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List of Acronyms

DOAS dedicated outdoor air system
HID high intensity discharge
LDD luminaire dirt depreciation
LED light-emitting diode
LLD lamp lumen depreciation
LLF lighting loss factor
LPD lighting power density
PSZ-AC packaged single zone air conditioner
PVAV packaged variable air volume
RSDD room surface dirt depreciation
VAV variable air volume
VRF variable refrigerant flow
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Executive Summary

Building on the successfully completed effort to calibrate and validate the U.S. Department of
Energy’s ResStock™ and ComStock™ models over the past three years, the objective of this
work is to produce national data sets that empower analysts working for federal, state, utility,
city, and manufacturer stakeholders to answer a broad range of analysis questions.

The goal of this work is to develop energy efficiency, electrification, and demand flexibility end-
use load shapes (electricity, gas, propane, or fuel oil) that cover a majority of the high-impact,
market-ready (or nearly market-ready) measures. “Measures” refers to energy efficiency
variables that can be applied to buildings during modeling.

An end-use savings shape is the difference in energy consumption between a baseline building
and a building with an energy efficiency, electrification, or demand flexibility measure applied.
It results in a timeseries profile that is broken down by end use and fuel (electricity or on-site
gas, propane, or fuel oil use) at each timestep.

ComStock is a highly granular, bottom-up model that uses multiple data sources, statistical
sampling methods, and advanced building energy simulations to estimate the annual subhourly
energy consumption of the commercial building stock across the United States. The baseline
model intends to represent the U.S. commercial building stock as it existed in 2018. The
methodology and results of the baseline model are discussed in the final technical report of the
End-Use Load Profiles project.

This documentation focuses on a single end-use savings shape measure—LED lighting. The
LED lighting measure replaces interior lights with LEDs where applicable. The LED lighting
measure demonstrates 3.5% total site energy savings (154 trillion British thermal units [TBtu])
for the U.S. commercial building stock modeled in ComStock (Figure 1). The savings are
primarily attributed to:

e 37.0% stock interior lighting electricity savings (157.7 TBtu)
e 4.3% stock cooling electricity savings (28.8 TBtu).

The measure also demonstrated penalties for heating end uses due to lower heat gain from
interior lighting LEDs:

® -6.4% stock heating electricity penalties (-15.0 TBtu)
e -5.0% stock heating natural gas penalties (-22.7 TBtu).
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LED Lighting

Accessing Results

This documentation covers LED Lighting upgrade methodology and briefly discusses key
results. Results can be accessed on the ComStock data lake “end-use-load-profiles-for-us-
building-stock™ or via the Data Viewer at comstock.nrel.gov.

Measure Summary

Measure Title LED Lighting

Measure This measure replaces model interior lighting with ComStock Generation 5 LED
Definition lighting, where applicable.
Applicability Models without LED lighting installed.

65% of stock floor area.

Not Applicable Models with LED lighting already installed.

Release 2023 Release 1:
2023/comstock_amy2018 release_1/
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1 Technology Summary

Light-emitting diode (LED) lighting is now the most common technology in new and retrofit
interior lighting systems. Lamps are devices that are generally replaceable and produce light.
Examples include incandescent bulbs, compact fluorescent bulbs, T8 and TS5 linear fluorescent
bulbs, and LED bulbs. “Luminaires” refers to the complete lighting unit that has one or more
sockets for lamp connection. Luminaires include all components, such as lamp, power supply,
reflector, lens, ballast, and diffuser. Most lighting in commercial buildings presently is in the
form of linear fluorescents and fluorescent troffer-style luminaires. There are direct one-to-one
LED linear lamp replacements, as well as LED troffers. LED high bay, supplemental, task, and
wall wash lighting systems are available to replace halogen and fluorescent lighting common in
those applications. Lighting replacements may consist of simple lamp replacements or full
luminaire replacements and rewiring to improve space lighting. This measure does not
distinguish between lamp and luminaire replacements. Additionally, this measure does not make
any changes to the lighting controls in a building.

2
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2 ComsStock Baseline Approach

ComStock interior lighting is determined using a lighting generation approach, with each
generation representing a collection of lighting technologies typically installed during a given
time period. ComStock assumes four categories of lighting: General (overhead lighting), Task
(lights focused on specific areas), Supplemental (supplemental lighting), and Wall Wash
(illuminates vertical surface). The lighting technologies used in each category across the
ComStock lighting generations are listed in Table 1. Generations 4—8 represent varying efficacy
levels of LEDs, with Generation 4 being the first LED technology to market, and Generation 8

being the estimated technology level in 2035.

Lighting

Generation

Table 1. Lighting Generations and Associated Technologies for Each Category

General
Lighting
Technology

General
Lighting
(High Bay)
Technology

Task Lighting
Technology

Supplemental
Lighting
Technology

VELRYEE)
Lighting
Technology

High Intensity
Gen 1 T12 Linear Discharge Incandescent Incandescent Incandescent
Fluorescent (HID) Mercury | A-Shape Decorative Decorative
Vapor
Gen 2 T8 Linear HID Metal Halogen Halogen Halogen
Fluorescent Halide A-Shape Decorative Decorative
T5 Linear HID Metal Compact Compact Compact
Gen 3 . Fluorescent . .
Fluorescent Halide Fluorescent Pin | Fluorescent Pin
Screw
Gen 4-8 LED Linear LED.ngh Eay | LED Cener LED Decorative | LED Directional
Luminaire Purpose

ComStock uses a similar approach to the ASHRAE 90.1 Lighting Subcommittee for determining
the lighting power density (LPD) allowance for a given space type. Equation 1 calculates the
LPD for a space using target illuminance levels as defined by the ASHRAE 90.1 Lighting
Subcommittee, and lighting technology properties. Table 2 provides the average installed
building-level LPDs in ComStock by building type and lighting generation.

LPD = General Lighting + Task Lighting + Supplemental Lighting + Wall Wash Lighting (1)

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

%LS; X fc

%LS, X fc

%LS; X fc

%LS, X fc

LPD =

RSDD x TF,

RSDD x TF,

RSDD X TF,

RSDD x TF,

% LS, = the percent of the horizontal illuminance met by a specific lighting system
fc = the target horizontal illuminance value
RSDD = room surface dirt depreciation, an estimate of how much surface dirt on ceilings
and walls reduces light from reaching the horizontal surface
TF, = total lighting factor = Source luminous efficacy X Coefficient of utilization X

LLF

o Source luminous efficacy = the lumens per watt for a specific lighting

technology
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o Coefficient of utilization = a term that capture how many of the lumens
generated from the lighting system reaches the horizontal plane

o LLF = Lighting loss factor = Luminaire Dirt Depreciation (LDD) X
Lamp Lumen Depreciation (LLD)

Table 2. Average Building-Level Lighting Power Densities (W/ft?) by Lighting Generation and

Building Type
building type gen1 gen2 gen3 gend gen5
full_service_restaurant 1.51 0.96 0.45 0.43 0.39
hospital 1.59 1.07 0.63 0.58 0.52
large_hotel 1.31 0.80 0.29 0.23 0.21
large_office 1.18 0.80 0.50 0.53 0.47
medium_office 1.18 0.80 0.50 0.53 0.47
outpatient 1.27 0.85 0.53 0.52 0.47
primary_school 0.73 0.56 0.48 0.47 0.42
quick_service_restaurant 1.73 1.11 0.56 0.52 0.47
retail 1.17 0.75 0.54 0.47 0.42
secondary_school 0.88 0.58 0.48 0.45 0.40
small_hotel 1.08 0.63 0.28 0.25 0.22
small_office 1.18 0.79 0.50 0.52 0.47
strip_mall 1.59 1.07 0.65 0.64 0.59
warehouse 0.83 0.40 0.39 0.30 0.27

Lighting generations are assigned to each building model during sampling based on the year of
last interior lighting replacement and the energy code in force during that year. Probability
distributions were generated using a Gaussian distribution based on an approximate start and end
year for each lighting generation. The probability distributions were duplicated for each energy
code in force and further modified to ensure they were realistic (i.e., not let Generation 1 be
installed in a ComStock 90.1-2019 building), using a cutoff generation for each energy code in
force. Each of the lighting generations were also assigned an arbitrary weight to scale the
distributions to represent realistic installation trends. For example, while the installation years of
Generation 2 and Generation 3 overlapped, Generation 2 was far more popular and was therefore
assigned a higher weight than Generation 3 in the model.

Additionally, small commercial buildings (<50,000 ft?) tend to retrofit their lighting technology
less frequently than large commercial buildings (>50,000 ft?). To capture this, the interior
lighting lifespan values were changed so that large buildings updated their lighting every seven
years on average, with small buildings updating their lighting on average every 13 years.

These distributions were validated using data from the 2015 U.S. Lighting Market
Characterization study [1] and the 2019 Solid-State Lighting report [2]. The 2018 distribution of
lighting generations by building type is given in Figure 1.
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3 Modeling Approach

This measure replaces model interior lighting with Generation 5 LED lighting, where applicable.
The measure will first identify whether the upgrade is applicable to the model. If applicable, it
will cycle through each of the spaces in the model, changing the lighting to the appropriate
technology based on the space type’s lighting category (as defined in the resource files).

3.1 Applicability

The purpose of this measure is to model the energy impact of 100% LEDs in the commercial
building stock. To capture this, in all models without LEDs (Generation 1-3), all interior lighting
categories will be retrofitted with Generation 5 lighting. Models with Generation 4 will remain
unchanged, as there is not a significant change in efficacy (12%) between Generations 4 and 5.
Additionally, LEDs have long lifespans (10+ years), and it is not realistic to replace Generation 4
LEDs with a newer technology if the lamps still have many years of usable life left. Models with
Generation 5 will also remain unchanged.

In the measure, applicability will be determined by accessing a model’s existing lighting
technologies and determining whether the names of the technologies include “LED.” If true, the
measure will be registered as not applicable.

6
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4 Output Variables

Table 3 includes a list of output variables that are calculated in ComStock. These variables are
important in terms of understanding the differences between buildings with and without the LED
lighting measure applied. Additionally, these output variables can be used for understanding the
economics (e.g., return of investment) of the upgrade if cost information (i.e., material, labor,
and maintenance cost for technology implementation) is available.

Table 3. Output Variables Calculated From the Measure Application

Variable Name Description

Initial Lighting Power Initial power by lighting technology (W)
Initial LPD Average building LPD (W/ft?)

Final Lighting Generation Lighting generation after measure is applied (should be Generation 5 if
measure is applicable)

Final Lighting Power Final lighting power by technology (W)
Final LPD Average building LPD (W/ft?)
7
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5 Results

5.1 Single Building Example

A 37,500-ft> small hotel in Los Angeles with Generation 1 lighting was selected as a test
example. The measure installed Generation 5 lighting. The model initially had T12s and
incandescent lights installed, with whole-building powers listed in Table 3. After the measure
was applied, all lighting technologies were replaced with LEDs. Building lighting started with
53,616 W (average LPD 1.43 W/ft?) and ended with 8,446 W (average LPD 0.23 W/ft?), which
aligns with average LPDs for small hotels in Table 2.

Table 4. Whole-Building Lighting Power by Technology

Initial Final
Lighting Whole Buildi Whole Building Lighti
Cateqo ole Building ole Building Lighting
gory VO ) Lighting Power (W) LG ) Power (W)

General T12 5,766 LED Linear 3,679

Incandescent LED
Task 46,507 General 4,562

A-Shape P
urpose

Incandescent LED
Supplemental Decorative 1,343 Directional 205
Wall Wash None - None --

5.2 Energy Impacts

In general, the measure resulted in savings: both electricity and site energy consumption were
reduced across the building stock (Figure 2 and Figure 3). Isolating the interior lighting energy
savings in Figure 4, the measure resulted in over 1 million kBtu savings, with the majority of the
savings coming from strip mall and warehouse buildings as these building types constitute the
highest square footage in the stock. Figure 5 shows the baseline total stock energy consumption
versus after the LED measure is applied by end use. The energy consumption of most end uses
was affected by the measure, with the exception of interior equipment and exterior lighting.

Electricity Total Energy Consumption

3000 +
25004
20004
1500 4

1000

Electricity Total Energy Consumption (TBtu}

500

0

Baseline Apply LEDs

Figure 2. Comparison of total electricity consumption between baseline and LED upgrade

8

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



Site Energy Total Energy Consumption

s
S
]
(n1gL) uondwnsuod ABiau3 [ejolL AB1aul 235

4000 -
2000+
1000 A

Apply LEDs

Baseline

Figure 3. Comparison of total site energy consumption between baseline and LED upgrade

1400M
1300M
1200M
. 1100M
1000M
900M
800M
700M
600M
500M
400M
300M
200M
100M
oM

nagy) sbuines Buiaybiq Jorisau| jeyo)

coravszf|eomonews
BEmo.m- [920H|[ewWS

£0+8/9°¢2 - |ooyasAiepuoias

wo+mm¢.m—az 2ANEISEYBIIAIBSHIINY
ho+me._<.- |ooyssAiELLILIg
B+m§.m- Jusneding
BE#.N- 821 OWNIP3
no+wmo.m. ao1jpabue]
BEE&. |930106.27
B+moq.m- levidsop

ho+wﬂm.m- JUBInNelsayadIAIes| N

= = = = = =
o (=] (=] (=] (=} (=]
o o o o o
o n < 3y —
(nagy) edA) Buip|ing Aq sBuines Buijybi Joueiu| |ejo |

300M

Figure 4. Total interior lighting savings and by building type

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



4 -
>00 B Heat Rejection, Electricity
B Heat Recovery, Electricity
4000 B Pumps, Electricity
I Refrigeration, Electricity
— Exterior Lighting, Electricity
g 35004 1 Water Systems, Other Fuel
= i1 Water Systems, District Heating
S 3000+ /' Water Systems, Natural Gas
g Water Systems, Electricity
= W Heating, Other Fuel
E 2500+ @ Heating, District Heating
S B Heating, Natural Gas
> 2000+ B Heating, Electricity
b Interior Lighting, Electricity
AT B4 Cooling, District Cooling
© 1500+ B Cooling, Electricity
E ) oo o | V /| | Fans, Electricity
< 10004 / / B Interior Equipment, Natural Gas
/] /] B Interior Equipment, Electricity
5004
0_

Baseline LED Lighting

Figure 5. Baseline stock energy consumption versus upgrade stock energy consumption by end
use

The majority of the savings came from models with Generation 1 lighting installed originally,
which is expected since Generation 1 lighting is the least efficient, sometimes with an LPD
several times higher than the proposed Generation 5 lighting (Table 2). Figure 6 shows the
average site energy use intensity (EUI) savings by building type and original lighting generation
installed. Quick-service restaurants, hospitals, and small hotels saw the highest savings on
average. This is driven by the percent LPD savings for the respective building types by switching
from the various lighting generations to Generation 5 (Table 2) coupled with the prevalence of
the various lighting generations for the building type (Figure 1).
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Figure 6. Average site EUl savings by building type and original lighting generation

The measure also accurately followed the applicability criteria and was only applied to models
with non-LED lighting generations (Generations 1, 2 and 3), as shown in Figure 7.

Applic.. In.Interior Lighting Generation
155,768
150K
"
=
3
8§ 100K
True <
o
<]
= 49,548
50K
14,587
OK I
150K
"
C
3 98,942
8 100K
False <
o
<]
=
50K
22,603
o ]
genl_t12_incandescent gen?_t8_halogen gen3_t5_cfl gen4_led gen5_led

Figure 7. Measure applicability by lighting generation, demonstrating that the measure was
applied to the appropriate models. As expected, the measure did not apply to models that already
included LED lighting.
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Figure 8 breaks down the savings by end use. The majority of savings are in the interior lighting
category, as expected. Some models saw very low interior lighting savings. This is due to (1)
higher efficiency in the original lighting generations (e.g., Generation 3 lighting is only
marginally less efficient compared to Generation 5), and (2) shorter operating hours, which
resulted in less opportunity for savings (Figure 9).

Some models also saw savings from heat rejection, heat recovery, refrigeration electricity, pump
electricity, fan electricity, and electric cooling. LEDs generate less heat during normal operation
compared to older lighting technologies, and models that had their interior lighting replaced with
LEDs will have lower internal loads which can affect HVAC operation. This explains the
savings for electric and cooling, and heat rejection end uses. In a similar vein, we see primarily
negative energy savings for heating end uses (natural gas, electric, district and other) because
there is less heat being generated by the interior lighting.

EUI Savings by End Use:up05-LED Lighting (unweighted)

Other Fuel Water Systems (n=34)+
Other Fuel Heating (n=5694)+

District Heating Water Systems (n=59)
District Heating Heating (n=1913)
District Cooling Cooling (n=1898)
Natural Gas Water Systems (n=1765)
Natural Gas Heating (n=116178)+
Electricity Water Systems (n=3379)
Electricity Refrigeration {(n=20054)-
Electricity Pumps (n=23905) 4
Electricity Interior Lighting (n=219903)

Electricity Interior Equipment (n=10)
Electricity Heating (n=134936)
Electricity Heat Rejection (n=3692)
Electricity Heat Recovery (n=6815)+
Electricity Fans (n=168687)
Electricity Cooling (n=210448)+

-30 -25 -20 -15 -10 20 25 30

EUI Savings by End Use

Figure 8. Distribution of savings (kBtu/ft?) by end use and fuel
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Figure 9. Average lighting savings by operating hours

Some models also produced savings in these end uses: natural gas heating and electricity heating.
After closer examination, many models with savings in these heating end uses had reheat HVAC
systems. For these systems, all fuels involved in the heating system need to be considered when
looking at energy savings. For example, Figure 10 shows the total natural gas and electricity
heating consumption savings for models with a “PVAYV [packaged variable air volume] with gas
heat and electric reheat” HVAC system. When considering only natural gas, the model appears
to have lower heating consumption after the interior lights are replaced with LEDs. However,
combining natural gas and electricity heating savings shows that the heating system does
consume more energy after the LED measure is applied, which is the expected behavior.

Models without reheat HVAC systems seeing positive natural gas and electricity heating savings
represent 0.7% and 0.05% of the total stock square footage, respectively. A very small portion of
ComStock models demonstrate heating savings due to nuanced load difference caused by
reduced lighting. ComStock includes 350,000 models nationally. Within these, there are bound
to be some anomalies that result in unanticipated energy consumption trends. Some examples of
these anomalies are as follows:

HVAC systems for models with natural gas heating savings:

PVAYV with gas heat with electric reheat

VAV chiller with gas boiler reheat

Packaged single zone air conditioner (PSZ-AC) with gas coil

Residential AC with residential forced air furnace

Dedicated outdoor air system (DOAS) with water source heat pumps cooling tower with
boiler

e Direct evaporative coolers with forced air furnace.
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HVAC systems for models with electricity heating savings:

PVAYV with gas heat with electric reheat

PSZ-AC with electric coil

DOAS with variable refrigerant flow (VRF)

DOAS with water source heat pumps and ground source heat pumps.
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Figure 10. Natural gas and electricity heating consumption savings for a model with “PVAV with
gas heat and electric reheat” HVAC system type
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