAC at 60 Hertz (Hz).
POWER ANALYZERS
The Xitron Technologies two-channel power analyzer 12, model 2802 13, was used to
monitor both AC and DC power during the laboratory evaluation. This device has a
rated accuracy of ±0.08 percent. Individual measurements of voltage and current
have a rated accuracy of ±0.2 percent, down to one mVrms and one mArms. The
device can average the measurements with a minimum time resolution of 10
milliseconds and export the results to a PC via a USB port.
The Yokogawa PZ4000 14 power analyzer is a high-precision instrument that can
measure four input voltage channels and four input current channels simultaneously.
Individual measurements of voltage and current have a rated accuracy of between
±0.05 and ±0.6 percent. CLTC used this instrument to measure power losses across
the CAT cables.

FIGURE 9. CALIFORNIA INSTRUMENTS 2253IX FUNCTION GENERATOR WITH MAXIMUM 750 VAC OUTPUT (LEFT). XITRON
2802 POWER ANALYZER (MIDDLE). YOKOGAWA PZ4000 POWER ANALYZER (RIGHT).

TEST PROCEDURE
To determine each system’s electrical efficiency, CLTC took measurements at each
point in each system where power loss occurs. CLTC measured the power losses for
each system component (power supplies, drivers, conductors, and peripherals, such
as dimmers, computers, or routers).
For the baseline AC system, the only source of power loss considered was the AC-toDC conversion at the LED driver as line losses in the AC system were considered
negligible. For example, the power loss due to cable resistance in 100 meters of 12
gauge cable for a single phase 120 VAC system at 1 amp is less than 1%. The power
loss in the AC system is less than DC systems due to the higher voltage and larger

11

http://www.calinst.com/products/Compact_iX_Series/downloads/2253iX_User_Manual_6005-962-RvG.pdf

12

A device that reports instantaneous voltage, current, and power with a nominal accuracy of 0.5% or better.

13

http://xitrontech.com/assets/003/6014.pdf

14

http://www.electro-meters.com/Assets/pdf2_files/Yokogawa/Power_meters/PZ4000_pdfs/PZ4000_manual.pdf
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cable gauges used. In DC systems, sources of power loss included: AC-to-DC
conversion in the centralized power supply, DC distribution losses through the
conductor (line loss) as well as DC-to-DC losses in the LED nodes at each luminaire
(for PoE systems).
For the PoE systems, CLTC conducted laboratory testing for three different Ethernet
cables (24 AWG CAT 5e, 23 AWG CAT 6, and 22 AWG CAT 6A) at two lengths each
(50 and 100 meters). For consistency with the DOE study discussed in the
Background section of this report, CLTC used the same power switch model 15. The
cable run from the PoE switch to the luminaire was measured at two points (sourceside and load-side, respectively) and terminated with RJ45 connectors. It is
important to note that most PoE manufacturers identified by CLTC in the Market
Assessment recommend using CAT 5e (24 AWG) or higher. 16
CLTC calculated the expected line loss for CAT 5e cable using Equation 2.
EQUATION 2. EQUATION FOR LINE LOSS BASED ON DCR AND LENGTH OF THE CABLE

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑊𝑊) = 𝐼𝐼2 ∗ 𝐷𝐷𝐷𝐷𝐷𝐷 ∗ 𝐿𝐿

The measured line losses for the CAT 5e cable (Figure 10) were within 10 percent of
the calculated line losses throughout the range of DC power output.

FIGURE 10. DC LINE LOSSES FOR EACH OF THE 3 DC LIGHTING SYSTEMS.

For the LVDC system, CLTC used 18 AWG two-conductor stranded wire. In the
absence of a standard that governs acceptable line losses for these systems, CLTC

15

CDB-8U. As noted in the Background section, the DOE limited the Ethernet cable runs to a maximum of 50
meters, thus verifying the effectiveness of ANSI C137.3. Instead, CLTC is aiming to understand how the power
losses affect the overall performance of the tested systems, without reference to a particular standard or guideline.
16

These are the only cables compliant with ANSI/TIA-568.2-D
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reported the losses attributable to copper wiring of three different lengths: 2, 24,
and 46 meters 17, respectively. The maximum cable length recommended by DC
Manufacturer 1 was 46 meters and 2 meters was deemed to be a minimum length
that a luminaire would be from the power supply. The lighting system was tested at
24 meters as an intermediate data point between the two extremes.
BASELINE AC SYSTEM
The baseline AC lighting system consisted of eight dimmable troffers with the
following specifications: 4,000 lumens, 3,500 Kelvin (K), 34.5 Watts (W) and input
voltage 120 VAC. For the AC system, the primary source of power loss is at the ACto-DC conversion at the luminaire level. CLTC used the measured 1) the AC power
at the input of the driver, and 2) the DC output power of the driver (Figure 11).

FIGURE 11. MEASUREMENT SCHEMATIC SHOWING AC POWER MEASUREMENTS TAKEN AT THE LED DRIVER INPUT AND
DC POWER MEASUREMENTS TAKEN AT THE DRIVER OUTPUT.

To characterize the performance of the LED driver for a range of operating
conditions, the eight luminaires were dimmed using a 0-10 V signal to the following
output percentages: 100 percent, 75 percent, 50 percent, 25 percent and 10 percent
per LM-79. The luminaires were thermally stabilized before each measurement was
taken. Conversion efficiency was calculated using Equation 3 where the only source
of power loss considered was due to the AC-to-DC conversion of the LED driver.
EQUATION 3. DEFINITION OF TOTAL SYSTEM EFFICIENCY

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) =

17

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑊𝑊) + 𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑊𝑊)
(100)
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑊𝑊)

The maximum distance recommended by the manufacturer was 46 meters, or 150 ft.
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DC MANUFACTURER 1 (LVDC)
The LVDC lighting system consisted of nine dimmable troffers with the following
specifications: 2,018 lumens, 3,500 Kelvin (K), nominal efficacy 126 lumens/Watt,
and input voltage 32.3 VDC. CLTC used 46 meters of 18 AWG stranded conductor for
each luminaire throughout the data collection. This was the longest cable run with
the smallest gauge wires recommended by the manufacturer. This setup represented
a “worst case” scenario in terms of efficiency that falls within the manufacturer’s
recommendations. 18
To calculate the AC-to-DC conversion efficiency of the DC Manufacturer 1 power
supply, CLTC took measurements of 1) the AC power at the power supply and 2) DC
power measurements at the DC output. CLTC calculated the power supply efficiency
related to the AC-to-DC conversion based on the measurements taken in the
previous step using Equation 4.
EQUATION 4. POWER SUPPLY EFFICIENCY DEFINED AS THE RATIO OF DC OUTPUT SOURCE POWER OF THE N NUMBER OF
CONNECTED LUMINAIRES TO THE INPUT AC POWER.

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) =

𝑃𝑃𝐷𝐷C_source ∗ 𝑁𝑁
(100)
𝑃𝑃𝐴𝐴𝐴𝐴

CLTC varied the power supply load in two different ways to determine the effect on
power supply efficiency as the performance of power supplies is known to be related
to the size of the connected load. The two methods of power supply loading were:
1. Dimming all luminaires and taking measurements at: 100 percent, 75 percent, 50
percent, 25 percent, 21 percent, 4 percent and 1 percent; and
2. Successively removing one luminaire from the power supply while the remaining
luminaires operate at 100 percent output.
CLTC thermally stabilized the luminaires per LM-79 before each measurement was
collected (Figure 12).

18

Line losses for various cable lengths and gauges can be calculated to model system efficiencies in different
configurations.

SDG&E Emerging Technologies

Page 31
January 2020

ET18SDG1011

Laboratory Evaluation of DC Lighting Systems

FIGURE 12. DC MANUFACTURER 1
SUPPLY MOUNTED TO THE RACK.

TEST SETUP SHOWING THE

POWER ANALYZERS,

LUMINAIRE RACK AND POWER

Additionally, CLTC took simultaneous electrical measurements in two locations 1)
immediately after the power supply’s DC output and 2) just before the luminaire
(Figure 13) in order to calculate associated line losses (Equation 5). 19

FIGURE 13. SCHEMATIC
MANUFACTURER 1

SHOWING THE LOCATIONS OF THE ELECTRICAL MEASUREMENTS TAKEN OF THE

DC

EQUATION 5. LINE LOSS WAS CALCULATED AS THE DIFFERENCE BETWEEN POWER AT THE DC OUTPUT OF THE POWER

19

Resistive DC power loss in a conductor is well-understood and can be calculated using the physical properties of
the conductor, the voltage applied and current applied. CLTC took line loss measurements with conductor (18 AWG)
lengths of 2, 24 and 46 meters to confirm that the line losses match the predicted line losses based on conductor
material, diameter, length, voltage and current.
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SUPPLY AND THE POWER MEASURED AT THE INPUT TO THE LUMINAIRE.

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑊𝑊) = 𝑃𝑃𝐷𝐷𝐷𝐷_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑃𝑃𝐷𝐷𝐷𝐷_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

System efficiency for the DC Manufacturer 1 system was calculated by dividing the
input DC power by the AC power at the luminaire multiplied by the number of
connected luminaires (N). Line losses are intrinsically included in this calculation
(Equation 6).
EQUATION 6. TOTAL SYSTEM EFFICIENCY FOR THE AC SYSTEM.

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) =
DC MANUFACTURER 2 (POE)

𝑃𝑃𝐷𝐷C_load ∗ N
(100)
𝑃𝑃𝐴𝐴𝐴𝐴

In a PoE lighting system, the DC power is distributed evenly across the four wire
pairs of an Ethernet cable. In addition to DC power, two of the wire pairs also carry
the data necessary for communication with the PoE node at the luminaire (Figure
14). The color of coding of the data-only and data-and-power conductors within the
CAT cable can vary between PoE systems.
The DC Manufacturer 2 PoE lighting system consisted of eight dimmable troffers with
the following specifications: 6,550 lumens, 3,500 Kelvin (K), nominal efficacy 131
lumens/Watt, and input voltage 56 VDC. CLTC used 100 meters of 24 AWG CAT 5e
cable for each luminaire throughout the data collection. This was the longest cable
run with the smallest gauge wires recommended by the manufacturer. This setup
represented a “worst case” scenario in terms of efficiency that falls within the
manufacturers’ recommendations. 20
CLTC collected measurements on the wire pairs that exclusively carry power and
assumed that power was distributed equally across all four pairs, as power
measurements taken on the data pairs disrupted luminaire operation.

FIGURE 14. IN A POE SYSTEM ALL FOUR WIRE PAIRS CARRY DC POWER BUT ONLY TWO WIRE PAIRS CARRY DC POWER
AND DATA FOR NETWORKING AND COMMUNICATION. PHOTO CREDIT: CALIX

20

Line losses for various cable lengths and gauges can be calculated to model system efficiencies in different
configurations.
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PoE systems are compatible with a range of Ethernet cables. Most PoE manufacturers
identified by CLTC recommend using CAT 5e or higher. The different classifications of
CAT cables have different wire gauges ranging from 22 to 24 AWG. The smaller wire
gauge corresponds to a higher DC resistance and increased line loss.21
CLTC collected measurements of 1) AC power at the power input to the CDB-8U
power switch and 2) of the DC source power at the output of the PoE switch (Figure
15).

FIGURE 15. SCHEMATIC SHOWING LOCATIONS AND TYPES OF METERS USED TO CHARACTERIZE THE DC MANUFACTURER
2 POE SYSTEM PERFORMANCE

The AC-to-DC conversion efficiency of the DC Manufacturer 2 PoE power switch was
calculated using collected measurement values and Equation 7.
EQUATION 7. POWER SWITCH EFFICIENCY (%) WAS DEFINED AS THE RATIO OF THE POWER SWITCH OUTPUT,
SOURCE POWER, MULTIPLIED BY THE NUMBER OF CONNECTED LUMINAIRES (N) TO INPUT AC INPUT POWER .

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) =

OR

DC

𝑃𝑃𝐷𝐷𝐷𝐷_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝑁𝑁
(100)
𝑃𝑃𝐴𝐴𝐴𝐴

An additional power measurement for one of the power carrying pairs were collected
before the luminaire node in order to calculate line loss. Line loss was calculated
using Equation 8.
EQUATION 8. LINE LOSS WAS CALCULATED AS THE DIFFERENCE BETWEEN THE DC POWER AT THE OUTPUT OF THE POWER
SWITCH (PDC_SOURCE) AND THE DC POWER AT THE LUMINAIRE NODE (PDC_NODE).

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑊𝑊) = 𝑃𝑃𝐷𝐷𝐷𝐷_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑃𝑃𝐷𝐷𝐷𝐷_𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛

To understand the node (DC-to-DC) efficiency, additional power measurements were
taken after the node and before the luminaire LEDs. The node efficiency calculation is
defined by Equation 9.

21
CLTC took line loss measurements with various CAT cables (from 22 – 24 AWG) and at lengths of two, 50 and
100 meters and confirmed the measured line losses agree with the predicted line losses.
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EQUATION 9. NODE EFFICIENCY IS DEFINED AS THE RATIO OF DC POWER MEASURED JUST BEFORE THE NODE TO THE DC
POWER MEASURED AFTER THE NODE BEFORE THE LUMINAIRE LED BOARD.

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) =

𝑃𝑃𝐷𝐷𝐷𝐷_𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
(100)
𝑃𝑃𝐷𝐷𝐷𝐷_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

In addition to the power losses from AC-to-DC conversion, DC-to-DC conversion and
line losses, the DC Manufacturer 2 PoE system also requires a gateway PC and
router, which also require power. The system efficiency for DC Manufacturer 2 PoE
system is defined by Equation 10.
EQUATION 10. SYSTEM EFFICIENCY FOR THE DC MANUFACTURER 2 POE

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (%) =

(𝑃𝑃𝐷𝐷𝐷𝐷_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) ∗ 𝑁𝑁 + 𝑃𝑃𝐴𝐴𝐴𝐴_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
(100)
𝑃𝑃𝐴𝐴𝐴𝐴

CLTC varied the load on the power switch by:

1. Dimming every luminaire and taking measurements from 100 percent to 10
percent in increments of 10 percent; and
2. Successively removing one luminaire from the power switch while the remaining
luminaires operate at 100 percent output.
DC MANUFACTURER 3 (POE)
The DC Manufacturer 3 PoE lighting system consisted of eight dimmable troffers with
the following specifications: 4,000 lumens, 3,500 Kelvin (K), nominal efficacy 100
lumens/Watt, and input voltage 56 VDC. The test methodology for the DC
Manufacturer 3 PoE system is similar to the DC Manufacturer 2 PoE system with a
few distinctions. First, DC Manufacturer 3 PoE does not support daisy chaining or
dimming via the GUI without a connected dimmer switch. Therefore, a PoE
compatible dimmer switch must be connected to the power switch in place of one of
the eight luminaires to test dimming functionality. Consequently, only seven
luminaires were connected to the power switch during the dimming load testing. In
addition, the preset dimming increment in the DC Manufacturer 3 gateway software
is 12 percent as opposed to 10 percent for DC Manufacturer 2.
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FIGURE 16. ELECTRICAL
PERFORMANCE.

MEASUREMENT POINTS USED TO CHARACTERIZE THE

DC MANUFACTURER 3 POE

SYSTEM

Measurement point 4 (Figure 16) actually consists of three separate measurements
taken at the node output. This is because the luminaire offered variable color tuning
utilizing three distinct color channels, each powered independently. Figure 18 is a
close up view of measurement point 4 showing the voltage and current
measurements taken at the node output of each color channel.

FIGURE 17. A

MAGNIFIED VIEW OF MEASUREMENT POINT
CHANNEL UTILIZED BY THE LUMINAIRE

4

SHOWING THREE MEASUREMENTS, ONE FOR EACH COLOR

Aside from these differences, the test methodology for the DC Manufacturer 3 PoE
system was the same as the DC Manufacturer 2 PoE system. Equation 7 through
Equation 10 were used to calculate the efficiency metrics.
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RESULTS
ELECTRICAL PERFORMANCE
Analysis shows that the traditional AC system is more electrically efficient than each
of the tested DC systems. The maximum system efficiency achieved by the AC
system (86 percent) was 8 to 14 percent more efficient than all tested DC systems
when operating with the maximum manufacturer recommended cable/conductor
lengths. Note that the x-axis label for the AC system in Figure 18, ‘Power Supply
Load Percentage’, refers to the percent loading of the individual LED driver for each
luminaire.

FIGURE 18. ELECTRICAL PERFORMANCE OF THE FOUR LIGHTING SYSTEMS EVALUATED IN THE STUDY.

The following sections present results from the four lighting systems evaluated in
this study. Table 11 summarizes the lighting system performance data shown in
Figure 18.
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TABLE 11. SUMMARY OF LIGHTING SYSTEM PERFORMANCE DATA FROM FIGURE 18.

ACM
Driver
Load %

ACM
System
Efficiency

DCM 3
PoE Load
%

DCM 3
PoE
System
Efficiency

DCM 2
PoE Load
%

DCM 2
PoE
System
Efficiency

DCM 1 Load
%

DCM 1
System
Efficiency

100%

86%

57%

73%

83%

75%

66%

79%

75%

86%

53%

72%

72%

75%

50%

77%

50%

85%

48%

71%

64%

75%

33%

73%

25%

79%

44%

71%

55%

75%

16%

65%

10%

67%

39%

69%

46%

74%

13%

63%

35%

67%

39%

72%

10%

57%

31%

65%

31%

70%

7%

53%

26%

62%

23%

65%

3%

38%

22%

60%

15%

57%

1%

14%

18%

55%

9%

39%

13%

47%

9%

36%

5%

11%

Table 12 summarizes the power losses for each measurement point within every
lighting system. Each lighting system was configured with the maximum number of
luminaires (9 for DC manufacturer 1 and 8 luminaires for the others) all operating at
100% output.
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TABLE 12. POWER LOSSES FOR EACH LIGHTING SYSTEM WITH THE MAXIMUM NUMBER OF CONNECTED LUMINAIRES AT
100% OUTPUT.

System
Manufacturer

AC-to-DC
Losses
(%)

DC-to-DC
Losses
(%)

Line Losses
(%) 22

Peripheral
Losses
(%)

Total
Losses
(%)

AC Manufacturer
DC Manufacturer 1
DC Manufacturer 2
DC Manufacturer 3

13.8%
18.9%
11.0%
9.6%

N/A
N/A
6.1%
9.4%

N/A
2.7%
7.0%
5.4%

N/A
N/A
1.7%
1.7%

13.8%
21.6%
25.8%
26.1%

CLTC conducted computer modeling using AGI32 in an effort to estimate the average
cable lengths that might be used in real world application instead of the maximum
cable lengths recommended by the manufacturer. The results of this modeling
yielded average cable lengths from the power supply to each luminaire of between
2.66 and 4.75 meters. The shorter cable lengths corresponded to lower line losses
and greater overall system efficiencies (Table 13).

FIGURE 19. ELECTRICAL PERFORMANCE OF AC AND DC SYSTEMS USING AVERAGE CONDUCTOR LENGTHS DETERMINED
FROM COMPUTER MODELING.

Line losses vary between DCM2 and DCM3 due to differences in current required by the different luminaires
utilized by each system.

22
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TABLE 13. POWER LOSSES FOR EACH LIGHTING SYSTEM WITH THE MAXIMUM NUMBER OF CONNECTED LUMINAIRES AT
100% OUTPUT USING THE AVERAGE CABLE LENGTHS FROM COMPUTER MODELING.

System
Manufacturer

AC-to-DC
Losses (%)

Line Losses
(%)

DC-to-DC
Losses (%)

Peripheral
Losses (%)

Total
Losses

AC Manufacturer
DC Manufacturer 1
DC Manufacturer 2
DC Manufacturer 3

13.8%
18.9%
11.0%
9.6%

N/A
0.14%
1.5%
1.0%

N/A
N/A
6.1%
9.4%

N/A
N/A
1.7%
1.7%

13.8%
19.0%
20.3%
21.7%

BASELINE AC SYSTEM
The system efficiency of the baseline AC system is equivalent to the AC-to-DC conversion
efficiency of the LED driver since there are no other significant sources of power loss. The
AC driver accepts a 0-10V input as a dimming signal and is compatible with passive 0-10V
dimmer switches which sink power from the driver. Since the driver is sourcing the current
necessary for the 0-10V signal, the power consumption of generating this signal is captured
by measuring the input and output of the AC driver. Eight fixtures were dimmed from 100
to 10 percent power. Between 75 percent and 100 percent driver loading, the baseline
system operated at a maximum system efficiency of approximately 86 percent (Figure 20).
The electrical performance of the AC lighting system remained relatively stable throughout
its operating range. The total system efficiency ranged from 78-86 percent.

FIGURE 20. SYSTEM EFFICIENCY OF THE BASELINE AC LIGHTING SYSTEM FROM 10 TO 100 PERCENT
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LOW VOLTAGE DIRECT CURRENT SYSTEM
The electrical efficiency of the DC Manufacturer 1 lighting system was analyzed at
two levels 1) the power supply and 2) the whole system. In the case of the DC
Manufacturer 1 system, the total system efficiency calculation includes power losses
due to AC-to-DC conversion of the power supply as well as power losses in the
conductors. As described in the Test Methodology section, the DC Manufacturer 1
power supply was loaded in two ways:
1. Dimming all nine luminaires simultaneously, and
2. Sequentially removing one luminaire at a time while the remaining luminaires
operate at 100 percent light output.
POWER SUPPLY EFFICIENCY
The power supply efficiency was analyzed compared to three factors 1) over the
dimming range of the loads, 2) the number of connected luminaires, and 3) the
power supply load percentage.

FIGURE 21. THE DC MANUFACTURER 1 POWER SUPPLY EFFICIENCY VARIES WITH THE DIMMING PERCENTAGE OF THE
LUMINAIRES.
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FIGURE 22. THE DC MANUFACTURER 1
LUMINAIRES.

POWER SUPPLY EFFICIENCY VARIES WITH THE NUMBER OF CONNECTED

The load percentage of the DC Manufacturer 1 power supply is defined as the total
DC output power divided by the total rated output power.
EQUATION 11. POWER SUPPLY LOAD PERCENTAGE DEFINITION

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) =

TOTAL SYSTEM EFFICIENCY

𝑃𝑃𝐷𝐷𝐷𝐷_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 𝑁𝑁
226

The whole system efficiency of the DC Manufacturer 1 lighting system encompasses
power losses at the power supply as well as line losses. The following data was
collected with 46 meter conductors between the power supply and each luminaire. As
previously mentioned, the line loss for any length conductor can be calculated to
determine the system efficiency at that length.
The whole system efficiency was analyzed compared to two factors 1) over the
power supply load percentage, and 2) the number of connected luminaires.
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FIGURE 23. DC MANUFACTURER 1 SYSTEM EFFICIENCY WITH VARYING POWER SUPPLY LOAD.

FIGURE 24. DC MANUFACTURER 1 SYSTEM EFFICIENCY WHEN LUMINAIRES ARE REMOVED SEQUENTIALLY.
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FIGURE 25. A

COMPARISON OF DIFFERENT LOADING METHODS ON THE

ET18SDG1011

DC MANUFACTURER 1

POWER SUPPLY

EFFICIENCY

The DC Manufacturer 1 lighting system had roughly equivalent electrical performance
for either loading method (dimming or removing luminaires).

POWER-OVER-ETHERNET SYSTEMS
The electrical efficiency of the DC Manufacturer 3 and DC Manufacturer 2 PoE lighting
systems were analyzed at three levels 1) the power switch, 2) the node levels, and
3) the whole system efficiency. For PoE systems, the system efficiency is defined by
Equation 10. As described in the Test Methodology section, the power switch was
loaded in two ways:
1. Dimming all luminaires simultaneously, and
2. Sequentially removing one luminaire at a time while the remaining luminaires
operate at 100 percent light output.
POWER SWITCH EFFICIENCY
The power switch efficiency was analyzed compared to three factors 1) over the
dimming range of the loads, 2) the number of connected luminaires, and 3) the
power switch load percentage. Results are provided in Figure 26, Figure 27 and
Figure 28, respectively.
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FIGURE 26. POWER SWITCH EFFICIENCY OVER THE DIMMING PERCENTAGE OF THE CONNECTED LUMINAIRES

The electrical performance of the power switch was the same between DC
Manufacturer 2 and 3 above 30 percent dimming. Below 30 percent dimming, the
power switch configured with DC manufacturer 3 lighting system was slightly more
efficient. It appears that having 1 fewer luminaire at lower dim levels (below 30
percent) is more electrically efficient than having all eight ports connected to
luminaires.

FIGURE 27. POWER SWITCH EFFICIENCY VARIES WITH THE NUMBER OF CONNECTED LUMINAIRES
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The power switch operates more efficiently when luminaires are removed from the
system instead of dimmed. This could explain why DC Manufacturer 3 lighting system
is more efficient below 30 percent dimming as seen in Figure 26.
Figure 28 shows the power switch efficiency for both PoE systems under each loading
condition. The least efficient power switch loading method was dimming all 8
luminaires of DC manufacturer 2. This again suggests that dimming is a less efficient
loading method than removing luminaires from a power switch channel.

FIGURE 28. POWER SWITCH EFFICIENCIES OF ALL LOADING METHODS WITH 100 METERS OF CABLE

NODE EFFICIENCY
The node efficiency was characterized during the dimming testing, as removing the
number of connected luminaires operating at 100 percent had no impact on the node
efficiencies of the remaining connected luminaires. Results are provided in Figure
29.
DC Manufacturer 2 nodes were consistently more electrically efficient than the DC
Manufacturer 3 nodes. Less efficient nodes and the inability to daisy chain luminaires
and control devices are the two primary reasons that the DC Manufacturer 3 lighting
system was less efficient that the DC Manufacturer 2 lighting system.
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FIGURE 29. A

COMPARISON OF NODE EFFICIENCIES OF THE TWO

POE

SYSTEMS AT VARYING POWER SWITCH LOAD

PERCENTAGES

WHOLE SYSTEM EFFICIENCY
The whole system efficiency was analyzed compared to three factors 1) over the
dimming range of the loads, 2) the number of connected luminaires, and 3) the
power switch load percentage.
The DC Manufacturer 3 system consisted of only seven luminaires because one of the
PoE output ports had to be used by a dimmer switch. Additionally, the less efficient
nodes in the DC Manufacturer 3 lighting system contributed to the overall lower
electrical performance with respect to the DC Manufacturer 2 lighting system (Figure
30).
Both PoE lighting systems followed a similar system efficiency curve when the power
switch was loaded by adding or removing luminaires from the system. In Figure 31,
the overall lower electrical performance of the DC Manufacturer 2 lighting system can
be seen as a linear offset with respect to the DC Manufacturer 3 system efficiency
curve.
Both PoE DC lightings systems were less efficient when the power switch loading
method utilized universal dimming of all connected luminaires as opposed to
dimming via removal of luminaires from the system. It is less efficient to drive all
luminaires at 50 percent power output then to remove half of the luminaires from
the lighting system and drive the remaining at 100 percent. Thus, if reduced lighting
uniformity is not an issue, switching is more efficient than dimming within an
enclosed space to achieve lower light levels.
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FIGURE 30. SYSTEM EFFICIENCIES OF BOTH POE SYSTEMS WITH VARYING NUMBER OF CONNECTED LUMINAIRES

FIGURE 31. SYSTEM EFFICIENCY
LOADING METHODS.
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DISCUSSION
ELECTRICAL PERFORMANCE
The assumption that large-scale, centralized AC-to-DC conversion is more efficient
than traditional decentralized AC-to-DC conversion was confirmed during the
laboratory evaluation (Figure 28). The AC-to-DC conversion efficiency of the PoE
power switch was a maximum of 91 percent while the driver for the AC system had a
maximum AC-to-DC conversion efficiency of 86 percent. Additionally, the DC
Manufacturer 1 power supply only achieved a maximum of 81 percent conversion
efficiency which is approximately 5 percent lower than the driver for the AC system
(Figure 20). However, because of power losses from DC-to-DC conversion, peripheral
components and cable losses, all three DC lighting systems were overall less efficient
than the traditional AC system.

POE SYSTEMS
Both PoE systems evaluated also utilized a DC-to-DC converter (node) between the
power switch and the luminaire, which is significant source of power loss (Figure 29).
Additionally, the PoE systems require the use of a gateway PC and router, which
accounted for approximately eight Watts of power consumption total during standby
mode and normal operation. The power switch itself was found to have a standby
power of about 10 Watts due to the internal processor and fans. This 18 Watts
correlates to a 3.75 percent efficiency loss to operate the system. These peripheral
power losses increase with the use of a monitor, mouse and keyboard if the user
wishes to operate the system through the GUI.
AC-TO-DC CONVERSION LOSSES
The AC-to-DC conversion losses were found to be dependent to the percent loading
of the power switch. The PoE power switch converted the incoming AC power to DC
power most efficiently when the switch was loaded more than 60 percent of its
overall capacity. At maximum operating efficiency, the power switch AC-to-DC
conversion was more efficient than the individual AC system LED drivers AC-to-DC
conversion. However, since the power switch must be loaded sufficiently to realize
this higher efficiency, the PoE system scalability is inherently quantized. If an
existing PoE system is to be scaled while maintaining peak efficiency, it must be
scaled in increments that will load the power switches over 60 percent.
CLTC only examined PoE systems with a maximum output of 480 Watts. For both
PoE systems, this corresponds to 7 or 8 total luminaires. If a new lighting installation
required 10 luminaires, for example, two power switches would be required and most
likely either or both power switch would be operating below optimal loading. Other
compatible power switches with higher power outputs are commercially available.
The Cisco WS-C3850-48U has 48 UPoE compatible ports with a total of 1,800 W of
DC power available. If a power switch such as this followed the same performance
characteristics as the power switch used in this study, it could be a solution to the
previously mentioned scalability issue as it would provide more flexibility in adding or
removing fixtures from the system while still staying in the optimal loading range.
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The performance of these larger PoE power switches should be examined in a future
study.
DC-TO-DC CONVERSION LOSSES
Both PoE systems tested by CLTC required a DC-to-DC conversion between the
power switch and the LEDs on the luminaire. For both systems, the DC-to-DC
conversion takes place at a “node”, or driver, which also manages current and
voltage regulation to the luminaire an as well as communication to the power switch.
The power switch outputs a voltage of around 54 VDC in compliance with PoE
standards but the luminaires tested only need a voltage of up to 36 VDC.
The nodes represented a significant source of power loss with the stepping down of
DC power as well as the necessary standby power the processor in the node
required.
The node efficiency for the DC Manufacturer 2 lighting system ranged from 64-92
percent with power losses between 1.8-3.7 Watts. The nodes for DC Manufacturer 3
lighting system were slightly less efficient and ranged from 46-89 percent with power
losses between 1.8-4.08 Watts.
LINE LOSSES
For the PoE systems, various CAT cables with different gauges and rated DCR can be
used. DC power line losses are directly related to cable gauge, material and length.
Therefore, cable choice will directly impact cost and electrical performance of the PoE
lighting system. The least efficient cable in terms of line losses that would be suitable
for a PoE lighting system is 24 gauge CAT 5e cable. The most efficient cable
commercially available was found to be 22 gauge CAT 6 cable. Overall, line losses
are more significant than the LVDC due to the inherently smaller gauge wires in CAT
cables.

LVDC SYSTEM
The LVDC system tested in this project offered three advantages in terms of
electrical performance over the PoE systems: no peripherals required, larger
conductor gauges, no “node” with additional DC-to-DC conversion losses. Fewer
required system components could also reduce installation complexity and cost.
These advantages resulted in a higher overall system efficiency for the LVDC system
with respect to the PoE systems tested. However, the AC-to-DC conversion losses of
the DC Manufacturer 1 power supply still exceeded the AC-to-DC losses at each LED
driver in the traditional AC lighting system.
AC-TO-DC CONVERSION LOSSES
The AC-to-DC conversion losses of the centralized power supply of the LVDC system
were greater than losses of the decentralized LED drivers in the traditional AC
system tested. For the LVDC power supply that was evaluated, the hypothesis that a
centralized AC-to-DC conversion would result in greater efficiency proved wrong.
This could be due to a number of factors that were not investigated by CLTC
including: AC-to-DC rectification and DC-to-DC conversion strategies and quality and
tolerances of components.
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LINE LOSSES
For the DC Manufacturer 1 system, the additional source of power loss compared to
the AC system was in the form of line losses. These line losses can be kept relatively
small using larger gauge conductor or by minimizing conductor length. Additionally,
because the DC Manufacturer 1 system has a centralized power supply, each
luminaire must be wired back to the power supply in a star configuration. Depending
on the layout of the space, this could result in use of more conductor (linear feet of
conductor) relative to an identically placed AC lighting system. The use of more
conductor would affect both cost and performance of the system.

COMPUTER MODELING
The electrical measurements for this study were taken under what could be
considered worst case scenarios for the DC lighting systems. Specifically,
measurements were taken using the longest recommended cable runs from the
power supply (or power switch) to the luminaires. It is unlikely that a real-world
lighting system would consist of 8 luminaires each 100 meters away from the power
source. Consequently, reporting system efficiencies under these conditions may
unrealistically penalize the DC lighting systems efficiencies. In an effort to identify
cable lengths under realistic operating conditions for each lighting system, CLTC
created computer models using AGi32 lighting simulation software of what an ideal
space for these lighting systems might be. To do this, the models were constrained
by:
•

the number of luminaires (9 for DC Manufacturer 1 and 8 for the others),

•

a target light level of 27 foot candles at 2.5 feet above the floor

•

a power density of 0.23-0.3 Watts/ft2

•

10 foot ceiling height

Because the four lighting systems have different luminaires with varying lumen
outputs and form factors, CLTC had to manually constrain the room length and width
dimensions to enable AGi32 to automatically generate the lighting layouts that would
satisfy the above constraints. To calculate the average cable length for each DC
system, it was assumed that the power supply or power switch could be located in
plenum directly centered above the room thereby minimizing the distance to each
luminaire. Figure 32 is an example of the computer model generated for the DC
Manufacturer 2 system. Using the dimensions provided by the model, an average
cable length from the power supply to each fixture was calculated to be 4.75 meters
(units are in feet in the model).
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FIGURE 32. COMPUTER MODEL GENERATED FOR THE DC MANUFACTURER 2 SYSTEM.

The computer model generated for DC Manufacturer 1 resulted in a square room
since this is the optimal evenly spaced configuration for 9 luminaires instead of 8 as
in the other systems. For this model, it was assumed that the run length from the
power supply to the central luminaire was 1 meter.

FIGURE 33. . COMPUTER MODEL GENERATED FOR THE DC MANUFACTURER 1 SYSTEM.

The results (Table 14) from the computer modeling showed that the average cable
length for each DC system ranged from 2.66 meters to 4.75 meters, significantly
shorter than the worst-case scenario of 100 meters.
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TABLE 14. RESULTS
SYSTEMS.

OF THE

AGI32

MODELING TO DETERMINE AVERAGE CABLE LENGTHS FOR THE

Lighting Power

Lighting System

Light Level at 2.5'
(lm)

Density (Watts/ft )

AC Manufacturer
DC Manufacturer 1
DC Manufacturer 2
DC Manufacturer 3

26.9
27.2
27.8
27

0.254
0.284
0.229
0.3

2

DC

LIGHTING

Floor Area (ft2)

Average Cable Length
ft (m)

975
506.25
1750
1000

N/A
8.72 (2.66)
15.58 (4.75)
12.27 (3.74)

The electrical performances were calculated using the cable lengths from the AGi32
modeling and the DCR (direct current resistance) provided by the manufacturer. As
one might expect, the DC lighting systems all performed better with respect to
electrical efficiency with the shorter cable lengths (Figure 34).

FIGURE 34. A

COMPARISON OF THE ELECTRICAL PERFORMANCE OF EACH LIGHTING SYSTEM USING CABLE LENGTHS
DETERMINED FROM AGI32 MODELING.

Under these conditions, the DC Manufacturer 1 and 2 were able to achieve
efficiencies of up to 81 percent compared to 75 percent under the worst-case
scenario conditions. The maximum system efficiency achieved by DC Manufacturer 3
was 77 percent under these conditions.
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CONCLUSIONS
Overall, among the products evaluated, the traditional AC system was more efficient
than the tested DC systems across their operating range. This is partially because
the DC systems each introduced additional sources of power loss compared to the AC
system's single AC-to-DC conversion at each luminaire.
The LVDC system had the fewest sources of power loss of all the DC systems
evaluated. The only other significant source of power loss besides the losses due to
AC-to-DC conversion in the centralized power supply were line losses. The line losses
in the LVDC system was less significant than the line losses in the PoE systems due
to larger cable gauge used. However, line losses in DC power transmission are
significant as compared to an AC power transmission. Overall, the LVDC system had
a higher maximum system efficiency than the PoE system but a lower efficiency than
the traditional AC system.
The PoE systems evaluated had more sources of power loss than the LVDC system.
Unlike the LVDC system, both PoE systems required an additional DC-to-DC
conversion step at the luminaire node as well as peripheral devices such as a
gateway computer and a router in order to function. According to the PoE
manufacturers, many of these Information Technology (IT) devices are likely already
present in commercial buildings. Therefore, if a PoE lighting system were installed in
a building with an existing IT infrastructure including a suitable router and gateway
computer, the losses from these devices would already be accounted for and should
not penalize the lighting system efficiency. However, if no such suitable IT
infrastructure exists, then the power losses from these peripheral devices should
count against the lighting system efficiency.
Both PoE and LVDC systems operate at maximum system efficiencies when their
centralized power supplies are sufficiently loaded. The power supplies identified in
the market assessment had fixed maximum outputs. Certain power supplies allowed
for the addition of power modules that increased the maximum output by a discrete
amount. These modular power switches require a chassis that can house a
predetermined number of power modules. Consequently, in order to benefit from the
scalability that this modular switch offers, one must have the forethought to
purchase the larger chassis to begin with. This characteristic of centralized power
supplies and DC lighting systems could be a potential problem for system scalability
as it only allows scaling by discrete amounts. Additionally, each discrete addition to a
systems overall power capacity must be loaded sufficiently to maximize the power
supply efficiency.
Analysis shows that the traditional AC system is more electrically efficient than each
of the tested DC systems. The maximum system efficiency achieved by the AC
system (86 percent) was 8 to 14 percent more efficient than all tested DC systems
with the maximum recommended cable lengths. According to the computer modeling
done by CLTC, more realistic cable lengths for each luminaire in a DC lighting system
of this size (8-15 feet) would yield electrical efficiencies only 5 to 9 percent less than
the traditional AC system.
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RECOMMENDATIONS
This study analyzed DC systems of up to 480 W of output power. While it seems that
centralizing the AC-to-DC conversion can be more efficient than distributing the ACto-DC conversion to the luminaire level, the additional power losses associated with
DC lighting systems are great enough to make the whole systems less efficient than
the baseline. Specifically, analysis of the systems tested in this effort show that the
maximum system efficiency achieved by the AC system (86 percent) was 5 to 14
percent more efficient than all tested DC systems depending on cable lengths. To
continue evaluating the potential of the DC lighting systems, CLTC recommends a
Phase 2 study focused on the larger scale DC systems (greater than 480 Watts)
identified in the market assessment.
Additionally, CLTC recommends that a future study examine a wider range of
commercially available AC lighting system products. These products would include
higher efficiency drivers (greater than 90%) as well as more advanced AC lighting
control systems to better match the control capabilities in the DC systems that were
evaluated.
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