


quality of LEDs leads to more lumens on the countertop, and fewer wasted lumens trapped
within fixture or directed away from the work plane. Warm-white LEDs with high CRI are
preferred to render the food as attractively and realistically as possible.

A number of sources, including previous studies and databases, were consulted to prepare a
national estimate of the energy consumption and savings of kitchen undercabinet lighting
systems. As with the other niche market assessments, there were four critical inputs used in
preparing the energy consumption and savings estimates, summarized in Table 3-25.

Table 3-25: Critical Inputs for Kitchen Undercabinet Lighting Energy Consumption and Savings
Potential Estimate
Critical Input J Notes and Sources

Installed Base of Lamps Percentage of Homes with Kitchen Undercabinet Lights: California
Residential Lighting and Appliance Efficiency Saturation Survey,
RLW Analytics, Inc., 2000, 2005.
U.S. Household Population: 2000 Demographic Profile, U.S. Census
Bureau.
2000-2007 Residential Household Growth Rate: EIA’s Residential
Energy Consumption Survey (RECS), 2001, 1997.

Annual Operating Hours U.S. Lighting Market Characterization, Volume I: National Lighting
Inventory and Energy Consumption Estimate, DOE, 2002a.

Lamp Wattages Conventional Product Lamp Wattages: California Residential
Lighting and Appliance Efficiency Saturation Survey, 2000, 2005;
U.S. Lighting Market Characterization, Volume I: National Lighting
Inventory and Energy Consumption Estimate, DOE, 2002a.
Conventional Product Fixture Efficiencies: DOE Undercabinet
Factsheet, 2008e.

LED Product Efficacies: CALiPER Round 3 Summary Results, DOE,
2007c.

Lighting Technology Mix Conventional Technology Mix: U.S. Lighting Market
Characterization, Volume I: National Lighting Inventory and Energy
Consumption Estimate, DOE, 2002a; California Statewide and
SMUD Residential Lighting and Appliance Efficiency Saturation
Survey Database, RLW Analytics, Inc., 2005¢, 2005d.

3.6.2. Kitchen Undercabinet Lighting Installed Base

We estimate an installed base of 53 million kitchen undercabinet lighting fixtures in the U.S., as
shown in Table 3-26. The kitchen undercabinet installed base was determined using the 2000
and 2005 California Residential Lighting and Appliance Efficiency Saturation Surveys. Using a
linear projection between 2000 and 2005 data, we find that 26.1% of homes have kitchen
undercabinets in California in 2007. Assuming that kitchen undercabinets are just as common in
California as they are nationwide, we determined the national installed base of kitchen
undercabinets by multiplying the average number of kitchen undercabinets per household in
California by the number of U.S. households in 2007 (DOE, 2007a; EIA, 2001, 1997). An
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online database from the 2005 IOU and SMUD survey was used estimate the market penetration
of various undercabinet technologies in 2007 (RLW Analytics, 2005c, 2005d).

Table 3-26: Kitchen Undercabinet Installed Base and Technology Mix, 2007'’

Light Source ‘ Market Share (%) ‘ Installed Base
General Service Incandescent 45.6% 24,340,000
General Service Halogen 12.4% 6,620,000
CFL — Screw Base 2.8% 1,474,000
T12 Fluorescent Tube 34.0% 18,142,000
T8 Fluorescent Tube 5.3% 2,806,000
Total 100.0% 53,382,000

3.6.3. Kitchen Undercabinet Lighting Operating Hours

Kitchen undercabinet lighting systems operate for an average of 1107 hours per year, amounting
to about three hours per day. This estimate comes from the U.S. Lighting Market
Characterization Volume I: National Lighting Inventory and Energy Consumption Estimate
(DOE, 2002a), which includes survey data on kitchen light operating hours. We assume that
hours of operation have not changed between 2001 to 2007.

3.6.4. Kitchen Undercabinet Lighting System Average Wattages

Table 3-27 shows the average kitchen undercabinet lighting system wattage obtained from the
2000 and 2005 California Residential Lighting and Appliance Efficiency Saturation Surveys.
Using average ballast efficiencies for fluorescent lamps, system wattages for the kitchen
undercabinet lighting systems could be calculated. LED replacements for the kitchen
undercabinet lighting products were determined by matching the lumen output of the LEDs and
conventional products, assuming a LED undercabinet lighting system efficacy of 45.5 Im/W
from the best-in-class products measured by the CALIPER program (DOE, 2007¢c) and including
measured undercabinet fixture efficiencies for LED and conventional products (DOE, 2008e).
Table 3-27: Kitchen Undercabinet Li

hting System Averag

Light Source System Watts (W) ‘ LED Equivalent (W)
General Service Incandescent 60 9
General Service Halogen 55 6
CFL — Screw Base 18 8
T12 Fluorescent Tube 45 13
T8 Fluorescent Tube 28 20

' Due to lack of data, we assume that 4-foot T12s and T8s are most commonly used in kitchen undercabinets.
However, less efficacious 2-foot or 3-foot fluorescents may also be in use in kitchen undercabinets. Therefore, we
may be understating the energy consumption and potential energy savings of LEDs in this application.
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3.6.5. Kitchen Undercabinet Lighting Energy Saving Potential

The 53 million kitchen undercabinet lighting systems in the U.S. consumed 2.84 TWh/yr of
electricity, as shown in Table 3-28. LED kitchen undercabinet lighting systems did not lead to
significant energy savings in 2007 as widespread adoption of LED products has yet to occur.
However, the kitchen undercabinet lighting market has the potential to save 2.22 TWh/yr of
electricity if the market completely shifted to LED systems with an average luminaire efficacy of
45.5 Im/W (DOE, 2007c). This corresponds to 24.0 TBtu/yr of primary energy savings at the
power plant, equivalent to 35% of the annual output of one large (1000 MW) coal power plant or
annual electricity consumption of just under two hundred thousand households.

Table 3-28: Kitchen Undercabinet Energy Consumption and Savings Potential, 2007
Annual Electricity  Electricity Potential Theoretical
Niche Application Consumption Savings 2007 Electricity Maximum Electricity

2007 (TWh) (TWh) Savings (TWh) Savings (TWh)

Kitchen Undercabinet

Lighting 2.84 0.0 2.22 2.22

3.6.6. Technology Benefits in Addition to Energy Savings

White LEDs offer several advantages that will make them suitable to this niche application, as
described in Table 1-2. LED light sources for kitchen undercabinet lighting offer several
benefits and features to homeowners that set them apart from incandescent, halogen, and
fluorescent products. These benefits include:

1. Longer Operating Life

2. Lower Maintenance and Life-Cycle Costs
3. Reduced Radiated Heat

4. Minimal Light Loss

5. Dimmability and Controllability

6. Directional Illumination
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4. Outdoor White-Light Applications

As with indoor white-light applications, electricity is saved in outdoor white-light applications
where LED sources are used to replace incandescent, halogen, mercury vapor, metal halide and
high-pressure sodium lamps. The case for energy savings for outdoor white-light applications is
unique from colored-light and indoor white-light applications because of the eye’s response to
light under nighttime conditions. The savings for outdoor installations are presented in TWh per
year for the nation under daytime conditions, which may represent the lower bound of the energy
savings potential of LEDs in these applications. Even more energy could potentially be saved if
lighting designers took into account the effects of night time conditions on vision. This report
evaluates two outdoor white-light niche market applications: street and area lighting, and step,
path, and porch lighting.

4.1. Photopic vs. Scotopic Vision

According to some experts, the energy efficiency benefits of LED outdoor lights cannot be
determined simply by comparing efficacy, the energy efficiency measure for lamps. Studies
comparing the perceived brightness of LED sources and sodium lamps at night have shown that
LEDs can achieve the same level of perceived brightness with lower lumen output than sodium
lamps (Raleigh 2007). This affect could be explained by the eye’s response to light in outdoor
“night time” conditions.

Light, measured in lumens, is defined according to the visual sensation it produces in “daytime”
conditions. However, the visibility of light varies with external conditions. During “daytime” or
indoor lighting conditions, where there is a high level of ambient light, the eye uses its cone
sensors to perceive light. This type of vision is referred to as photopic (photon-rich) vision.
During “night time” conditions, where there is a low level of ambient light, the eye uses its rod
sensors to perceive light. This type of vision is referred to as scotopic (scarcity of photons)
vision. The rods have a different color response than the cones in the eye, as shown in the
photopic and scotopic V-A curves, Figure 4-1. Under outdoor lighting at night, the eye operates
in an intermediate range, called mesopic vision, using both rods and cones.

The energy savings estimates given in this report could possibly be greater if the visible light
output of light sources under outdoor lighting conditions were taken into account. Assuming
equal quantities of “daytime” lumens produced, light sources rich in blue light, such as LEDs or
metal halide lamps produce more visible lumens at night than light sources rich in yellow light
such as high or low pressure sodium lamps (Bullough 2001). However, the commercial
applicability of these additional energy savings is limited until regulatory bodies and the lighting
industry change specifications and design requirements to take the efficacy of light sources under
nighttime conditions into account. As of 2007, lighting organizations such as the Illuminating
Engineering Society of North America (IESNA) and the International Commission on Lighting
[Commission Internationale de I'Eclairage] (CIE) do not accept scotopically enhanced design
factors as industry-recognized standard practice.
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Figure 4-1: Photopic and Scotopic V-A Curves
Source: Electro-Optical Industries, 2007.

4.2. Street and Area Lighting

Streetlights serve the purpose of illuminating roadways, highways, or tunnels to improve
visibility for drivers at night while area lights serve to illuminate outdoor sites such as parking
lots and garages, outdoor landscapes, pedestrian walkways, and municipal and downtown
common outdoor spaces. In this study, we took into account street and area lights that use
incandescent, halogen quartz, fluorescent, and high intensity discharge lamps such as mercury
vapor, metal halide or high-pressure sodium lamps as these represent the vast majority of street
and area lights.

Substantial energy savings can be realized if the market shifted toward LED street and area
lights. A potential electricity savings of 44.7 TWh per year may be realized if LEDs achieved
100% market penetration. The potential primary energy savings is 482.0 TBtu/yr at the power
plant, the equivalent of seven large (1000 MW) electric power plants or the annual electricity
consumption of 3.7 million households if 100% of the installed base moved to LED.

4.2.1. Introduction

The earliest street and area lights were oil or gas lamps that required a lamp-lighter to light each
streetlight by hand at dusk. The first electric street and area lighting technology was the carbon
arc lamp, invented by Pavel Yablochkov in 1875. A low voltage applied to the lamp’s two
carbon electrodes produces an electric arc. As the two electrodes are pulled apart, an electric
current maintains the arc and heats the electrodes until they incandesce and emit light. By the
1890s, the United States had installed over 130,000 streetlights.

In 1879, Thomas Edison invented the incandescent lamp, which soon replaced arc lamps for
street and area lighting applications because of its higher reliability, longer life, and warm-white
light. Incandescent lamps produce light by sending an electrical current through a tungsten
filament, which heats until it incandesces to produce light. Incandescent street and area lights
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were popular throughout the 1930s and 1940s as automobile use expanded. The incandescent
lamp soon replaced the carbon arc lamp as the most common streetlight, because of the arc
lamp’s harsher light quality and lower lamp life.

In 1938, the first mercury vapor streetlights were installed. Mercury vapor lamps produce light
by exciting mercury in a small quartz arc tube with an electrical current. The excited mercury
then releases its energy by emitting light. Mercury vapor street and area lights became popular
because they were much brighter and more efficient than incandescent lamps. However, the
mercury contained in and ultraviolet light emitted by these lamps are safety hazards if the lamps
break (Comer, 2000).

In the 1970s, high-pressure sodium lamps, which produce light by exciting sodium, were put into
service. These lamps are recognizable by their virtually monochromatic yellow/orange (589.0
and 589.6 nm) light. High-pressure sodium lamps are beneficial because they are far more
efficient than incandescent or mercury vapor lamps, and they contain no mercury. Today,
yellow/orange high-pressure or low-pressure sodium lamps are among the most common street
and area lighting technologies in use because of their high efficacies. Their main disadvantage is
their poor color rendering because they are nearly monochromatic light sources (Comer, 2000).

Metal halide is now becoming the light source of choice for street and area lighting applications
where color rendering is important. A close variation of mercury vapor lamps, a metal halide
lamp produces light through a mixture of mercury and other chemicals such as sodium iodide or
scandium iodide in an excited state (Comer, 2000). Since a metal halide lamp’s spectrum
contains more blue light than sodium lamps, they render blues and violets more accurately and
appear to be brighter at night when the eye uses mesopic vision.

In the early 2000s, researchers recognized the potential for LEDs in street and area lighting
applications. LEDs are particularly advantageous in street and area lighting applications because
they are better directional light sources, exhibit longer lifetimes, and enhance night time
visibility. Because of these positive attributes, Raleigh, North Carolina became the first of a
dozen U.S. cities to begin testing and replacing their conventional street and area lighting
technologies with LED fixtures in February 2007. A major LED manufacturer has also launched
the LED Cities program, to accelerate the adoption of LED technology in street and area lighting
applications (CREE, 2007). In addition, DOE has launched the Gateway demonstration program
to monitor LED products in many applications, including street and area lighting, and provide
independent performance data.'® Although several cities have begun to adopt LED technologies
in street and area light applications, we assume the penetration of LEDs is effectively zero as the
number of LED streetlights these cities have installed amounts to less than one-tenth of one
percent of the total installed base of streetlights in the U.S.

A number of sources were contacted to prepare a national estimate of the energy consumption of
street and area lights. Sources used for the four critical inputs to the energy consumption and
savings estimates are summarized in Table 4-1. The analysis takes into account only those street
and area lights that use incandescent, halogen quartz, fluorescent, and high intensity discharge

'8 Manufacturers and host sites may apply to participate in the program at
http://www.netl.doe.gov/ssl/techdemos.htm.
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lamps such as mercury vapor, metal halide or high-pressure sodium lamps as these represent the
vast majority of street and area lights.

Table 4-1: Critical Inputs for Street and Area Lighting Energy Consumption and Savings
Potential Estimates
Critical Input Notes and Sources
Installed Base of Lamps Number of Street and Area Light Fixtures: U.S. Census Bureau,
Electric Light Fixture Current Industrial Reports, 1980-2001
Number of Lamps: NEMA HID Lamp Survey, 2004.

Annual Operating Hours Street and area lights operate 12 hours per day throughout the year,
amounting to 4,380 hours per year

Lamp Wattages U.S. Lighting Market Characterization, Volume I: National Lighting
Inventory and Energy Consumption Estimate, DOE, 2002a; NEMA
HID Lamp Survey, 2004; GE, 2006; OSI, 2006; Philips, 2006.

LED Efficacy: Cook, Sommer and Pang, 2008.

Lighting Technology Mix U.S. Lighting Market Characterization, Volume I: National Lighting
Inventory and Energy Consumption Estimate, DOE, 2002a.

4.2.2. Street and Area Lighting Installed Base

The installed base of street and area lights in the U.S. is approximately 131 million luminaires as
of 2007, which includes 47.8 million area lighting fixtures, 45.8 million floodlighting fixtures,
34.7 million street lighting fixtures, and 3.1 million parking lot/garage lighting fixtures. The
national inventory of street and area lights was estimated from annual shipments of electric light
fixtures collected by the U.S. Census Bureau until 2001 and the 2004 National Electrical
Manufacturers Association (NEMA) High Intensity Discharge (HID) Lamp Survey, collected
from 1990 to 2002. This study tracks annual HID lamp shipments in the U.S. by wattage and
base types for the largest U.S. manufacturers. The street and area light inventory estimate
assumes an average lifetime of 20 years for the street and area light fixtures. The technology
mix of street and area lights was estimated from the lamp inventory developed from NEMA HID
shipments data and from the U.S. Lighting Market Characterization, Volume I: National
Lighting Inventory and Energy Consumption Estimate report.

Table 4-2: Street and Area Li

ht Installed Base, 2007
Number of Street and

Light Source Percentage Area Lights
Incandescent 2% 3,159,000
Halogen Quartz 8% 9,917,000
Fluorescent 6% 7,530,000
Mercury Vapor 13% 17,675,000
Metal Halide 27% 38,330,000
High Pressure Sodium 39% 54,745,000
Total 100% 131,356,000
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4.2.3. Street and Area Lighting Operating Hours

The typical street or area light is run throughout the night, for 12 hours per day, amounting to
4380 hours per year.

4.2.4. Street and Area Lighting Average Wattages

The conventional system wattages for the national street and area light installed base were
developed from the 2004 NEMA HID Lamp Survey, and average fluorescent and HID ballast
efficiencies and factors (GE, 2006; OSI, 2006; Philips, 2006), as shown in Table 4-3. The
equivalent LED replacement wattages were developed by matching the lumens delivered by the
conventional light source, using the best-in-class reported efficacies of street and area luminaire
products tested by DOE’s Gateway demonstration program (Cook et al, 2008). The LED and
conventional systems were matched on a mean lumen basis, taking into account the 30 to 50
percent depreciation of light output from the fluorescent and HID sources over their respective
lifetimes.

Table 4-3: Lamp Wattage of Street and Area lights
Conventional 2007 LED

Light Source System Replacement
Wattage (W) Wattage (W)
Incandescent 150 26
Halogen Quartz 150 31
Fluorescent 159 151
Mercury Vapor 254 108
Metal Halide 458 327
High Pressure Sodium 283 276

4.2.5. Street and Area Lighting Energy Savings Potential

Table 4-4 shows the potential energy savings if the national base of street and area lights was
converted overnight to LEDs using 2007 technology. A potential electricity savings of 44.7
TWh/yr may be realized if LEDs with an average luminaire efficacy of 57.5 Im/W (Cook et al,
2008) achieved 100% market penetration. The potential primary energy savings is 482.0
TBtu/yr at the power plant, the equivalent of seven large (1000 MW) electric power plants or the
annual electricity consumption of 3.7 million residential households if 100% of the installed base
moved to LED.

Table 4-4: Energy Consumption and Savings Potential of LED Street and Area Lighting, 2007
Annual Electricity Electricity Potential Theoretical Maximum
Niche Application Consumption Savings 2007 Electricity Electricity Savings

2007 (TWh) (TWh) Savings TWh) (TWh)

Street and Area

Lights 178.3 0 44.7 44.7
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4.2.6. Technology Benefits in Addition to Energy Savings

There are several benefits outside of energy savings that are driving the adoption of LED
technology in this application. In addition to saving potentially 482.0 TBtu/yr of primary energy
when the market reaches saturation, LED street and area lights offer other advantages over
traditional technologies, as described in Table 1-2. These include:

Longer Operating Life

Lower Maintenance and Life-Cycle Costs
Reduced Radiated Heat
Minimal Light Loss
Dimmability and Controllability
Directional [llumination

Safety Improvements

Uniform Illumination

Improved Color Rendition

10 Lower Lumen Depreciation

11. Light Pollution Reduction

00N U AW~

4.3. Step, Path, and Porch Lighting

A similar promising niche application for LEDs is residential step, path, and porch lighting.
Several manufacturers have created specialized products for this application, with some designs
winning the annual Lighting for Tomorrow prizes for innovative and energy-efficient LED
product designs. Because products have only recently been introduced on the marketplace, we
assume that market penetration for LEDs in this application is essentially zero. LED products
are beneficial in this application because they provide enhanced nighttime visibility, longer
lifetimes, and energy savings when replacing incandescent or halogen outdoor lighting.

Step, path, and porch lighting consumed 22.0 TWh in 2007. An additional electricity savings of
12.6 TWh/yr is possible if 100% of the market switched to LED products, equivalent to a
primary energy savings of 136.3 TBtu/yr at the power plant. The theoretical maximum energy
savings of LEDs in step, path and porch lighting is equivalent to the annual output of two 1000
MW coal power plants or the annual electricity consumption of one million residential
households.

4.3.1. Introduction

The task of residential step, path, or porch luminaires is to allow clear facial identification or
identifiable walkway illumination near the lamp. These luminaires are usually wall-, step-, or
path-mounted. The Illuminating Engineering Society of North America (IESNA) recommends
that walkways and stairways average a horizontal illuminance level of about 0.5 footcandles (fc)
(5 lux). The recommended level for vertical illuminance is 0.8 fc (8 lux), measured 5 feet (1.5
meters) above the doorway threshold (LBL 2007).
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Step, path, or porch luminaires face cooler operating temperatures because they are primarily
used at night. LEDs are attractive for this application because they operate more efficiently in
cooler temperatures (Shakir 2002). LEDs systems are also low-voltage, which enhances safety,
and have small form factors, beneficial for applications in which the lighting system is designed
to be inconspicuous. LED luminaires typically consume less power than incandescent or
halogen systems, leading to substantial energy savings. LED products also have longer lifetimes,
requiring less frequent lamp replacements.

Previous studies, databases, and researchers were consulted to prepare an energy consumption
and savings potential estimate for step, path, and porch lighting. As with the other niche market
assessments, there are four critical inputs used in preparing the energy consumption and savings
estimates, summarized in Table 4-5. The analysis takes into account the case of LED step, path,
and porch lighting systems replacing incandescent and halogen outdoor luminaires.

Table 4-5: Critical Inputs for Step, Path and Porch Light Energy Consumption and Savings
Potential Estimates

Critical Input Notes and Sources

Installed Base of Lamps Number of Street and Area Light Fixtures: U.S. Census Bureau,
Electric Light Fixture Current Industrial Reports, 1980-2001.
Annual Operating Hours Operating Hours per Building Type: U.S. Lighting Market

Characterization, Volume I: National Lighting Inventory and Energy
Consumption Estimate, DOE, 2002a.

Distribution of Building Types: Residential Energy Consumption
Survey, EIA, 2001.

Lamp Wattages California Residential Lighting and Appliance Efficiency Saturation
Survey, RLW Analytics, Inc., 2000a, 2000b, 2005a, 2005b.

Fixture Efficiencies: Mia Paget, PNL, 2008.

LED product efficacies: CALiPER Round 4 Summary of Results,
DOE, 2008c, CALiPER Round 3 Summary of Results, DOE, 2007c.

Lighting Technology Mix California Residential Lighting and Appliance Efficiency Saturation
Survey, RLW Analytics, Inc., 2000a, 2000b, 2005a, 2005b.

4.3.2. Step, Path, and Porch Installed Base

The national inventory of step, path, and porch lights was estimated from the U.S. Census
Bureau’s Electric Light Fixture Current Industrial Reports, which tracked annual shipments of
residential outdoor electric light fixtures until 2001. Extrapolating these inventories, by fixture
type, to the national level in 2007 produces an estimated installed base of approximately 265
million step, path, and porch lights, as shown in Table 4-6. The inventory assumes an average
lifetime of 20 years for the step, path, and porch fixtures.

The technology mix of the step, path, and porch lights was estimated from the 2000 and 2005
California Residential Lighting and Appliance Efficiency Saturation Surveys (RLW, 2000a,
2000b, 2005a, 2005b). Outdoor porch lights were one of the lighting fixtures tracked in the
surveys of households in investor-owned utility and municipal utility districts in California.
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Table 4-6: National Installed Base and Technology Mix of Step, Path and Porch Lights, 2007

Percent of Number of
Installed Base (%) | Installations

Light Source

General Service Incandescent 75.0% 198,572,000
Halogen General Service 6.7% 17,819,000
Halogen Quartz 0.6% 1,526,000
Fluorescent 0.3% 926,000
CFL 17.3% 45,837,000
Total 100% 264,680,000

4.3.3. Step, Path, and Porch Operating Hours

For this report, the average operating hours for step, path, and porch lights was estimated from
the U.S. Lighting Market Characterization Volume I: National Lighting Inventory and Energy
Consumption Estimate (DOE, 2002a). Outdoor residential spaces were one of the room-types
tracked by this study. The Residential Energy Consumption Survey (RECS) published by the
EIA, was used to obtain the distribution of building types in the residential sector. The average
operating hours in outdoor residential spaces, weighted by lamp inventories, was 766 hours per
year or approximately 2 hours per day for all lamp types.

4.3.4. Step, Path, and Porch Lamp Average Wattages

Table 4-7 shows the average lamp wattages for step, path, and porch lights which were estimated
from the 2005 California Residential Lighting and Appliance Efficiency Saturation Surveys
(RLW, 2000, 2005). From this study, lamp wattages for the residential sector were determined
for outdoor porch applications. The replacement LED wattage was determined by matching the
lumen output for the conventional technologies and LED products, given efficacies found from
conventional lamp product catalogs and published efficacies from best-in-class LED outdoor
products tested by the CALIPER program (DOE 2007,2008). Conventional outdoor luminaires
have fixture efficiencies in the range of 40-80%; and for this energy consumption and savings
calculation, a fixture efficiency of 60% was used to obtain the lumen output of the conventional
products (Paget, 2008). Current LED outdoor residential step, path, and porch lighting systems
are less efficacious than HID, fluorescent and CFL fixtures, thus LEDs are modeled to replace
only incandescent and halogen fixtures, representing 82% or 218 million fixtures, in the energy
savings analysis.

Table 4-7: Average Lamp Wattage for Step, Path, and Porch Lights
Average LED Replacement

Lamp Type

Wattage (W) Average Wattage (W)
Incandescent General Service 119 46
Halogen General Service 158 64
Halogen Quartz 432 211
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4.3.5. Step, Path, and Porch Lighting Energy Saving Potential

The current market penetration of LEDs in step, path, and porch lights is assumed to be zero
percent, as the technology has only recently become available in the marketplace. Table 4-8
presents the energy consumption estimate for step, path, and porch downlights, based on the data
and inventory estimates described above.

Table 4-8: Step, Path and Porch Lighting Energy Consumption and Savings Estimate, 2007

- Annual - Electricity - Potential Theoretical Maximum
Application Electricity 2007 | Savings 2007 | Electricity Savings Electricity Savings
(TWh/yr) (TWh/yr) (TWh/yr) (TWh/yr)

22.0 0 12.6 12.6

Step, Path,
Porch Lighting

Step, path, and porch lighting consumed 22.0 TWh in 2007. A potential electricity savings of
12.6 TWh/yr is possible 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
Im/W (DOE, 2008c, 2007¢). These potential electricity savings are equivalent to a primary
energy savings of 136.3 TBtu/yr at the power plant. 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.

4.3.6. Technology Benefits in Addition to Energy Savings

In addition to energy savings, there are other benefits driving the adoption of LED technology in
this application. In addition to saving potentially 136.3 TBtu/yr of primary energy when the
market reaches saturation, LED step, path and porch lights offer other advantages over
traditional technologies, as described in Table 1-2. These benefits include:

Longer Operating Life

Lower Maintenance and Life-Cycle Costs
Reduced Radiated Heat

Minimal Light Loss

Dimmability and Controllability
Directional [llumination

Durability

Light Pollution Reduction

PN W=
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5. Conclusion

In the last few years, LEDs have emerged as a competitive lighting technology, capturing market
share in several niche applications from incandescent, halogen, neon, high intensity discharge,
and certain types of fluorescent light sources. Most cost-effective in colored-light applications,
LEDs have proven to be an economically viable replacement in applications such as exit signs,
where they are the least cost option, and traffic signal heads, where the initial LED light source
can be more than 20 times as expensive as the incandescent light source it replaces while the
lifetime costs are lower (ENERGY STAR, 2006). Furthermore, substitutions like these are taking
place, without subsidies or coupon schemes, because LEDs make financial sense and offer
customers a better quality, more reliable lighting service.

Niche applications evaluated in this report cut across colored-light, indoor and outdoor white-
light installations. In the colored-light sector, LED technology is being used in traffic signal
heads, decorative holiday lights, exit signs, and electric signage. In all of these applications,
LEDs are replacing incandescent, fluorescent or neon lamps, which typically produce colored
light using a color-filter lens or encasement. LEDs have the advantage of only producing light in
the desired emission color, enabling them to do so using less energy. To date, approximately
2.82 TWh of electricity are saved every year because of the LED traffic signals that have
replaced incandescent technology. LED exit signs save even more electricity, 4.56 TWh per
year, since they have become the technology of choice in this application. Substantial energy
savings have also been realized through LED holiday lights and electric signage, saving 0.33
TWh and 0.95 TWh per year, respectively. If these four colored-light applications switched
entirely to LEDs, a potential of 15.2 TWh per year of electricity could be saved, equivalent to the
annual output of approximately two large coal power plants or the annual electricity
consumption of approximately one million typical U.S. households.

In the indoor white-light installations, LED products are available for recessed downlights,
refrigerated display cases, retail display lighting, task lighting, office undershelf, and kitchen
undercabinet lighting fixtures. In all of these applications, LED products have only recently
become available in the marketplace and we assume that there is no significant market
penetration of LEDs as of 2007. In all of these applications, luminaire designers are taking
advantage of the directional light output of LEDs to design highly efficient fixtures that have the
potential to save substantial amounts of electricity. Indoor white-light applications have the
greatest potential of all the applications studied in this report to save substantial amounts of
energy. If the six indoor white-light applications switched entirely to LEDs, a potential of 108
TWh per year of electricity could be saved, equivalent to the annual output of approximately
seventeen large (1000 MW) electric power plants or the annual electricity consumption of nine
million typical U.S. households.

Finally, in the outdoor white-light applications, street and area lights represent the most
significant niche market opportunity for LEDs. Designers can take advantage of the enhanced
visibility of LEDs at night, due to their high blue content relative to high or low pressure sodium
lamps. LEDs in outdoor white-light applications are the focus of major marketing programs
such as LED Cities, DOE’s Gateway demonstration program, as well as the DOE ENERGY
STAR® program for solid state lighting. A few pioneering cities have installed LED street and
area lights and are reporting significant energy and cost savings, as well as better nighttime
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visibility from white LED products compared to high-intensity discharge lamps. LED outdoor
step, path, and porch light products have won the Lighting for Tomorrow prize for innovative,
energy-saving SSL product design. As these programs gain in popularity, LED market share in
these applications will grow. As of 2007, we assume that there is no significant market
penetration of LEDs in these applications as LED products have just recently entered the market.
However, if the market switched entirely to LEDs, street and area lights have the potential to
save 44.7 TWh per year and outdoor step, path, and porch lights have the potential to save 12.6
TWh per year of electricity, yielding a total of 57.3 TWh/year of electricity savings, the annual
output of approximately nine large (1000 MW) electric power plants or the annual electricity
consumption of almost five million households.

Figure 5-1 presents the energy savings in 2007 from the niche applications considered in this
analysis. The five niche applications appearing in this diagram represent those markets where
LEDs have some level of market penetration. The other seven markets have an assumed market
penetration of zero percent, due to the lack of significant market adoption as of 2007.

Refrigerated Display
Cases
o,
Commercial Signage 1%
11%

Holiday Lights Traffic Signals

4% — 2%
8.7 TWh/yr
Exit Signs
52%

Figure 5-1: Site Electricity Savings in 2007 Attributable to LED Market Penetration

Clearly exit signs are the dominant energy saver from an LED perspective in 2007, providing
over half of the realized electricity savings. Other niches, such as traffic signals — the second
most significant energy saver — contribute a third of the total site electricity savings in 2007.
Some sectors such as refrigerated display case lighting have low levels of LED penetration, thus
contribute only one percent to the 2007 savings.

67



Figure 5-2 apportions the electricity savings if 100% of these twelve niche markets convert to
LED technology. This total represents the combined 2007 energy savings and future potential
energy savings if the remainder of each market converts to LED luminaires with efficacies
between 22.5 and 60.9 Im/W. This savings estimate may be understated, because it fixes LED
technology at today’s performance levels. Over the coming years, researchers and manufacturers
will continue to develop and commercialize more energy efficient, higher quality LED devices.
This trend means that as more market share is captured in the future, the LED technology
adopted will have better performance characteristics, and contribute to even more significant
energy savings. This situation is particularly true for white-light LED devices, which today are
significantly more efficacious than an incandescent, but are outperformed by the best T8
fluorescent and high-intensity discharge lamps. White-light LED technology is presently the
focus of many research initiatives around the United States and the world, and continued
advancements in efficacy, lumen output, operating life, and other critical performance metrics
are anticipated.

Refrigerated Display
Task Lightin
Kitchen 7;} 8 Clz:;es
Undercabinet Retail Display °
Lighting 4%
1%
Office Undershelf
Lighting — Recessed Downlights
0.7% 2%

Commercial Signage
4%

Holiday Lights

3%
Exit Signs /

3%

Traffic Signals
3%
Step, Path, and Porch

lights

Street and Area 7%
Lights
24%

Figure 5-2: Maximum Site Electricity Savings With 100% LED Market Penetration

Table 5-1 summarizes the current energy savings of the analysis in detail, both electricity
consumption and primary energy consumption. Some sectors have estimates of zero percent
LED penetration, thus contribute no savings to the total of 8.7 TWh. Energy savings estimates
were not prepared for seven applications analyzed: recessed downlights, retail display, task
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lighting, office undershelf, kitchen undercabinet, street and area lights, and step path and porch
lights. This was because significant adoption of LEDs has yet to occur.
Table 5-1. Energy Consumption and Savings in 2007 of Applications Evaluated

Electricity Primary Energy
Savings 2007 Savings 2007

Annual Electricity

Application Consumption LED Market

Penetration

(TWh) (TWh) (TBtu)

Colored Light Applications

Traffic Signals 2.38 52% 2.82 30.4
Decorative Holiday Lights 6.63 52% 0.33 3.53
Exit Signs 2.50 88% 4.56 49.2
Electric Signage 11.6 6.1% 0.95 10.3
Indoor White-Light Applications

Recessed Downlights 103.1 0.0% 0.0 0.0
Refrigerated Display Cases 13.4 3.6% 0.08 0.81
Retail Display 32.0 0.0% 0.0 0.0
Task Lighting 18.8 0.0% 0.0 0.0
Kitchen Under-Cabinet Lighting 2.84 0.0% 0.0 0.0
Office Undershelf Lighting 343 0.0% 0.0 0.0
Outdoor White-Light Applications

Street and Area Lights 178.3 0.0% 0.0 0.0
Step, Path, and Porch lights 22.0 0.0% 0.0 0.0
Total 397 TWh -- 8.7 TWh 94 TBtu

In 2007, electricity savings attributable to LEDs are dominated by exit signs, where LEDs have
an estimated 88% market penetration. This niche market represents 52% of the total energy
savings attributable to LEDs in 2007. The second most significant energy saving niche market in
2007 was traffic signal heads. In this application, approximately 52% of the signals are
estimated to be LED, representing approximately 32% of the total energy savings from LEDs in
2007. From negligible penetration in 2002, LEDs have reached 6.1% of the electric signage
market and 5.2% of the decorative holiday lights market, contributing to 11% and 4% of the total
energy savings from LEDs in 2007, respectively. LEDs have also gained marketshare in the
refrigerated display case market, achieving almost 4% penetration in 2007. Other applications,
such as recessed downlights, retail display, task lighting, street and area lighting, and step, path
and porch lighting are estimated to have zero market penetration of LEDs. Commercial LED
products for these applications are available; however market adoption has yet to occur.

Table 5-2 presents the future energy savings potential from converting the remainder of each
market entirely to LEDs. It also presents the cumulative (total) energy savings that would result
from the energy savings in 2007 and the additional energy savings from the conversion of each
market to 100% LED.
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Table 5-2. Potential and Cumulative Energy Savings of Applications Evaluated

Theoretical Theoretical

Maximum Maximum

Electricity Primary Energy
Savings (TWh) Savings (TBtu)

Electricity Primary Energy

Application Savings Savings
Potential (TWh) Potential (TBtu)

Colored Light Applications

Traffic Signals 2.03 21.9 4.85 523
Decorative Holiday Lights 5.97 64.4 6.30 67.9
Exit Signs 0.63 6.78 5.18 559
Electric Signage 6.58 71.1 7.53 81.3
Indoor White-Light Applications

Recessed Downlights 81.2 876.6 81.2 876.6
Refrigerated Display Cases 2.0 21.6 2.1 224
Retail Display 7.87 84.9 7.87 84.9
Task Lighting 13.0 140.1 13.0 140.1
Kitchen Under-Cabinet Lighting 2.22 24.0 2.22 24.0
Office Undershelf Lighting 1.37 14.8 1.37 14.8
Outdoor White-Light Applications

Street and Area Lights 44.7 482.0 44.7 482.0
Step, Path, and Porch lights 12.6 136.3 12.6 136.3
Total 180 TWh 1944 TBtu 189 TWh 2039 TBtu

Across the niche markets analyzed, there are significant opportunities for energy savings in the
colored-light applications as well as the indoor and outdoor white-light applications. A total of
15.2 TWh per year of potential site electricity savings are available in commercial advertising
signs, traffic signals, holiday lights, exit signs and the other applications that are grid-connected.
Similarly, 107.7 TWh per year of site electricity savings are available if the installed base of
recessed downlights, refrigerated display cases, retail display lights, task lights, office
undershelf, and kitchen undercabinet lights switched to LEDs. In the outdoor white-light market,
57.3 TWh per year of site electricity savings are available in the street and area light and outdoor
step, porch, and walkway applications. If these opportunities are fully realized, combined with
the savings already captured to day, approximately 2039 TBtu of national energy consumption
could be avoided. This represents 2.0 quadrillion Btus, “quads”, or approximately two percent of
total national energy consumption in 2007.

5.1. Benefits and Capturing Market Share

LEDs offer many benefits that have enabled them to capture market share from conventional
light sources. As discussed earlier, LEDs are proving successful at capturing market share in
colored-light applications such as traffic signals and exit signs. Each niche market analyzed in
this report covers the particular LED benefits that are most relevant to a given application.
Benefits impacting multiple applications are summarized here:

* Reduced Energy Consumption — LED devices can offer a more energy efficient means of
producing light, particularly when compared to incandescent sources. In an application such
as a traffic signal, an 8W LED red signal head replaces a 135W reflector lamp — a 94%

70




reduction in energy consumption - while complying with the same safety standards. And as
solid state lighting technology evolves, the efficiency of these devices will continue to
improve, enabling even greater energy savings through conversion to LED.

* Long Operating Life — Commercial and industrial specifiers are generally interested in using
a light source that is reliable and lasts a long time. Frequent lamp replacements can be costly
from a maintenance perspective, and failed lamps could expose lamp operators to liabilities
(e.g., traffic signals or exit signs). In fact, maintenance savings are one of the primary reasons
behind market adoption of LEDs in several markets, such as electric signage, street and area
lights, and retail display lighting. Presently, LED technology offers operating lives that are
approximately twenty-five times longer than those of incandescent sources.'® Researchers
indicate that operating life will continue to improve as the technology develops.

* Lower Maintenance and Life-Cycle Costs - The longer life of LEDs translates into less
frequent relamping and lower maintenance costs. Although several LED products cost more
than conventional products, the lower energy consumption and extended operating life (and
associated maintenance savings) equate to lower life-cycle costs. For example, the cost of
ownership, including energy and maintenance costs, of one intersection of LED traffic
signals is about ninety percent less than that of an intersection of incandescent traffic signals
(ENERGY STAR, 2006, 2008a).

* Reduced Radiated Heat — LEDs convert a higher proportion of electricity into visible light
than incandescent sources. LED conversion efficiency has improved rapidly and is expected
to continue; current LED luminaires can be equivalent to or more efficient than fluorescent
and HID luminaires at converting power to visible light. Further, incandescent sources
convert most of the power they use into infrared (IR) radiation (radiated heat), and some
discharge sources emit both IR and ultraviolet (UV), but LEDs emit neither (unless
specifically designed to do so). Instead, the waste heat generated by the LED must be
removed by heat-conducting material (a “heat sink”). The reduction in heat radiated into
conditioned space may reduce the air-conditioning or refrigeration load for some
applications.

e Minimal Light Loss — Unlike conventional lamps, LED luminaires do not need color filters
to produce colored-light. In colored-light applications, light loss can be minimized by
matching the color of the LED chip emitter to the color of the translucent covering on the
lighting fixture. Furthermore, light emitted from an LED device is more directional and
controlled, meaning that fewer photons are trapped within the lighting fixture. By contrast,
conventional lamps have a 360 degree emission range, which results in lower fixture
efficiencies as light is lost as the light is dispersed to the back of the fixture.

e Dimmability and Controllability — For most applications, LED luminaires can be designed
with dimming controls and motion sensors to adjust brightness levels. For example, LEDs
can be dimmed more efficiently than fluorescents because rapid and frequent on/off cycles
do not affect the life of the LED, enabling the use of movement-triggered controls. These

' We assume that manufacturers’ claims of 50,000-hour LED lifetimes can be substantiated. However, these claims
have not been independently verified by DOE.
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controls can reduce the annual operating hours of the LED system and lead to greater energy
savings than we calculate in this report.

Directional [llumination — The LED sources can be targeted to illuminate particular parts of
the packaging or prices in the display case, calling customer’s attention to aspects of the
display case that may result in a sale. Similarly, LED task, office undershelf, or kitchen
undercabinet lights can be targeted to illuminate particular parts of the work space, leading to
higher fixture efficiencies and higher illumination to complete tasks, with less light scattered
away from the work space.

Durability — the light production mechanism for LED devices is fundamentally different from
traditional light sources such as incandescent and fluorescent. LED sources produce light by
passing a current through thin layers of a semi-conductive material, which causes the
recombination of electron-hole pairs in the material which emit light. Inherent in this solid-
state light production mechanism is the ability of the source to resist vibration and impact,
making it an ideal light source for refrigerated display cases, office undershelf and kitchen
undercabinet lighting. The LED is encased in a tough epoxy plastic resin instead of a fragile
glass bulb, thus, they are more resistant to shattering or impact damage in these applications.

Safety Improvements — For several applications, characteristics specific to LEDs lead to
safety enhancements. LED luminaires are made of multiple diodes, and are less likely to fail
simultaneously, leading to less down time for traffic signals, enhancing traffic flow and
safety. In addition, LED holiday lights emit less heat than incandescents, and can reduce the
current total of 210 home-structure fires per year due to ignited Christmas trees (Ahrens,
2007). LED electric signage is also typically operated at lower voltages and direct current
which are safer for maintenance workers to handle than neon, which operates at 12,000 to
15,000 volts of alternating current.

Color Maintenance - Monochromatic LEDs for colored light applications allow the
elimination of filters and hence better color control and color life than conventional
technologies.

Smaller Package Size — Due to their compact size, LED devices are an excellent option
where size or weight is a concern. For example, LED lighting provides more shelf space for
merchandise in a refrigerated display case. This is because the LED and driver system is
much smaller than a fluorescent lamp and ballast system, and can be distributed throughout
the display case, unlike fluorescents.

Uniform Illumination. — LED devices offer distinct advantages where light encroachment or
glare is a problem. For example, through the use of lenses and lighting controls, LED street
and area lights, and step, path, and porch light luminaires can better distribute the light across
the ground, allowing more uniform illumination.

Battery Back-Up Capability - Traffic signals that include red, green, and yellow LEDs
consume around one-tenth as much power and LED exit signs consume about one-fifth as
much power as with incandescent sources. For this reason, battery back-up power supplies




are available which can operate during power failures to ensure smooth flow of vehicular
traffic or continuous delineation of building routes of egress. Many agencies use yellow LED
signals for battery back-up reasons in emergency situations. For instance, if yellow LED
signals were used in flashing mode, work crews would have a few extra hours to handle
emergency situations (Bullough, 2003b).

Adjustable Color — Storeowners could also easily alter the intensity and color of the LED
light to augment particular colors in the products. Recent marketing studies have shown that
these features offer enhanced appeal to the human eye compared to other lighting systems.
Study subjects strongly preferred display cases with LED lighting systems at half the
illumination levels of fluorescent systems (Narendran, 2003b).

Light Pollution Reduction — The directional quality of LED street and area or step, path, and
porch luminaires leads to more lumens to light the road plane or path and fewer lumens
scattered upward, reducing light pollution.
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