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Executive Summary

In 2017, the total energy consumption in the United States (U.S.) was 96.8 quadrillion British thermal units
(BTU), or quads, of primary energy according to the U.S. Energy Information Administration (EIA) Annual
Energy Outlook (AEO) 2018. (1) Roughly 38% of this energy was consumed for electricity use. (1) The U.S.
Department of Energy (DOE) Solid-State Lighting (SSL) Program estimated that in 2017, lighting consumed
approximately 6 quads of energy' and accounted for 6% of the total energy and 16% of the total electricity
consumed in the U.S. in 2017.? Light-emitting diodes (LEDs), a type of SSL, are revolutionizing the lighting
market. LEDs have surpassed, or matched, all conventional lighting technologies in terms of energy efficiency,
lifetime, versatility, and color quality, and, due to their increasing cost competitiveness, LEDs are successfully
competing in a wide variety of lighting applications. Going forward, LED technology is expected to continue
to improve, with increasing efficacy and decreasing prices while enabling new opportunities for lighting design
and energy savings.

Among its various activities, DOE has supported studies forecasting the market penetration of LEDs in general
illumination applications since 2002. These forecasts provide a comprehensive overview of the expected path
of LED adoption within the U.S. and estimate the energy savings offered by LED products out to year 2035.
This, the eighth iteration of the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications report, presents the results of the 2018 U.S. lighting market model. This study forecasts the
expected annual lighting energy consumption based on three different scenarios:

No SSL A hypothetical scenario that assumes LED technology never entered the lighting market. LED
lamps and luminaires are not available for competition, only conventional incandescent, halogen,
fluorescent, and high intensity discharge sources. The No SSL scenario is used as the reference
condition from which LED lamp and luminaire energy savings are calculated.

Current SSL Path The expected future path for LED lamps and luminaires given continuation of
current levels of solid-state lighting (SSL) investment and effort from DOE and industry stakeholders.

DOE SSL Program Goals The future path for SSL given the DOE goals outlined in the annual SSL
R&D Plan are met, representing the ultimate potential of what DOE has determined is technically
feasible in the given time frame.

The Current SSL Path scenario estimates the expected future adoption of LED lighting based on historical data
and the current trajectory for the technology. The DOE SSL Program Goals scenario estimates the potential
future adoption of LED lighting based on what DOE has determined is technically feasible in the given time
frame, but would require additional efforts and funds to meet these goals. The hypothetical “No SSL” scenario,
as indicated above, is used as a reference condition from which SSL energy savings are calculated for both the
Current SSL Path and DOE SSL Program Goals scenarios.

The model created for this report, the lighting market model, assumes the market adoption of LED lighting
technology is driven primarily by projected improvements in product efficacy and price, as well as established
technology diffusion rates. In 2017, the lighting market model estimates that LED penetration reached about
19% of all lighting installations, enabling 1.1 quadrillion British thermal units (quads) in energy savings.' By
the end of the analysis period, LEDs are anticipated to hold the majority of lighting installations in each of the
submarkets examined, comprising 84% of all unit installations. Of the submarkets examined, the lighting
market model anticipates that the LED penetration will grow the most in low and high bay and linear fixture
submarkets between 2017 and 2035. These are submarkets where the LED penetration is currently low but
there is significant potential for growth due to potential savings. While those applications experience the
largest growth, the area and roadway, parking, and building exterior submarkets are anticipated to have the

! Source energy consumption is calculated by multiplying electricity consumption by a source-to-site conversion factor of 3.14. Note: this reference was
accessed in July 2018 and reflects the electricity system efficiency at the time of the analysis. (14)
2 Based on a total electricity consumption of 37.3 quads of source energy for residential, commercial, and industrial sectors from the EIA AEO 2018. (1)

1
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highest LED penetration by 2035. These applications tend to already have high LED penetration, which is
expected to grow to near full saturation by 2035. In addition, they are typically high-lumen applications,
allowing significant opportunity for energy savings.

If LED lamps and luminaires continue to receive the current levels of SSL investment and effort from DOE
and industry stakeholders, LEDs would offer a total annual energy reduction of 4.8 quads. However, given that
the more aggressive efficacy targets and connected lighting penetration goals laid out in the DOE SSL R&D
Plan are met, an additional annual energy savings reduction of 1.3 quads could be achieved in 2035. The
reduced consumption in the residential sector alone would save an average household approximately $15
annually in 2017 and $117 annually in 2035 — a cumulative savings of $1,420 over the 18-year forecast
period.?

The difference in cumulative energy savings over time between the Current SSL Path and DOE Program Goals
is substantial. From 2017 to 2035, a total cumulative energy savings of 78 quads is possible if the DOE SSL
Program Goals for LED efficacy and connected lighting are achieved — equivalent to approximately $890
billion in avoided energy costs.* Figure ES.1 illustrates that the DOE SSL Program Goals scenario represents
additional cumulative energy savings of 16 quads. Therefore, the DOE SSL Program Goals scenario results in
a massive increase in total energy savings from LED lighting.

78 QUADS

16 QUADS

If DOE targets for efficiency and
controls/connected lighting are met,
LEDs will enable an additional
cumulative 16 quads of energy
savings through 2035.

62 QUADS

The total cumulative energy savings

DOE SSL of 78 quads is equivalent to

Program around $890 billion in avoided
Goals energy costs.

Current
SSL Path

Figure ES.1 U.S. Cumulative Energy Savings Forecast from 2017 to 2035.5

Though all forecasts lack certainty, the findings present a plausible outcome of what can be achieved with
advanced lighting technology, and will be of use to manufacturers, suppliers, and other stakeholders in the
lighting industry as the transition to LED technology moves forward.

3 This savings calculation is represented in 2017 dollars. The calculation uses the forecasted cost of residential electricity provided by EIA in the Annual
Energy Outlook (AEO) 2018. (1) The number of homes nationwide in 2016 is estimated by the U.S. Census to be 131.1 million. The number of homes is
assumed to grow at the same rate as residential floorspace, an average of 1.2% per year over the forecast period. (1)

4 The avoided energy costs are represented in 2017 dollars based on the forecasted cost of electricity provided in the EIA AEO 2018. (1)

> All estimates that depend on commercial building electricity consumption are based on the assumption that each commercial building consumes 6,143
kWh of electricity per month in 2017, as estimated by 2018 EIA. (44)
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1. Introduction

In 2017, the total energy consumption in the United States (U.S.) was 96.8 quadrillion British thermal units
(BTU), or quads, of primary energy according to the U.S. Energy Information Administration (EIA) Annual
Energy Outlook (AEO) 2018. (1) Roughly 38% of this energy was consumed for electricity use. (1) The U.S.
Department of Energy (DOE) Solid-State Lighting (SSL) Program estimated that in 2017, lighting consumed
approximately 6.0 quads of energy® and accounted for 6% of the total energy and 16% of the total electricity
consumed in the U.S. in 2017.7 Light-emitting diodes (LEDs), a type of SSL, are revolutionizing the lighting
market. LEDs have surpassed, or matched, all conventional lighting technologies in terms of energy efficiency,
lifetime, versatility, and color quality, and, due to their increasing cost competitiveness, LEDs are successfully
competing in a wide variety of lighting applications. Going forward, LED technology is expected to continue
to improve, with increasing efficacy and decreasing prices while enabling new opportunities for lighting design
and energy savings.

This study is the eighth iteration of the Energy Savings Forecast of Solid-State Lighting in General
1llumination Applications report, hereafter referred to as the “Forecast Report”, a biennial report from the DOE
SSL Program. As in past iterations, this study provides updated predictions of LED market penetration and
energy savings compared to conventional lighting sources — incandescent, halogen, fluorescent, and high-
intensity discharge (HID) — in all general illumination applications from present-day through 2035.% An
econometric lighting market model forecasts the expected annual lighting energy consumption based on three
different scenarios:

No SSL A hypothetical scenario that assumes LED technology never entered the lighting market. LED
lamps and luminaires are not available for competition, only conventional incandescent, halogen,
fluorescent, and high intensity discharge sources. The No SSL scenario is used as the reference
condition from which LED lamp and luminaire energy savings are calculated.

Current SSL Path The expected future path for LED lamps and luminaires given continuation of
current levels of solid-state lighting (SSL) investment and effort from DOE and industry stakeholders.

DOE SSL Program Goals The future path for SSL given the DOE goals outlined in the annual SSL
R&D Plan are met, representing the ultimate potential of what DOE has determined is technically
feasible in the given time frame.

The Current SSL Path scenario estimates the expected future adoption of LED lighting based on historical data
and the current trajectory for the technology. The DOE SSL Program Goals scenario estimates the potential
future adoption of LED lighting based on what DOE has determined is technically feasible in the given time
frame as outlined in the annual SSL R&D Plan, but additional efforts and funds would likely be required to
meet these aggressive targets. (2) The hypothetical “No SSL” scenario, as indicated above, is used as a
reference condition from which SSL energy savings are calculated for both the Current SSL Path and DOE
SSL Program Goals scenarios.

This study is presented in five main sections, including this introduction and:

Section 2 provides a high-level overview of the analytical approach used to forecast LED energy savings. The
approach consists of nine steps starting with the development of 2017 lighting installed stock estimates and
ending with calculation of the energy savings due to LED penetration as well as lighting controls. The lighting
market model utilizes an econometric logit model to award available market share to multiple competing
lighting technologies, similar to the model used in the National Residential Sector Demand Module of National

¢ Source energy consumption is calculated by multiplying electricity consumption by a source-to-site conversion factor of 3.14. Note: this reference was
accessed in July 2018 and reflects the electricity system efficiency at the time of the analysis. (14)

7 Based on a total electricity consumption of 37.3 quads of source energy for residential, commercial, and industrial sectors from the EIA AEO 2018. (1)
8 Past iterations of the Forecast Report are available at: http://energy.gov/eere/ssl/market-studies.
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Energy Modeling Systems (NEMS) 2013 for the lighting technology choice component. (3) The logit model is
discussed in detail in Appendix E.

Section 3 provides an overview of the U.S. lighting market. This includes a description of each of the
application-based submarkets used in the lighting market model and the technologies that are commonly used
in each.

Section 4 provides a detailed look at the results of the lighting market model. The section begins with a high-
level overview of the results for both the Current SSL Path and the DOE SSL Program Goals scenarios. Then,
the results of the forecast are explored in more depth, looking at the installed stock and resulting energy use of
specific technologies, submarkets, and sectors, as well as the impact of connected lighting. In this Forecast
Report, connected lighting is defined as an LED-based lighting system with integrated sensors and controllers
that are networked (either wired or wireless), enabling lighting products within the system to communicate and
exchange data with other devices.

Additionally, a set of Appendices provide a much deeper dive into the different elements of the analytical
approach. An Excel spreadsheet’ is also provided as a supplement to this report and includes all the report
tables, as well as site energy savings results in terms of TWh.

% The 2018 Forecast Report Excel Tables can be found at: https://www.energy.gov/eere/ssl/downloads/2019-ssl-forecast-report
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2. Analytical Approach

The methodology followed in developing the 2018 U.S. lighting market model, hereafter referred to as the
“lighting market model”, and forecasting aggregate consumer lighting purchases consists of a nine-step
process. The summary of this process is outlined below, and additional discussion is provided in the
appendices.

Step 1: Calculate national lighting inventory and service. Utilizing the lighting inventory data published in the
2010 Lighting Market Characterization (4), 2015 Lighting Market Characterization (5), the Residential
Lighting End-Use Consumption Study (6),!° Northwest Energy Efficiency Alliance (NEEA) 2014 Commercial
Building Stock Assessment (7), and the Adoption of Light Emitting Diodes in Common Lighting Applications
referred to hereafter as the “LLED Adoption Report” (8), the lighting market model uses the lamp installations,
average efficacies, average lumen output, and operating hours to estimate a national lighting inventory of
installed lighting systems for each sector (i.e., residential, commercial, industrial, and outdoor). The base year
for the inventory considered in this analysis is 2017.

Step 2: Develop arenas for competition.!! As depicted in Figure 2.1, the current lighting market model
examines eight submarkets across four sectors where a total of 15 lighting technology categories may compete.
An “other” technology category was also considered in some submarkets and includes technologies such as
plasma and induction lighting. The “other” technology is also included where there is uncertainty in the
existing inventory. Additionally, an “other” submarket in each sector accommodates lighting products with
unknown applications; however, it will not be explored in great detail in this report. This model structure
enables a single lighting technology, such as linear fluorescent lamps, to compete in multiple submarkets (e.g.,
linear fixtures, low and high bay, and parking). The lighting market model also allows lighting systems to
include controls. Within the lighting market model, controls can be single strategy (e.g., dimmers, daylighting,
occupancy sensors, and timers), multi-strategy (which combines two or more single control strategies), energy
management systems (EMS), or connected lighting.

10 The Residential Lighting End-Use Consumption Study is used for the operating hour estimates for lighting installed in the residential sector, while the
2010 Lighting Market Characterization and 2015 Lighting Market Characterization are used for the operating hour estimates for lighting installed in the
commercial, industrial, and outdoor sectors.

' Additional detail on how the arenas for competition were developed is included in Appendix A.

11



2018 ENERGY SAVINGS FORECAST OF SOLID-STATE LIGHTING IN GENERAL ILLUMINATION APPLICATIONS
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Figure 2.1 Lighting Market Competition Arenas

Step 3: Project annual lighting demand forecast.'?> The EIA AEO 2018 provides annual average growth
forecasts of floor space in the residential and commercial sectors, which are used to project increases in
lighting demand moving forward. (1) Projections specific to each year were used in the lighting market model.
Projections suggest that residential floor space will increase by an average of 1.2% per annum over the 18-year
analysis period, and the commercial sector floor space will increase by an average of 1.1% per annum. The
AEO 2018 does not provide floor space growth forecasts for the industrial or outdoor sectors. Because the
outdoor sector includes buildings-related outdoor lighting, it was assumed that its growth rate would match
that of the commercial sector. For the industrial sector, the AEO 2018 annual projections for manufacturing
employment were used as a proxy for the annual increase in industrial floor space. The data were fit to a best
fit curve to smooth out yearly variations. The data indicate an average increase of 0.8% per annum over the 18-
year analysis period.

Step 4: Calculate the available market.'3 Each year, new lamps enter the market as old lamps are replaced or
fixtures are installed or retrofitted. This creates an annual market turnover, which may be satisfied by a suite of
lighting technologies. The lighting market model considers three possible events that create market turnover:

1) new installations due to new construction; 2) units replaced upon failure of existing lamps; and 3) units
replaced due to lighting upgrades and renovations. The quantity of turnover due to new installations is derived
from the projected new building floor space in the various sectors, as discussed in Step 3. The quantity of
turnover due to replacements is based on the lamps, ballasts, and fixtures that fail in a calendar year, which is
calculated using a Weibull probability distribution,'* typical lighting operating hours, and product lifetimes.
The quantity of turnover due to renovation is assumed to be a constant 10% of all fixtures per year, or a mean
renovations cycle of 10 years. (9)

Step 5: Project conventional and LED lighting technology improvement. !> Recognizing that the incumbent
conventional lighting technologies will compete with new LED lighting products, the lighting market model
allows for both cost reductions and performance improvements in efficacy and lifetime for conventional

12 Additional detail on how the annual lighting demands were calculated can be found in Appendix B.

13 Additional detail on how the market turnovers were calculated can be found in Appendix B.

14 The Weibull distribution is a commonly used function for modeling survival and/or reliability. The formula for the survival function of the Weibull
distribution is described by the National Institute of Standards and Technology. (44)

15 Additional detail on how the cost and efficacy improvements were determined can be found in Appendix C and Appendix D.
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lighting technologies (i.e., incandescent, halogen, fluorescent, and HID) and LEDs. Technology performance
improvements are also adjusted to account for existing legislative and regulatory energy conservation
standards that take effect in future years. The lighting market model uses performance curves for LED lighting
developed from public LED product databases (i.e., ENERGY STAR Qualified Products, LED Lighting Facts,
and DesignLights Consortium Qualified Products) and prices of LED products available for purchase that have
systematically been collected regularly since 2010. More information on the LED price and performance
projections can be found in Appendix D.

Step 6: Model the market share of all lighting technologies.'® The lighting market model predicts market share
as an aggregate of many individual purchase decisions using three analytic components: an econometric logit
model that considers economic factors, a technology diffusion curve that considers existing marketplace
presence, and an acceptance factor that considers non-economic biases. Additionally, LED penetration is
calibrated by comparing past LED market share values predicted by the lighting market model to actual
historical values. Figure 2.2 summarizes this approach. This approach of using a logit model and a technology
diffusion model in concert is well tested and has been previously used in many forecast models. (10; 11)

Step 1. Develop initial Step 2. Limits market Step 3. Calibrate market
market share through an shares using Bass diffusion share projections by
econometric logit model which predicts maximum minimizing delta between
which considers first and adoption potential due to actual and modeled

annual O&M costs of a market barriers of a market share for 2010-

technology. technology. 2017.
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Figure 2.2 Market Share Modeling Approach

Step 7: Model the market share and energy savings of lighting controls.!” The lighting market model calculates
market share of connected lighting, as well as traditional lighting control systems, using an initial installed
stock and calculated shipments in each analysis year. Additionally, the energy savings per control system are
calculated, accounting for the energy saving effect of the control (turning lights off or reducing wattage) and
the percent of time that each control strategy is used.

Step 8: Calculate overall lighting market energy savings. Annual energy savings are then estimated by
comparing the lighting energy consumption projected by the lighting market model to that of the hypothetical
No SSL scenario. In the No SSL scenario, LED products are assumed to have never entered the general
illumination market, but all other market conditions, such as energy conservation standards, are unchanged.'®

16 Additional detail on the logit model, the diffusion curve, and the calibration can be found in Appendix E.

17 Additional detail on the lighting controls methodology can be found in Appendix F.

18 It has been hypothesized that certain standards would not have been implemented if not for the introduction of LEDs; however, such secondary effects
are not accounted for in the energy savings calculation.
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2.1. Lighting Market Model Enhancements

Input data was updated for most model inputs based on increased data availability. In addition to these updated
input data, this iteration of the general illumination forecast improves upon the methodology used in past
years’ iterations in multiple ways. These enhancements are outlined below:

1. Calibration based on estimated LED market share for years 2010-2017. The last iteration of this
lighting market model was calibrated using LED market share data for years 2010 through 2015. With
two more years of complete LED market data available, this lighting market model offers improved
calibration to historical data and trends, and thus effectively improves the accuracy of model
predictions.

2. Calibration based on 2015 LMC Stock. In this Forecast Report and in past years, the lighting market
model used the 2010 LMC as its basis for initial stock in 2010. Additionally, for this Forecast Report,
the 2015 LMC stock values for all technologies were used during the calibration process to inform
growth trends by technology and adjust 2010 stock as needed.

3. Added supplemental spreadsheet of tables. This year's report includes a supplemental spreadsheet with
all the tables included in the report. !°

4. Changed LED lumen output over time. It was previously assumed that the lumen output for each
lighting technology is constant over the analysis period (2017-2035). This assumes that, as
conventional lighting systems fail, they are replaced with LED lamps or luminaires of equivalent light
output in all applications. However, historical data have shown an increase in per-unit LED lighting
output, thought to be due to the increasing ability of LED technology to cost-effectively reach higher
lumen output applications. The lighting market model assumes LED lumen output will continue to
increase over time until it reaches the average of the conventional technologies it competes against
within a given submarket.

5. Addition of LED luminaires into general purpose submarkets. In past iterations of this report, it was
assumed that LED luminaires would not be used in general purpose applications. Based on increased
data availability, this assumption was updated with the understanding that LED luminaires are viable
options for general purpose applications and will penetrate these submarkets.

2.2. Simplifying Assumptions

In constructing the lighting market model, several simplifying assumptions were necessary to manage the
analytical complexity of the U.S. lighting market. The assumptions are summarized below for convenience and
clarity of presentation. The assumptions represent best estimates and were derived from inputs provided by
DOE’s SSL technical reports as well as industry experts; however, there is still significant uncertainty
introduced with the assumptions. Each assumption is described below. Each assumption may cause an
overestimation or underestimation of the forecasted energy savings derived from the penetration of LED
lighting. Due to the high level of uncertainty and lack of data in each area listed below, no attempt is made to
quantify the magnitude of the effect.

1. Renovations rate. The lighting market model assumes a constant 10% per year rate of lighting fixture
replacements due to renovations of the installed base. (9) This covers all upgrades/retrofits and
renovations, regardless of their impetus, representing replacements that occur prior to the failure of the
existing lighting fixture. This includes renovations undertaken for design or aesthetic preferences and
“green” retrofits undertaken to reduce energy consumption. This renovation rate assumption is based
on increasing concerns regarding energy consumption, as well as the growing prevalence of utility and

19 The 2018 Forecast Report Excel Tables can be found at: https:/www.energy.gov/eere/ssl/downloads/2019-ssl-forecast-report
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government incentive programs that compensate consumers who retrofit using LED lighting
products.?’ (12)

2. LED and conventional technology price and performance improvement curves. The lighting market
model is driven by price and performance improvement assumptions for LEDs and conventional
technologies over the analysis period. Any deviations from these projections could cause the energy
savings estimates to be higher or lower.

3. Market share forecast. The economic portion of the lighting market model postulates that the lighting
market responds primarily to first and annual costs and provides a probability of purchase for each
technology under perfect competition. However, the lighting market model also recognizes that newer
technologies are at a relative disadvantage compared with well-established incumbent technologies.
The rate of market penetration is subject to certain market barriers, including, but not limited to,
acceptance and availability of the technology. Typically, these barriers only apply to newer market
entrants, such as LED technologies, as it is these technologies that may have initially been unknown to
consumers or may have not been readily available to purchase. As a product establishes itself on the
market, however, benefits are communicated by word-of-mouth to the consumer base, manufacturers
can ramp up production capacity, and stocking distribution channels emerge. To account for these
factors, the lighting market model assumes a technology diffusion curve for both connected and non-
connected LED lighting based on the historical rate of penetration of other lighting and controls
technologies.

4. Lighting controls assumptions. There is wide variation in the types of lighting controls available and
the ways in which they operate. Therefore, the lighting market model makes its best attempt to capture
the major strategies and control effects that are currently employed. For example, each traditional
control strategy is limited to either having the effect of reducing wattage or turning lights off, whereas
in practice some traditional control types, such as daylighting, may have either or both capabilities.
Additionally, each control strategy encompasses a range of subcategories and attempts to estimate the
average use for all subcategories in aggregate.

5. Changes in lumen output assumptions. The average light output of LED lighting products has
increased significantly and consistently since LED products were first introduced. The lighting market
model attempts to quantify these trends using logarithmic growth models based on historical product
specification data provided by the DesignLights Consortium™ (DLC), ENERGY STAR® and LED
Lighting Facts program. While there have been studies published showing the physiological effects of
lighting on humans (13), including potential to influence sleep patterns and productivity, the lighting
market model does not attempt to quantify these aspects. Furthermore, it is important to recognize that
these recent human physiological discoveries have not yet influenced the light levels of products
entering the lighting market. Rather, the increase in per-unit light output seen in the historical data is
thought to be due to the increasing ability of LED technology to cost-effectively reach higher lumen
output applications. In addition, while the lighting market model assumes LED light output has
historically increased via a logarithmic growth trend, it is not certain whether the average per-unit
light output will continue to increase. Therefore, the model only projects future increases in LED light
output if, as 0of 2017, it is below the average of the conventional technologies it competes against
within a given submarket.

6. Conversion of source energy to site electricity. Source-to-site conversion efficiency, which represents
the efficiency of electricity production and delivery, is assumed to remain at a constant value of 3.14
throughout the forecast period. (14) Since the metric describes efficiency of electricity generation, it is

20 Information on lighting incentives can be found at the Database of State Incentives for Renewables & Efficiency available at: www.dsireusa.org
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plausible that the efficiency could increase due to new or improved technologies. However, given the
level of uncertainty, no attempt is made to quantify these changes in the lighting market model.

7. Other future uncertainties. There is a wide array of potential developments that have been
hypothesized that would greatly affect the lighting market. In short, the lighting market model does
not address these developments as their likelihood is currently too speculative. Future studies should
reassess these possible developments and address as needed.

a. Rebound effect — Users may increase their daily lighting usage because the operating cost is
cheaper.

b. New technology — OLED lighting, laser lighting, or another unforeseen technology may be
introduced or gain significant market share.

c. Government actions — Government actions, such as new efficiency standards or tax incentives
could affect the future adoption of LED lighting products.

16



2018 ENERGY SAVINGS FORECAST OF SOLID-STATE LIGHTING IN GENERAL ILLUMINATION APPLICATIONS

3. Overview of the U.S. Lighting Market

3.1. Indoor

Residential, commercial, and industrial lighting employ many of the same lighting technologies in their indoor
lighting applications. There are many similarities between the commercial and industrial sectors in terms of
lighting technology and use trends, as lighting applications in these sectors are characterized by long operating
hours (often greater than 10 hours per day) and higher lumen output requirements compared to the residential
sector. Commercial and industrial lighting consumers are typically facility managers who are highly concerned
with the lifetime costs of a lighting product. Therefore, technologies with high efficacy and long lifetime are
more popular in these sectors, despite higher initial costs. Because of this distinct preference, both the
commercial and industrial sectors are currently dominated by highly efficient and long lifetime linear
fluorescent and HID technologies, which are primarily used in the linear fixture and low and high bay
submarkets. Combined, the linear fixture and low and high bay submarkets represent 84% and 91% of the
2017 general illumination energy consumption in the commercial and industrial sectors, respectively. Lighting
in the residential sector typically operates for less than 2 hours per day, and lighting energy costs remain low.
Therefore, residential consumers place a high priority on low first cost when purchasing lighting products.

3.1.1. General Purpose Submarket

The general purpose submarket includes standard A-shape incandescent lamps, halogen lamps, compact
fluorescent lamps (CFLs), LED luminaires, and LED replacement lamps used in omnidirectional indoor
applications. These omnidirectional lamps are some of the most widely recognized on the market. While the
vast majority of these lamps are used in omnidirectional indoor applications, some, due to their low cost and
popularity, are also found in downlight and track lighting applications as discussed in Section 3.1.3, which
covers the directional submarket. Additionally, a small number of these general purpose lamps are used in
outdoor submarkets, which is discussed in Section 3.2.

Incandescent A-type lamps are still the most familiar to consumers, however, their market share has dropped
significantly in recent years. This shift is largely due to the implementation of Energy Independence and
Security Act (EISA) of 2007 general service lamp standards. The maximum wattage standards, which began to
take effect on January 1, 2012, require a 25% efficiency increase for all general service lamps. As a result, a
significant number of CFLs as well as EISA-compliant halogen lamps have begun to replace the traditional
incandescent lamps in many applications.?!

LED replacement lamps in the general purpose submarket became available to consumers between 2007 and
2009 at a typical cost over $50 per lamp. However, in recent years, significant improvements have been made.
In 2017, the average LED-based dimmable A19 60 W-equivalent replacement lamp price was $5.90 per bulb
($7.74/kIm). While this is still more expensive than conventional incandescent or CFLs, rebates and incentives
have and can further reduce the price to below $2 or $3 per lamp.

3.1.2. Decorative Submarket

Decorative is a generic term used to cover a wide range of bulb shapes including bullet, globe, flame, and
candle, among others. These lamps are most common in the residential and commercial sectors and are
intended for use in decorative fixtures, including chandeliers, pendants, wall sconces, lanterns, and nightlights.
Unlike CFLs, which are not well suited for decorative applications due to size and form factor constraints,
LEDs are available for all existing decorative lamp shapes. Manufactures have developed a “filament” style
design that arranges very small LED emitters in a linear strip inside the bulb to mimic the appearance of a
traditional filament of an incandescent lamp. These “filament” and “vintage” style LED bulbs are increasingly
popular as they offer an aesthetic appearance as well as a significant energy savings benefit compared to

21 EISA 2007 does not ban incandescent light bulbs, but its minimum efficiency standards are high enough that incandescent lamps most commonly used
by consumers today will not meet the requirements. This Act essentially eliminates 40 W, 60 W, 75 W, and 100 W medium screw based incandescent light
bulbs. More information can be found at: http://energy.gov/eere/buildings/appliance-and-equipment-standards-program
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incandescent products. Additionally, fully integrated decorative LED luminaires, which typically offer even
greater energy savings due to more freedom of design, are available to replace decorative fixtures entirely.

The presence of decorative lamps and luminaires are most prevalent in the residential and commercial sectors
and are not prevalent in the industrial and outdoor sectors. Given their intended decorative function, these
lamps typically require low lumen output and are not intended to independently illuminate a space or a task.
However, they may have high color appearance or dimming requirements depending on the use. Furthermore,
as these products are primarily designed for their lighted as well as their unlighted appearance and aesthetic
contribution to the space, an omnidirectional intensity distribution is generally preferable. At this time, energy
efficiency standards have minimal restrictions on the majority of decorative incandescent lamp shapes.

3.1.3. Directional Submarket

Directional lighting is typically provided by either large reflector lamps (BR, R, PAR shapes) or smaller
multifaceted reflector (MR) lamps, most commonly housed in track or downlight fixtures.

Downlights are widely used for ambient lighting in both residential and commercial buildings. These fixtures
can be recessed or surface-mounted, and they have become popular because they are inexpensive and can
provide inconspicuous ambient lighting for most room types. Track lights are also a popular fixture used for
ambient lighting, and they are used for accent lighting in households, retail displays, restaurants, museums, and
office buildings as well. These light fixtures are typically comprised of individual light fixtures, or track
“heads”, attached to a continuous metal mounting device that is, in turn, attached to a ceiling or wall, or hung
via suspension cables or rods. For both downlights and track lights, incandescent, halogen, and compact
fluorescent reflector lamps (e.g., parabolic aluminized reflector (PAR), bulged reflector (BR), and reflector (R)
lamps), pin-based CFLs, as well as LED lamps and luminaires are most commonly used. The lighting market
model also considers that omnidirectional lamps can be installed in the residential sector, where consumers are
most concerned with the initial bulb price as opposed to lighting quality and life-cycle costs.

While also installed in downlight or track fixtures, MR lamps do not compete directly with the large reflector
lamps because they are most often operated at low voltage, and their design is constrained by a small form
factor.?? The most common MR lamp, the MR 16, is particularly optimal for jewelry and other display
applications due to their high CRI and well-controlled, high-intensity beam. (15) Halogen technology currently
dominates the market for MR lamps, and, similar to the decorative lamp submarket, CFLs are not well suited
for MR lamps due to size and form factor constraints.

The lighting market model assumes that both LED lamps and luminaires compete for market penetration in the
directional submarket for downlights, track lights, and MR lamps. Because of the relatively low efficiency of
incumbent technologies, downlight and track were among the earliest lighting applications where LED offered
competitive performance. Consumers may put LED replacement lamps into existing downlight and track light
fixtures or integrated directional LED luminaires may be used to replace these fixtures entirely.

For the commercial and residential sectors, the lighting market model separates the directional submarket into
large (R, BR, and PAR) and small (MR) reflector lamps. This is because consumer preference of incumbent
technologies, which affects LED market penetration and resulting energy savings, differs for the two groups.
For the industrial sector, small reflector lamps represent a negligible portion of the installed stock and are
grouped with large reflectors into one singular directional submarket.

3.1.4. Linear Fixture Submarket

For the linear fixture submarket, the lighting market model considers T12, T8, and TS linear and U-shaped
fluorescent lamps that are less than, greater than, and equal to four feet in length. Both LED lamps and
luminaires are assumed to compete in the linear fixture submarket. In the lighting market model, this
submarket includes recessed troffers, surface-mounted fixtures, suspended fixtures, and other direct-lighting

22 Most MR 16 lamps are operated using voltages lower than 120 volts, typically 12 volts; however, GU10 options at 120 volts are also available.
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fixtures that customarily house a linear fluorescent or U-shaped fluorescent lamp and ballast system. Low and
high bay fixtures are evaluated separately, and the forecast results are presented in Section 3.1.5.

These fluorescent systems are widely utilized for commercial and industrial establishments because they offer
a low cost, highly efficient, long lifetime lighting source. As a result, these fluorescent systems represent
approximately 31% of all lighting energy consumption in the U.S. across all sectors, creating a significant
energy savings opportunity for LED lighting. However, modern linear fluorescent systems (lamp and ballast)
remain tough competitors in terms of efficacy, as well as initial and life-cycle costs, with efficacies as high as
108 Im/W and prices as low as $4/klm. (2)

3.1.5. Low and High Bay Submarket

Low and high bay fixtures are commonly used in both the commercial and industrial sectors to illuminate large
open indoor spaces in big-box retail stores, warehouses, and manufacturing facilities. Typically, low bay
fixtures are used for ceiling heights of 20 feet or less, while high bay is used for heights of greater than 20 feet.
Because of the large areas and lofted ceilings, these spaces require high lumen-output luminaires, with low bay
options offering between 5,000 and 15,000 lumens per fixture and high bay providing 15,000 to as much as
100,000 lumens per fixture. This market was historically dominated by HID lamps, although fluorescent
lamps, particularly T8 lamps, have become a major player due to their superior lumen maintenance and
enhanced control options.

Only recently have technological and cost improvements allowed LEDs to significantly penetrate the market.
Early generation high-bay LED luminaires lacked the lumen output to compete in this market. By 2013, the
LED Lighting Facts database had 269 listed low and high bay luminaire products. Currently, there are over
10,000 listed low and high bay luminaire products, 56% of which emit over 15,000 lumens and 21% of which
emit more than 25,000 lumens.? In addition, while less efficient than LED luminaire options, LED retrofit
lamps designed for direct replacement for HID and fluorescent lamps are also available and penetrating low
and high bay applications. To accommodate the increasing use of LED retrofit options for low and high bay
applications, the lighting market model forecasts the potential for both LED luminaires and lamps in this
submarket.

3.2. Outdoor

The general illumination submarkets in the outdoor sector consist of area and roadway, parking, and building
exterior lighting. These lighting systems serve multiple purposes, such as providing proper illumination for
pedestrian and automotive traffic, creating a sense of personal security, and attracting attention to business and
spaces. HID and linear fluorescent lamps have historically been the predominant lighting technology used in
the outdoor sector, but because of the importance of durability, lifetime, and reducing energy use, as well as
the growing interest in connected and smart city infrastructure, LED lighting is a particularly attractive option.

3.2.1. Area and Roadway Submarket

Area and roadway luminaires serve to illuminate outdoor areas and roadways to improve visibility for drivers
as well as to illuminate outdoor pedestrian walkways. Traditionally, this application has been dominated by
HID light sources such as high pressure sodium (HPS), metal halide (MH), and mercury vapor (MV) lamps
because they offer relatively high efficacy, operate effectively over a wide temperature range, and produce
high lumen outputs which enable them to be mounted on widely spaced poles.

LEDs are particularly advantageous in area and roadway lighting applications because they are excellent
directional light sources, are durable, and exhibit long lifetimes. LED area and roadway luminaires also
significantly decrease the amount of light pollution compared to incumbent HID fixtures, because their
improved optical distribution substantially reduces the amount of light wasted upward into the atmosphere. In
addition, LED area and roadway luminaires have typical rated lifetimes exceeding 50,000 hours, more than
three times that of many HID systems. This is particularly attractive when considering the long operating hours
along with the difficulty and expense of required maintenance. Because of these advantages, many local

23 A full list of current LED Lighting Facts products can be found at: http://www.lightingfacts.com/
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jurisdictions have initiated projects to completely transition their area and roadway lighting to LEDs. For
example, the City of Los Angeles has completed a citywide street lighting replacement program and has
installed over 170,000 LED street lights, reducing energy usage by 64%, and saving $9 million in annual
energy costs. (16) Similarly, the City of Chicago announced in December 2016 its plans to convert over
270,000 street lights to LEDs by 2021, with over 18,000 already installed as of July 2018. (17) In addition,
both Los Angeles and Chicago have been installing “smart” LED lighting with advanced lighting controls and
connective features which have led to several non-energy benefits such as reduced 311 calls, reduced street
light outage response time, improved asset management, and increased cellphone coverage.

3.2.2. Parking Submarket

In this analysis, the parking lighting submarket has been divided into parking lots and covered garages. It does
not consider street-side parking as those areas are covered in the area and roadway submarket discussed in
Section 3.2.1.

The lighting technologies used for parking lots closely matches the technologies used for street lighting, as
these applications have similar lighting requirements. Despite the similarities, penetration of LEDs in parking
lot lighting lags behind that of area and roadway lighting, most likely because LED street lighting adoption has
come from local municipalities embarking on city-wide LED upgrades, while the majority of parking lot
lighting is curated by private businesses. However, LEDs offer distinct advantages in parking lot applications
and in particular can significantly improve light utilization.?* For example, a parking lot lighting retrofit using
LED-based fixtures demonstrated a 66% reduction in energy usage compared with HID fixtures due to
improved efficiency and reduced total light generation. In addition, significantly more of the parking lot area is
illuminated, which is particularly advantageous for both driver and pedestrian safety. (18)

Parking garage structures, on the other hand, are unique in the outdoor sector because lighting fixtures are well
protected from the elements and mounting height is generally limited by low ceilings. While HID lamps are
used for lighting parking garage structures, the low-mounting heights of lighting fixtures require many fixtures
in order to meet desired illumination distributions. These conditions favor linear fluorescent fixtures, although
MH and HPS systems are also prominent in this market.

Building code requirements are also helping to bolster the prevalence of LEDs in parking garage applications.
LED lighting is well suited for use with control systems and have been shown to provide additional energy
savings of 20% to 60% depending on the application and use-case. (19) Due to this large energy savings
potential of lighting controls, in the most recent Title 24 building code? the state of California expanded its
requirements for the use of advanced dimming controls, along with occupancy and daylight sensors. As a
result, lighting in parking garages in California must have occupancy controls, with power required to reduce
by a minimum of 30% when there is no activity detected within a lighting zone for 20 minutes. (20) While
these building code requirements are currently only in California, if additional local and state governments
adopt similar building code requirements this represents an opportunity for LEDs to help impact energy
savings in parking garage applications across the U.S.

3.2.3. Building Exterior Submarket

Building exterior lighting is designed to illuminate walkways, steps, driveways, porches, decks, building
architecture, or landscape areas, and it can be used to provide security outside of residential, commercial, and
industrial buildings. Wall packs and floodlights are a common choice for these applications, with CFL, MH
and HPS systems historically being the most commonly used, especially where a high lumen output is
required.

LEDs have penetrated virtually every aspect of building exterior lighting as qualities such as instant-on, white-
color, low maintenance, and good energy performance have made them increasingly viable options. Since LED
products can also offer low-profile lighting, this has made installation easier in areas with tight clearance and

24 These energy savings benefits are also due to improved uniformity ratios and minimum illuminance criterion for parking lot applications in IES RP-20-
14 — Lighting for Parking Facilities.
25 For more information on Title 24 please see: http://www.dgs.ca.gov/dsa/Programs/progCodes/title24.aspx
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offers building managers and specifiers more effective options for lighting narrow areas, such as under
benches or accent planters. These small form-factors and the ability to precisely place light sources can result
in less light pollution in building exterior applications. LED products may also offer better wall-washing or
wall grazing options for building fagades through color tunability and better controllability, thus making them
a top choice over incumbent sources. Due to the wide range of lumen requirements in this submarket, both
LED lamps and luminaires compete for market share in building exterior lighting.
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4. Lighting Market Model Results

In 2017, the total energy consumption in the United States was 96.8 quads of primary energy according to the
EIA AEO 2018. (1) Roughly 37.3 quads, or 38%, of this energy was consumed for electricity use. (1) DOE
estimated that in 2017, there were 7.6 billion lighting units?® installed in the U.S., and that they consumed
approximately 6 quads of energy annually.?” Thus, lighting accounted for 6% of the total energy and 16% of
the total electricity consumed in the U.S. in 2017.%

The results presented in this section cover years 2017 through 2035 for the following scenarios:

No SSL A hypothetical scenario that assumes LED technology never entered the lighting market. LED
lamps and luminaires are not available for competition, only conventional incandescent, halogen,
fluorescent, and high intensity discharge sources. The No SSL scenario is used as the reference
condition from which LED lamp and luminaire energy savings are calculated.

Current SSL Path The expected future path for LED lamps and luminaires given continuation of
current levels of solid-state lighting (SSL) investment and effort from DOE and industry stakeholders.

DOE SSL Program Goals The future path for SSL given the DOE goals outlined in the annual SSL
R&D Plan are met, representing the ultimate potential of what DOE has determined is technically
feasible in the given time frame.

The Current SSL Path scenario estimates the expected future adoption of LED lighting based on historical data
and the current trajectory for the technology. The DOE SSL Program Goals scenario estimates the potential
future adoption of LED lighting based on what DOE has determined is technically feasible in the given time
frame as outlined in the annual SSL R&D Plan, but additional efforts and funds would likely be required to
meet these aggressive targets. (2) The hypothetical “No SSL” scenario, as indicated above, is used as a
reference condition from which SSL energy savings are calculated for both the Current SSL Path and DOE
SSL Program Goals scenarios.

Figure 4.1 illustrates the increasing installed stock broken out by technology for the Current SSL Path
scenario. In 2017, LED lighting makes up about 19% of the total installed stock, and it is projected that the
installed penetration of LED lamps and luminaires will increase dramatically through 2035 to reach about
84%.

26 LED installed stock is presented in terms of lighting systems (lamp(s), ballast and fixture are counted as one unit). For example, a commercial troffer
fixture operating two lamps on a single ballast is counted as one lighting system, and hence, one unit.

%7 Source energy consumption is calculated by multiplying electricity consumption by using a source-to-site conversion factor of 3.14. (14)

28 Based on a total electricity consumption of 37.3 quads of source energy for residential, commercial, and industrial sectors from the EIA AEO 2018. (1)
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Figure 4.1 Total U.S. Installed Stock Projections for the Current SSL Path Scenario. In 2017, LED lighting makes up about
19% of the overall installed stock, and it is projected that the installed penetration of LED lamps and luminaires will
increase dramatically through 2035 to reach about 84%.

Below, Figure 4.2 through Figure 4.5 provide a more detailed breakdown of the data underlying Figure 4.1.
Specifically, the plots show how installed stock by technology changes over time in each sector.

Following the residential sector, the commercial sector has the second largest installed lighting stock, which is
represented in Figure 4.2. The commercial sector accounts for 16% of all lighting installations nationwide in
2017. The most common conventional technologies used in the commercial sector are linear fluorescent, CFL,
incandescent, metal halide, and halogen. However, because of the increasing prevalence of LEDs, the installed
stock of conventional technologies consistently declines throughout the forecast period. When looking at the
growth of connected lighting, the stock of non-connected LED lighting peaks in 2029, at which point
connected lighting increases in prevalence through the end of the forecast period to 28% by 2035.
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Figure 4.2 Commercial Building Sector Installed Stock Projections for the Current SSL Path Scenario. In this sector, the
stock of non-connected LED lighting peaks in 2029, at which point connected lighting increases in prevalence through the
end of the forecast period to 28% by 2035.

The installed stock data shown in Figure 4.2 is further disaggregated in Table 4.1 below.

Table 4.1 Commercial Building Sector Installed Stock Projections for the Current SSL Path Scenario (Million Lamp Systems)

Technology 2017 2020 2025 2030 2035
Incandescent 28 11 5 4 3
Halogen 9 3 1 1 1
CFL 96 43 16 10 8
Linear Fluorescent 736 626 336 152 94
Other 3 2 <1 <1 <1
Metal Halide 24 16 7 3 2
LED Lamp 219 334 438 419 309
LED Luminaire 101 211 457 612 649
LED Lamp Connected <1 5 25 75 136
LED Luminaire Connected 2 8 44 125 272
Total 1,218 1,260 1,331 1,401 1,474

As shown in Figure 4.3, residential has, by far, the largest stock of any sector — over 80% of all installations
nationwide. Despite consistent growth in stock, a steady, nearly linear decline in conventional technologies is
expected between 2017 and 2035. The most common conventional technologies used in the residential sector
are CFL, incandescent, halogen, and linear fluorescent. Growth is expected in both connected and non-
connected LED lighting, though non-connected LED lamps increasingly become the most significant
contributors to installed stock. By 2035, non-connected LED lamps are expected to make up 54% of the
residential sector stock while conventional technologies will remain notably more dominant than in other
sectors, maintaining 18% installed penetration with over 1.34 billion units.
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Figure 4.3 Residential Building Sector Installed Stock Projections for the Current SSL Path Scenario. It is expected that a
constant decline in conventional technologies will occur throughout the forecast period, with non-connected LED lamps
expected to reach 54% by 2035.

The installed stock data shown in Figure 4.3 is further disaggregated in Table 4.2 below.

Table 4.2 Residential Building Sector Installed Stock Projections for the Current SSL Path Scenario (Million Lamp Systems)

Technology 2017 2020 2025 2030 2035
Incandescent 1,876 1,579 1,102 718 483
Halogen 897 626 416 315 263
CFL 1,995 1,784 1,219 750 510
Linear Fluorescent 250 229 168 109 72
Other 42 39 28 16 9
Mercury Vapor <1 <1 <1 <1 <1
Metal Halide <1 <1 <1 <1 <1
HPS <1 <1 <1 <1 <1
LED Lamp 949 1,828 3,046 3,800 4,038
LED Luminaire 78 221 677 1,175 1,535
LED Lamp Connected 2 10 49 144 344
LED Luminaire Connected <1 4 29 109 290
Total 6,090 6,321 6,734 7,135 7,544

Trends in the industrial sector installed stock are shown in Figure 4.4. The most common conventional
technologies used in the industrial sector are linear fluorescent, metal halide, and HPS. Changes in technology
mix are similar to those in the commercial sector, though the industrial sector has a far less significant impact
on energy consumption due to the relatively small stock. There are nearly 15 times more lighting products
installed in the commercial sector than the industrial sector.
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Figure 4.4 Industrial Building Sector Installed Stock Projections for the Current SSL Path Scenario. Changes in technology
mix are similar to those in the commercial sector, though the industrial sector has a far less significant impact on energy
consumption due to the relatively small stock.

The installed stock data shown in Figure 4.4 is further disaggregated in Table 4.3 below.

Table 4.3 Industrial Building Sector Installed Stock Projections for the Current SSL Path Scenario (Million Lamp Systems)

Technology 2017 2020 2025 2030 2035
Linear Fluorescent 62 52 29 13 8
Metal Halide 7 6 3 2 <1
HPS 2 2 <1 <1 <1
LED Lamp 4 11 20 20 13
LED Luminaire 6 13 31 43 46
LED Lamp Connected <1 <1 1 3 5
LED Luminaire Connected <1 <1 3 9 20
Total 82 84 88 91 94

Figure 4.5 shows changes in the outdoor sector installed stock of lighting. The most common conventional
technologies used in the outdoor sector are HPS, metal halide, CFL, halogen, incandescent, and mercury vapor.
However, LED lighting quickly becomes the most prevalent technology with conventional lighting
technologies — mainly metal halide and HPS — predicted to comprise less than 10% of all installations by 2025.
The outdoor sector is also unique because it has the highest installed penetration of connected lighting
throughout the entire forecast period, totaling 33% by 2035. Similarly, the outdoor sector has the highest
installed penetration of LED lighting for all years between 2017 and 2035.
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Figure 4.5 Outdoor Sector Installed Stock Projections for the Current SSL Path Scenario. The outdoor sector has the highest
installed percentage of LED and connected lighting of the four sectors analyzed.

The installed stock data shown in Figure 4.5 is further disaggregated in Table 4.4 below.

Table 4.4 Outdoor Sector Installed Stock Projections for the Current SSL Path Scenario (Million Lamp Systems)

Technology 2017 2020 2025 2030 2035

Incandescent 3 <1 <1 <1 <1
Halogen 4 1 <1 <1 <1
CFL 9 4 <1 <1 <1
Other 10 5 <1 <1 <1
Mercury Vapor 1 <1 <1 <1 <1
Metal Halide 43 24 5 2 1.8
HPS 46 26 5 <1 <1
LPS <1 <1 <1 <1 <1
LED Lamp 31 50 54 40 26
LED Luminaire 42 90 145 156 144
LED Lamp Connected <1 <1 2 4 8

LED Luminaire Connected 1 5 18 42 78
Total 214 222 234 246 259

When considering all sectors — commercial, residential, industrial and outdoor — combined, lighting
installations increase by about 1.3% annually (up from 7.6 billion in 2017 to 9.4 billion in 2035). Looking to
the following Table 4.5, the results of the Current SSL Path scenario indicate that the LED lighting stock will
experience rapid growth across all sectors. The residential sector is projected to dominate in terms of total LED
lamps and luminaires installed, representing 72% of LED installations in all sectors in 2017 and growing to
79% by 2035. However, in terms of forecasted LED energy savings, due to low operating hours, the residential
sector will provide roughly a quarter of the 2035 total. In contrast, the commercial, industrial, and outdoor
sectors make up a relatively smaller portion of the total LED installed stock, but the use of high lumen output
lamps and long operating hours result in these sectors contributing greater shares of total forecasted LED
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energy savings. Despite representing only 17% of LED installations in all sectors in 2035, the commercial
sector will provide 39% of all LED energy savings.

Table 4.5 U.S. LED Forecast Stock Results for the Current SSL Path Scenario

2017 2020 2025 2030 2035
LED Installed Stock (million units) 1,440 2,790 5,040 6,780 7,910
Commercial 322 558 964 1,230 1,370
Residential 1,030 2,060 3,800 5,230 6,210

o < Industrial 10 25 56 76 84
§ § Outdoor 75 146 218 242 256
é ?) LED Installed Stock Penetration (%) 19% 35% 60% 76% 84%
Commercial 26% 44% 72% 88% 93%
Residential 17% 33% 56% 73% 82%

Industrial 12% 29% 63% 83% 90%

Outdoor 35% 66% 93% 98% 99%

1. Installed stock for the DOE SSL Program Goals scenario is not provided as there are negligible differences between scenarios.
LED installed stock is presented in terms of lighting systems (lamp(s), ballast and fixture are counted as one unit).

Despite the growing installed stock, the lighting market model forecasts that LED adoption will lead to a
continued reduction in energy use over time. As shown by the Current SSL Path scenario in Table 4.6, LED
lighting already offers 1.1 quads, or 1,110 trillion BTU (tBTU) of energy savings in 2017. If the lighting
market continues along the Current SSL Path scenario, a total annual energy savings of 4.8 quads is possible
by 2035, of which 12% is made possible by the penetration of connected LED lighting.

Compared to the Current SSL Path scenario, the DOE SSL Program Goals scenario offers a different view for
the future of LED technology. Because adoption in the lighting market model is driven primarily by first cost
as well as operation and maintenance costs, the total penetration of LED technology is similar in the two
scenarios (LED penetration in the DOE SSL Program Goals scenario is slightly higher, reaching 87% by
2035). The primary difference between the two is the resulting energy savings due to penetration of lighting
controls, particularly connected versus non-connected LED lighting, and increased LED product efficacy.

The increase in connected lighting penetration?® coupled with the more aggressive projections for LED lamp
and luminaire efficacy result in a significant rise in forecasted energy savings for the DOE SSL Program Goals
scenario. As can be calculated using Table 4.6, if the DOE targets are met, LED lighting will enable an
additional 1.3 quads in annual energy savings in 2035.

2 A detailed discussion of the lighting control stock and energy savings impacts is provided in Section 4.1.
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Table 4.6 U.S. LED Forecast Energy Savings Scenario Comparison

0 020 O 030 O
Source Energy Savings (tBTU)30 1,110 1,980 3,260 4,130 4,820
25 Commercial 457 716 1,190 1,570 1,900
% < Residential 171 371 719 1,030 1,270
S 3 Industrial 36 94 216 309 372
Outdoor 444 802 1,130 1,220 1,270
% Source Energy Savings (tBTU) 1,140 2,310 4,160 5,380 6,130
Q 3 Commercial 468 872 1,670 2,250 2,590
W § Residential 171 426 844 1,200 1,460
QW Industrial 39 120 291 412 488
o Outdoor 462 896 1,350 1,510 1,580

If LED lamps and luminaires continue to receive the current levels of SSL investment and effort from DOE
and industry stakeholders, the U.S. lighting stock would consume only 3.4 quads annually by 2035. However,
given that the more aggressive efficacy targets and connected lighting penetration goals laid out in the DOE
SSL R&D Plan are met, LEDs would offer an additional annual energy savings of 1.3 quads in 2035.

The total energy savings opportunity across all sectors is driven largely by the linear fixture, outdoor, and low
and high bay submarkets. These applications, characterized by high light output and long operating hours, are
where increased controllability and networked capabilities will have the greatest value to consumers. With
these three submarkets leading the charge, LED lighting installed with traditional control strategies or
connected capabilities will contribute to a significant portion of the forecasted energy savings. In 2017, the
total energy savings opportunity from the DOE SSL Program Goals scenario is 1.1 quads. Of the total 6.1
quads in annual energy savings in 2035, 16% is made possible by the penetration of connected LED lighting.

The difference in cumulative energy savings over time between the Current SSL Path and DOE Program Goals
is substantial, and Figure 4.6 illustrates that the DOE SSL Program Goals scenario represents additional
cumulative energy savings of 16 quads. Therefore, the DOE SSL Program Goals scenario results in a massive
increase in total energy savings from LED lighting.

30 The source energy savings values are also provided in TWh units in the 2019 Forecast Report Excel Tables, which can be found at:
https://www.energy.gov/eere/ssl/downloads/2019-ssl-forecast-report
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Figure 4.6 U.S. Cumulative Energy Savings Forecast from 2017 to 2035
4.1. Lighting Control Stock and Energy Savings Results

In recent years, lighting controls have garnered increased attention as a potential method of more intelligently
operating lighting systems to save energy. Lighting controls, which include various dimming and sensor
technologies used separately or in conjunction with other systems such as timers and daylighting, can, if used
properly, yield significant energy savings, as they use feedback from the lit environment to provide adequate
lighting levels only when needed. For this analysis, the lighting market model forecasts the impact from
several types of control systems including traditional single-strategy controls (dimming, daylighting,
occupancy sensing, and timing) as well as multi-strategy, energy management systems (EMS), and connected
lighting.

In this Forecast Report, connected lighting is defined as an LED-based lighting system with integrated
sensors and controllers that are networked (either wired or wireless), enabling lighting products within the
system to communicate and exchange data with other devices.

Given the above definition, it is assumed that connected control systems are exclusive to LED lighting and are
not available with conventional lighting technologies (i.e., incandescent, halogen, fluorescent and HID).
However, for all other control systems including single-strategy, multi-strategy, and EMS, any lighting
technology can be employed.

In the Current SSL Path and DOE SSL Program Goals scenarios, connected lighting is expected to have the
greatest impact on LED Iuminaires. While connected LED lamps will certainly become increasingly utilized,
connected LED linear fixtures (i.e., troffer, panel, strip, suspended, etc.), low and high bay, and outdoor
luminaires target the applications where increased controllability and networked capabilities will have the
greatest value to customers.

The major assumptions for connected lighting in each scenario are summarized below:
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Connected Lighting Assumptions for Each Scenario:

e The Current SSL Path scenario assumes that the rate of market penetration of connected lighting is
similar to that experienced for dimmable linear fluorescent ballasts and DALI (Digital Addressable
Lighting Interface) systems, resulting in a slower adoption. This represents a scenario where the
continued lack of performance reporting and verification, as well as the inability to address complexity
and interoperability barriers, cause a lag in consumer adoption. Within the 2035 timeframe, for the
Current SSL Path scenario, the majority of luminaires installed are non-connected LED luminaires.

e The DOE SSL Program Goals scenario, on the other hand, assumes that the rate of market penetration
of connected lighting follows the same trajectory of LED lighting, resulting in an accelerated adoption.
This represents a scenario in which industry and DOE efforts to demonstrate and verify energy savings
benefits, as well as develop interoperable and user-friendly products accelerate consumer adoption.
Within the 2035 timeframe, the majority of luminaires installed in the SSL Program Goals scenario are
connected LED luminaires.

Table 4.7 summarizes the 2017 installed stock penetration for each control type analyzed in the lighting market
model. These estimates are used as the baseline control stock for both the Current SSL Path and DOE SSL
Program Goals scenarios.?!

Table 4.7 2017 Installed Stock Penetration of Lighting Controls for Both Scenarios

Installed Stock Penetration (%) Commercial Residential Industrial Outdoor
None 66% 86% 93% 13%
Dimmer 3% 11% 4% 4%
Daylighting <1% <1% <1% 53%
Occupancy Sensor 6% <1% 2% 17%
Timer 4% <1% <1% 12%
Multi 4% <1% <1% <1%
EMS 16% <1% <1% <1%
Connected <1% <1% <1% <1%

The lighting market model estimates that the use of traditional single, multi-strategy, and EMS resulted in
about 0.6 quads of energy savings in 2017 — or a roughly 9% reduction in overall lighting energy consumption.
Currently, the largest portion of energy savings from controls is derived from EMS in the commercial sector,
representing 0.28 quads or about half of the total. This is followed by commercial occupancy sensors at 0.06
quads or about 11% of all 2017 lighting control energy savings. Penetration of these more traditional control
strategies has been slow-moving, and many have only reached installed adoption of less than 5% despite being
available for decades. Going forward, it is expected that the penetration of traditional single and multi-strategy
controls as well as EMS will give way to connected lighting. While still emerging, connected lighting provides
a large opportunity for energy savings in the U.S. The controllability of LED technology, as well as the low
cost to integrate sensing, data processing, and network interface hardware will help overcome many of the
existing barriers to utilizing lighting controls.

31 Details on the lighting controls methodology can be found in Appendix F.
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Progress Towards the DOE SSL Program Goals Scenario

As shown in subsequent tables and figures, there is already a measurable difference between the Current
SSL Path and the DOE SSL Program Goals scenarios in terms of energy savings as well as connected
lighting penetration. The 2016 Forecast Report showed that the variation between the two scenarios was
relatively small in 2015, the beginning of the forecast period for the 2016 lighting market model. However,
in this Forecast Report, in the 2017 model start year there is already a noticeable difference between the
scenarios. This energy savings differential is expected to continue to grow in the future, emphasizing the
missed opportunity for potential savings if the goals of the DOE SSL program are not met.

Table 4.8 presents the forecasted installed penetration of connected LED luminaires (as compared to non-
connected) for each scenario. In the DOE SSL Program Goals scenario, connected LED luminaires reach an
overall installed stock more than double the size achieved in the Current SSL Path scenario in 2035 (56% and
22%, respectively).

Table 4.8 Installed Penetration of Connected LED Luminaires (Relative to Non-Connected)

2017 2020 2025 2030 2035

Installed Stock Penetration (%) 2% 3% 7% 13% 22%

%' - Commerecial 2% 4% 9% 17% 30%
‘S 5 Residential <1% 2% 4% 9% 16%
g Industrial 2% 4% 9% 18% 31%
Outdoor 3% 5% 11% 21% 35%

% Installed Stock Penetration (%) 13% 21% 31% 42% 56%

@ & Commercial 16% 32% 54% 70% 79%
w E Residential <1% 2% 7% 20% 41%
o Industrial 20% 35% 55% 70% 78%
a Outdoor 26% 39% 60% 75% 82%

While the lighting market model also considers the impacts of connected LED lamps, these products are not
expected to have similar impacts as LED luminaires. As seen in Table 4.9, due to the limiting form factor,
relative high cost and lower potential for energy savings, in both scenarios connected LED lamps represent the
minority of all LED lamps installed.

Table 4.9 Installed Penetration of Connected LED Lamps (Relative to Non-Connected)

2017 | 2020 | 2025 [ 2030 | 2035

» Installed Stock Penetration (%) <1% <1% 2% 5% 10%
7] - Commercial <1% 1% 5% 15% 31%
5% Residential <1% <1% 2% 4% 8%
3 Industrial <1% 2% 5% 14% 29%
Outdoor <1% <1% 3% 10% 23%

% Installed Stock Penetration (%) <1% <1% 3% 8% 21%

B B Commercial <1% 1% 6% 16% 33%
w E Residential <1% <1% 2% 7% 20%
8o Industrial <1% 2% 6% 15% 31%
a Outdoor <1% <1% 3% 10% 25%
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While the above Table 4.8 and Table 4.9 show the increase in connected LED lighting relative to the total
population of installed LED lamps and luminaires, Figure 4.7 illustrates the forecasted penetration of these
connected LED products by 2035 relative to the total installed lighting stock for each scenario. In the DOE
SSL Program Goals scenario, where adoption of connected LED lighting is accelerated, this equates to an
overall penetration of 30% (connected LED lamps and luminaires combined) of the U.S. lighting stock while
LED lighting with traditional lighting controls represents 14%.
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Figure 4.7 Lighting Controls Installed Penetration for LED Lighting vs. Conventional Lighting

As seen in Figure 4.7, both connected lighting and traditional control systems are expected to thrive due to
their compatibility with LED lighting. However, in both scenarios connected lighting represents the majority
of the future savings from lighting controls and is the source of nearly all growth. As shown in Table 4.10, for
the Current SSL Path scenario, connected lighting penetration is lower. However, in total, lighting controls still
result in an annual energy savings of 1,050 tBTU, or 98 TWh, by 2035 — roughly half of this is attributed to
connected LED lighting.

In the DOE SSL Program Goals scenario, the 2035 forecasted annual energy savings from lighting controls
increases to 1,350 tBTU (126 TWh) or roughly 1.3 quads. Connected LED lighting in this scenario is
responsible for about 74% of the 2035 lighting controls energy savings, or 1,004 tBTU, equivalent to 1 quad.
By avoiding 1 quad of annual energy consumption, connected LED lighting would save the U.S. over $10
billion in energy costs.

33



2018 ENERGY SAVINGS FORECAST OF SOLID-STATE LIGHTING IN GENERAL ILLUMINATION APPLICATIONS

Table 4.10 Annual Energy Savings from Lighting Controls by Sector for Each Scenario?

. Source Annual Energy Savings (tBTU)32 555 548 575 741 1,050
é’ - Commercial 425 430 431 522 711
§ E Residential 10 9 10 14 24
g Industrial 8 11 25 49 77
Outdoor 112 98 109 156 238

% Source Annual Energy Savings (tBTU) 584 632 831 1,100 1,350

h S Commercial 436 464 574 727 867
fﬁ g Residential 10 9 9 16 34
S o Industrial 10 21 54 92 127
& Outdoor 128 138 194 262 326

1. The energy savings presented in Table 4.10 are not additive to those provided in Table 4.6 and represent the portion attributed
to lighting control use.

4.2. Submarket Stock and Energy Savings Results

When considering the scenario results by submarket, several interesting trends emerge. In 2017, the majority
of installations were general purpose, followed by directional, decorative, and linear fixture. However, a large
number of installations does not necessarily translate directly to the best opportunity for energy savings. As
shown in Figure 4.8, the energy savings opportunity depends on the number of installations, the number of
hours each installation is operated, and the energy efficiency improvement offered by LEDs compared to the
incumbent technologies with which they are competing.

For example, in 2017, 45% of U.S. lighting installations were general purpose lamps with over 3.4 billion units
in use. However, the majority of general purpose lamps are used in the residential sector and operate an
average of less than two hours per day. Meanwhile, only 50 million parking lot fixtures were installed in the
U.S. in 2017, but they operate for over 12 hours per day on average. Therefore, parking lot fixtures contribute
approximately the same 2017 LED energy savings as general purpose lamps despite the huge disparity in
number of installations. Linear fixture applications, which are also characterized by long operating hours,
represent a small portion of the 2017 LED energy savings at 7%, yet are predicted to contribute the most (21%
in the Current SSL Path scenario and 26% in the DOE SSL Program Goals scenario) to 2035 LED energy
savings.

Figure 4.8 provides a breakdown of installed stock and energy use by lighting application. It also shows how
the 2035 forecasted energy use changes between the Current SSL Path and the DOE SSL Program Goals
scenarios. Note that the size of the circles in the figure represent the energy use distribution among the
submarkets for each column and not the magnitude. The total magnitude is provided as a total in the bottom
row. In every lighting application, the total energy use is lower in the DOE SSL Program Goals scenario than
the Current SSL Path scenario. This is due to the increased efficacy of LED products as well as penetration of
connected lighting enabled within the DOE SSL Program Goals scenario. As seen in Figure 4.8, this effect is
most noticeable for the linear fixtures submarket, as troffers and other existing linear fluorescent fixtures
represent the greatest opportunity for connected lighting systems. These trends are discussed further in Section
4.2.4. The corresponding energy savings are 1,110 tBTU in 2017, 4,820 tBTU in 2035 for the Current SSL
Path scenario, and 6,130 tBTU in 2035 for the DOE SSL Program Goals scenario.

32 The source energy savings values are also provided in TWh units in the 2019 Forecast Report Excel Tables, which can be found at:

https://www.energy.gov/eere/ssl/downloads/2019-ssl-forecast-report
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2035 LED Energy Use

2017 Total 2017 Cumrent SSL Current SSL
Installations Path Energy Use Path

- General
Purpose

- Directional

- Decorative

- Linear

- Low/High Bay

* Building Exterior

- Parking Lot

- Area/Roadway

- Parking Garage

TOTAL 7.6 Billion 5,9701BTU 3,3501BTU

Figure 4.8 Total U.S. Lighting Installations, Energy Consumption, and LED Lighting Energy Use

As shown in Table 4.11, of the submarkets examined, the lighting market model anticipates that the LED
penetration will grow the most in low and high bay and linear fixture submarkets between 2017 and 2035.

35



2018 ENERGY SAVINGS FORECAST OF SOLID-STATE LIGHTING IN GENERAL ILLUMINATION APPLICATIONS

These are submarkets where the LED penetration is currently low but there is significant potential for growth
due to potential savings. While those applications experience the largest growth, the area and roadway,
parking, and building exterior submarkets are anticipated to have the highest LED penetration by 2035. These
applications tend to already have high LED penetration, which is expected to grow to near full saturation by
2035. In addition, they are typically high-lumen applications, leaving significant opportunity for energy
savings.

Table 4.11 LED Penetration by Submarket for the Current SSL Path Scenario

Submarket 2017 2020 2025 2030 2035
General Purpose 21% 39% 62% 7% 85%
Decorative 8% 20% 46% 70% 85%
Directional 28% 44% 63% 73% 7%
Linear Fixture 11% 25% 59% 80% 88%
Low/High Bay 12% 28% 61% 82% 90%
Parking 36% 69% 95% 98% 98%
Area/Roadway 37% 64% 92% 99% 100%
Building Exterior 31% 63% 92% 98% 98%
Othert 22% 41% 68% 84% 91%
TOTAL LED Installed Stock Penetration 19% 35% 60% 76% 84%

1. The “other” submarket is included to accommodate lighting products with unknown applications; however, it will not be
explored in great detail in this report.

The following sections discuss the detailed results for each of the submarkets analyzed.

4.2.1. General Purpose

Although the most familiar light bulb to consumers, the installed stock of incandescent A-type lamps has
dropped significantly in recent years due to federal minimum energy efficiency standards (see Appendix C.1).
As aresult of EISA 2007, the general purpose submarket has migrated away from incandescent lamps towards
the more efficient LED technology. It is expected that both incandescent and halogen technologies will decline
from their 2017 levels of roughly 17% and 15% market penetration, respectively, to 3% each by 2035.

As seen in Figure 4.9, CFLs are expected to see the most drastic decline in stock. Initially, CFLs made up 48%
of the general purpose submarket, but the stock in 2035 is expected to decrease to less than a quarter of 2017
levels. CFL stock will continue to drop significantly over the next 18 years; however, due to their long life and
low operating hours for general purpose applications, CFL installations will remain throughout the analysis
period.

In 2017, there were approximately 3.4 billion general purpose lamps installed in omnidirectional applications.
While much of the phased-out incandescent lamp stock has historically been replaced by CFL and halogen
lamps, LED lamps and luminaires are currently on the rise. The continuously decreasing price of LED lamps
and luminaires and greater consumer acceptance enables their stock to increase rapidly. In terms of
installations, LED lamps and luminaires are projected to overtake CFLs as the most prevalent general purpose
lighting technology by 2021. By 2035, they are expected to constitute 85% of the 4.2 billion general purpose
lamp installations.
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Figure 4.9 General Purpose Submarket Stock Forecast for the Current SSL Path Scenario

Table 4.12 provides the lighting market model forecast results for LED installed stock penetration over the 18-
year analysis period for the general purpose submarket.

Table 4.12 General Purpose Submarket LED Stock Forecast Results

2017 2020 2025 2030 2035

LED Installed Stock (million units)t 713 1,380 2,360 3,090 3,590
Commercial 47 64 78 86 92

E Residential 666 1,320 2,280 3,000 3,500
%' Industrial <1 <1 <1 <1 <1
g LED Installed Stock Penetration (%) 21% 39% 62% 77% 85%
3 Commercial 59% 78% 90% 94% 96%
Residential 20% 38% 62% 7% 84%

Industrial 65% 83% 92% 95% 96%

1. Installed stock for the DOE SSL Program Goals scenario is not provided as there are negligible differences between scenarios.
In addition, LED installations and penetration values are calculated in terms of systems (lamp(s), ballast and fixture are counted
as one unit).

When comparing the general purpose submarket installed stock forecast results by sector, the commercial and
industrial sectors shown in Figure 4.10 and Figure 4.11 are quite similar. Both show a steady decline of
conventional technologies, largely due to the final phase of EISA 2007, which kicked in as of January 2014.
The resulting growth in LED lamps and luminaires is expected to increase their penetration in the general
purpose submarket drastically. By 2035, LED penetration is expected to be 96% of both the commercial and
industrial installed stock. At the same time, connected LED lighting is expected to account for roughly one
quarter of both commercial and industrial general purpose lighting.
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Figure 4.11 Industrial General Purpose Submarket Stock Forecast for the Current SSL Path Scenario

However, due to shorter operating hours and emphasis on low first costs, incumbent technologies
(incandescent, halogen, and CFL) maintain a foothold longer in residential general purpose lighting. The LED
installed penetration for the residential sector, shown in Figure 4.12 is more gradual than other sectors. It
initially lags the commercial sector penetration by about seven years. By 2035, LED lamps and luminaires are
projected to make up 58% and 26%, respectively, of the general purpose installed stock in the residential
sector. However, connected LED lighting is expected to make up less than 10% of general purpose residential
lighting by 2035.
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Figure 4.12 Residential General Purpose Submarket Stock Forecast for the Current SSL Path Scenario

Table 4.13 provides further breakdown of the data underlying the above figures. It shows how the installed
penetration of each relevant technology evolves throughout the forecast period.
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Table 4.13 General Purpose Submarket Installed Penetration for the Current SSL Path Scenario

Technology 2017 2020 2025 2030

Incandescent 2% <1% <1% <1% <1%
- Halogen 2% <1% <1% <1% <1%
'g CFL 37% 21% 10% 6% 1%
g LED lamp 57% 72% 69% 56% 43%
g LED lamp connected <1% <1% 3% 8% 15%
© LED luminaire 1% 5% 17% 25% 28%
LED luminaire connected <1% <1% 2% 5% 10%
Incandescent 17% 12% 6% 4% 3%
_ Halogen 15% 9% 6% 4% 3%
'.E CFL 48% 41% 26% 15% 9%
$ | LEDlamp 19% 36% 51% 56% 54%
E LED lamp connected <1% <1% <1% 2% 5%
LED luminaire <1% 2% 9% 17% 22%
LED luminaire connected <1% <1% <1% 2% 4%
Incandescent 3% <1% <1% <1% <1%
Halogen 5% 2% <1% <1% <1%
S | crL 28% 15% 7% 5% 4%
s
3 LED lamp 64% 78% 75% 63% 49%
1_1::, LED lamp connected <1% <1% 4% 10% 18%
LED luminaire 1% 4% 12% 18% 20%
LED luminaire connected <1% <1% 1% 4% 9%

Figure 4.13 shows the transition from conventional lighting to LED lighting. While connected LED lighting is
expected to penetrate general purpose applications, connected lighting will comprise a relatively small portion
of the installed stock, as compared to other submarkets analyzed in this report. The lighting market model
forecasts that roughly 10% of all installations will be connected LED lamps or luminaires by 2035 if current
levels of SSL investment and effort from DOE and industry stakeholders are maintained. An increase in
connected LED lighting is expected for the DOE SSL Program Goals scenario, with installed penetration
reaching 24% by 2035.
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Figure 4.13 General Purpose Submarket LED Installed Stock Penetration

Table 4.14 shows that the increasing adoption of LED lighting is expected to achieve 66% source energy
savings in 2035 for the Current SSL Path scenario and 75% source energy savings in 2035 for the DOE SSL
Program Goals scenario in the general purpose submarket across all sectors. This increase results in an
additional 90 tBTU of annual energy savings by 2035.
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Table 4.14 General Purpose Submarket LED Energy Savings Forecast Results

2017 2020 2025 2030 2035
Source Energy Savings (tBTU)33 110 230 405 549 670
Commercial 26 36 46 54 62
§ Residential 84 194 358 495 608
%) Industrial <1 <1 <1 <1 <1
% Source Energy Savings (%) 14% 30% 48% 59% 66%
g Commercial 32% 44% 55% 62% 68%
Residential 12% 28% 47% 58% 66%
Industrial 36% 46% 56% 63% 69%
Source Energy Savings (tBTU) 110 266 474 633 760
2 Commerecial 26 42 57 66 72
(2 Residential 84 224 417 568 688
S Industrial <1 <1 <1 <1 <1
% Source Energy Savings (%) 14% 34% 56% 68% 75%
§ Commercial 32% 52% 68% 75% 80%
2 Residential 12% 32% 54% 67% 74%
Industrial 37% 54% 69% 76% 81%

4.2.2. Decorative

As described in Section 3.1.2, the decorative submarket comprises a wide range of shapes including bullet,
globe, flame, and candle, among others. Because of their relative low cost, aesthetic appeal, and absence of
federal efficiency standards, incandescent lamps are the dominant player in the decorative submarket,
representing 79% of the 1,269 million decorative installations in 2017. Incandescent lamps are projected to
gradually be replaced with an increasing number of LED lamps and luminaires as they become cheaper and
consumers become more energy conscious, but incandescent lamps are still expected to hold onto 13% of the
1,570 million decorative installations in 2035.

LED lamps, while available for all existing decorative lamp shapes, have only recently begun offering
replacements that meet the aesthetic criteria demanded by some consumers. As seen in Figure 4.14, by 2035,
LED lamps are projected to hold 74% of the installed stock, while LED luminaire stock is expected to be 11%.

33 The source energy savings values are also provided in TWh units in the 2019 Forecast Report Excel Tables, which can be found at:
https://www.energy.gov/eere/ssl/downloads/2019-ssl-forecast-report
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Figure 4.14 Decorative Submarket Stock Forecast for the Current SSL Path Scenario

Table 4.15 provides the lighting market model forecast results for LED installed stock penetration over the 18-
year analysis period for the decorative submarket.

Table 4.15 Decorative Submarket LED Stock Forecast Results

plokivg p{0)2]0) 2025 2030 2035
LED Installed Stock (million units)t 107 269 639 1,040 1,330

8 Commercial 33 68 86 94 99
g Residential 74 201 553 951 1,230
‘qc: LED Installed Stock Penetration (%) 8% 20% 46% 70% 85%
3 Commercial 38% 76% 90% 93% 94%
Residential 6% 16% 42% 69% 84%

1. Installed stock for the DOE SSL Program Goals scenario is not provided as there are negligible differences between scenarios.
In addition, LED installations and penetration values are calculated in terms of systems (lamp(s), ballast, and fixture are
counted as one unit).

Figure 4.15 and Figure 4.16 show commercial and residential forecasted penetration of conventional
technologies, as well as connected and non-connected LED lamps and luminaires. Table 4.16 also provides a
more detailed tabular breakdown of the data.

The commercial sector decorative submarket is dominated by conventional technologies in 2017, with
approximately 62% of installations. However, these conventional technologies quickly lose market share,
amounting to less than 6% market share by 2035. Throughout the forecast period, conventional technologies
are comprised of almost solely CFL and incandescent lamps. Despite near-zero penetration of connected
lighting in 2017, connected LED lamps and luminaires achieve a cumulative 25% market share by 2035. The
penetration of non-connected LED lamps peaks in 2023 and subsequently declines due to growth in LED
luminaires and connected lighting.
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Figure 4.15 Commercial Decorative Submarket Stock Forecast for the Current SSL Path Scenario

Conventional technologies are expected to dominate the residential sector much longer than the commercial
sector. Similar to the commercial sector, LED lamps penetrate decorative applications before LED luminaires;
however, in contrast to the commercial sector, residential consumers are more sensitive to higher first costs
and difficulty of installation, causing LED lamp penetration to continue to increase through 2035. Figure 4.16
shows that the penetration of LED technologies does not surpass conventional technologies, which are almost
entirely incandescent, until 2027. By 2035, connected lighting installed penetration will be less than 8%,
though LED in total will be 84% of the installed stock.
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Figure 4.16 Residential Decorative Submarket Stock Forecast for the Current SSL Path Scenario
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Table 4.16 provides further breakdown of the data underlying the above figures. It shows how the installed
penetration of each relevant technology changes over the forecast period.

Table 4.16 Decorative Submarket Installed Penetration for the Current SSL Path Scenario

Technology 2017 2020 2025 2030 2035

Incandescent 26% 10% 4% 3% 2%
Incandescent Reflector 2% <1% <1% <1% <1%
Halogen Reflector 3% 1% <1% <1% <1%
© CFL 14% 6% 2% 1% 1%
Q
E CFL Pin 17% 6% 2% 2% 1%
S ther <1% <1% <1% <1% <1%
£ Oth 1% 1% 1% 1% 1%
o LED lamp 34% 66% 69% 62% 53%
LED lamp connected <1% <1% 2% 8% 17%
LED luminaire 4% 9% 17% 18% 16%
LED luminaire connected <1% <1% 2% 5% 8%
Incandescent 80% 72% 50% 27% 13%
Incandescent Reflector 3% 2% 2% <1% <1%
Halogen Reflector 2% 2% 1% <1% <1%
T CFL 3% 3% 2% 1% <1%
€ | CFLPin <1% <1% <1% <1% <1%
g | other <1% <1% <1% <1% <1%
k= LED lamp 6% 15% 38% 60% 69%
LED lamp connected <1% <1% <1% 2% 6%
LED luminaire <1% <1% 3% 6% 8%
LED luminaire connected <1% <1% <1% <1% 2%

Figure 4.17 illustrates the transition to LED lamps and luminaires, as well as the persistence of conventional
technology for decorative applications by 2035 (conventional lighting remains 15% and 14% of the installed
stock for the Current SSL Path and DOE SSL Program Goals scenarios, respectively).

By 2035, connected LED lamp penetration is expected to be similar in the decorative and general purpose
submarkets. Because the majority of decorative installations are in the residential sector, these lighting
products are characterized by low operating hours, making it difficult for consumers to value the added
features and energy savings that connected lighting offers. Across all sectors, the lighting market model
forecasts that 9% of all decorative installations will be connected products by 2035 if current levels of SSL
investment and effort from DOE and industry stakeholders are maintained. The penetration of connected
lighting in the DOE SSL Program Goals scenario is expected to increase more than twofold over the Current
SSL Path scenario, resulting in an overall connected installed penetration of 20% by 2035.
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Figure 4.17 Decorative Submarket LED Lighting Installed Stock Penetration

Table 4.17 shows that the increasing adoption of LED lighting is expected to achieve 72% source energy
savings in 2035 for the Current SSL Path scenario and 78% source energy savings in 2035 for the DOE SSL
Program Goals scenario in the decorative submarket across all sectors. This increase results in an additional 37
tBTU of annual energy savings by 2035.

Table 4.17 Decorative Submarket LED Lighting Energy Savings Forecast Results

2017 2020 2025 2030 2035

Source Energy Savings (tBTU)34 47 113 216 319 396

g Commercial 36 75 100 113 123
§ Residential 11 38 115 206 273
‘g Source Energy Savings (%) 10% 24% 43% 60% 2%
g Commercial 26% 52% 67% 73% 7%
Residential <1% 11% 33% 55% 69%

§ Source Energy Savings (tBTU) 47 127 244 354 433
(é Commercial 36 84 114 127 135
‘%’o Residential 11 42 130 228 298
Ec-) Source Energy Savings (%) 10% 27% 49% 67% 78%
§ Commercial 26% 59% 76% 82% 85%
8 Residential <1% 13% 37% 61% 76%

4.2.3. Directional

As described in Section 3.1.3, directional lighting is typically provided by either large reflector lamps (BR, R,
PAR shapes) or smaller MR lamps, most commonly housed in track or downlight fixtures. The lighting market

34 The source energy savings values are also provided in TWh units in the 2019 Forecast Report Excel Tables, which can be found at:

https://www.energy.gov/eere/ssl/downloads/2019-ssl-forecast-report
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model assumes that both LED lamps and luminaires compete for installations in the directional submarket for
downlights, track lights, and MR lamps. While LED lamps installed in downlight and track fixtures represent
the majority of LED technology that is employed in directional applications, LED directional luminaires were
some of the earliest applications for luminaires in general illumination, particularly LED downlights. Due to
the early adoption of LED downlights, as of 2017, they have established themselves as a significant competitor
in directional applications. Figure 4.18 and Figure 4.19 illustrate the forecasted installed stock for both large
and small directional applications.

—m—

Figure 4.18 Large Directional Submarket Stock Forecast for the Current SSL Path Scenario

Throughout the forecast period, LED lamps hold the majority over LED luminaires in large directional
applications, though they are both significant competitors. In 2035, LED lamps and LED luminaires make up
44% and 32% of the installed stock, respectively. As seen in Figure 4.19, the same relationship is expected in
2017 in small directional applications; however, starting in 2034, LED luminaires hold greater market share
than LED lamps — 50% and 47%, respectively, in 2035.

Adoption of LED lighting in large directional applications is delayed relative to those competing in small
directional applications. LED lighting in small directional applications represents the majority of installations
in 2019, whereas this does not occur until 2022 in large directional applications.
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Figure 4.19 Small Directional Submarket Stock Forecast for the Current SSL Path Scenario

Table 4.18 provides the lighting market model forecast results for LED installed stock penetration over the 18-
year analysis period for the large and small directional submarkets combined.

Table 4.18 Directional Submarket LED Lighting Stock Forecast Results

plokivg p{0)2]0) 2025 2030 2035
LED Installed Stock (million units)t 367 589 896 1,090 1,220
Commercial 120 142 155 163 172
E Residential 247 447 741 929 1,050
ﬁ Industrial <1 <1 <1 <1 <1
‘g LED Installed Stock Penetration (%) 28% 44% 63% 73% 7%
é Commercial 83% 96% 99% 99% 99%
Residential 22% 38% 59% 69% 74%
Industrial 60% 80% 88% 90% 91%

1. Installed stock for the DOE SSL Program Goals scenario is not provided as there are negligible differences between scenarios.
In addition, LED installations and penetration values are calculated in terms of systems (lamp(s), ballast, and fixture are
counted as one unit).

The early prevalence of LEDs in directional applications is particularly noticeable when considering the results
by sector. Figure 4.20 and Figure 4.21 show the forecasted installed penetration in the commercial sector for
large and small directional applications, respectively. In 2017, LED lighting represents 83% of commercial
LED stock in both large directional and small directional submarkets. This substantial early penetration is
driven by non-connected LED lamps. However, since these non-connected LED lamps are expected to reach
their peak early, they are surpassed in 2025 by non-connected LED luminaires for large directional
applications and in 2027 for small directional applications. In both applications, connected lighting does not
play a major role until later years in the forecast. By 2035, the total connected lighting installed penetration in
large directional and small directional applications is 29% and 30%, respectively.
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Figure 4.20 Commercial Large Directional Submarket Stock Forecast for the Current SSL Path Scenario
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Figure 4.21 Commercial Small Directional Submarket Stock Forecast for the Current SSL Path Scenario

As seen in Figure 4.22, LED lighting also represents the majority of directional installations in the industrial
sector in 2017,% with non-connected LED lamps and luminaires making up 48% and 12% of installations
respectively. Connected lighting is expected to achieve over 10% installed penetration by 2029, and, by 2035,

35 For the industrial sector, small reflector lamps represent a negligible portion of the installed stock and are grouped with large reflectors into one singular
directional submarket.
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it will compose 24% of the industrial directional submarket. By 2035, LED lighting is expected to make up
91% of industrial directional installations.
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Figure 4.22 Industrial Directional Submarket Stock Forecast for the Current SSL Path Scenario

While progress has been slower in the residential sector, LED lamps and luminaires also achieved notable
installed penetration in 2017, as seen below in Figure 4.23 and Figure 4.24. In 2017, LED lighting represents
approximately 22% of both large directional and small directional installations in the residential sector. LED
lighting continue to gain traction and become the majority in large directional applications in 2023 and in
small directional applications in 2020.

However, halogen and incandescent reflector lamps are expected to remain appealing to some residential
consumers. Compact fluorescent reflectors also linger within the residential sector for large directional lamps.
This is mainly due to the low operating hours typically seen in U.S. households and the longer life of compact
fluorescent technology. Ultimately, conventional lighting technologies make up about 27% and 4% of the large
and small directional residential installations in 2035, respectively.

Similar to other submarkets, connected lighting experiences notably slower growth in the residential sector
than in other sectors. In 2035, connected lighting accounts for only 7% and 11% of the large and small
directional installations, respectively, in the residential sector.
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Figure 4.23 Residential Large Directional Submarket Stock Forecast for the Current SSL Path Scenario
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Figure 4.24 Residential Small Directional Submarket Stock Forecast for the Current SSL Path Scenario

Table 4.19, Table 4.20, and Table 4.21 provide further breakdown of the data underlying the above figures.
They show how the installed penetration of each relevant technology evolves throughout the forecast period.
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Table 4.19 Large Directional Submarket Installed Penetration for the Current SSL Path Scenario

Technology 2035
Incandescent Reflector 1% <1% <1% <1% <1%
Halogen Reflector <1% <1% <1% <1% <1%
T CFL Reflector 2% <1% <1% <1% <1%
§ | CFLPin 13% 3% <1% <1% <1%
E LED lamp 64% 62% 45% 29% 16%
3 LED lamp connected <1% <1% 3% 6% 9%
LED luminaire 19% 32% 48% 55% 54%
LED luminaire connected <1% 1% 4% 10% 20%
Incandescent Reflector 29% 22% 16% 12% 11%
Halogen Reflector 21% 16% 11% 9% 9%
= CFL 11% 10% 8% 5% 4%
g CFL Reflector 16% 14% 8% 5% 4%
% | LED lamp 18% 29% 41% 44% 43%
< LED lamp connected <1% <1% <1% 2% 3%
LED luminaire 4% 8% 15% 21% 23%
LED luminaire connected <1% <1% <1% 1% 3%
Table 4.20 Small Directional Submarket Installed Penetration for the Current SSL Path Scenario
Technolo