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The objective of this study is to develop baseline and projected performance and cost characteristics for residential and
commercial end-use equipment.

Examine 2012 and 2018 (commercial) and 2015 and 2020 (residential) baselines, as well as this year’s baseline (2022).

— Review literature, standards, installed base, contractor, and manufacturer information.

— Provide a relative comparison and characterization of the cost and efficiency of a generic product.
e Forecast technology improvements that are projected to be available through 2050.

— Review trends in standards, product enhancements, and research and development (R&D).

— Projectimpact of product improvements and technology enhancement.

The performance and cost characterization of end-use equipment developed in this study will assist EIA in projecting
national primary energy consumption.



Methodology

Input from industry stakeholders, including government, R&D organizations, and manufacturers, was used to
project product enhancements concerning equipment performance and cost attributes.

* Technology forecastinginvolves many uncertainties.
* Technology developments affect performance and cost forecasts.

e Varied sources ensure a balanced view of technology progress and the probable timing of commercial
availability.



Definitions

The following tables represent the current and projected efficiencies for residential and commercial building equipment ranging from the installed base in 2012
and 2018 (for commercial products) and 2015 and 2020 (for residential) to the highest efficiency equipment that is expected to be commercially available by 2050,
assuming incremental adoption. Below are definitions for the termsused in characterizing the status of each technology.

— Installed Stock Average: the installed and in use equipment for that year. Represents the installed stock of equipment, but does not represent sales.

—  Current Standard: the minimum efficiency (or maximum energy use) required (allowed) by current U.S. Department of Energy (DOE) standards, when
applicable. For lighting, if no product exists at the standard efficiency level, a hypothetical wattage and lumen output is given for the standard’s
efficiency level.

— ENERGY STAR®: the minimum efficiency required (or maximum energy use allowed) to meet the ENERGY STAR® criteria, when applicable. Presented
performance data represents certified products just meeting current ENERGY STAR specifications. For lighting, if no products exist at the ENERGY
STAR efficiency level, a hypothetical wattage and lumen output is given for the ENERGY STAR efficiency level.

—  Low: The minimum efficiency product or product mix available on the market. This rating typically reflects minimal compliance with DOE standards.
—  Typical: the average, or typical, product being sold in the particular timeframe.
— High: the product with the highest efficiency available in the particular timeframe.

— Lumens (Im): the unit for luminous flux used in the SI unit system. This unitis used to indicate a light source’s light output. All reported lumens are
initial lumens. 1 kilolumen (klm)=1,000 lumens.

—  Correlated Color Temperature (CCT): a specification of the color appearance of the light emitted by a lamp. Note: CCT is not a performance metric.

— Color RenderingIndex (CRI): ascale from 0 to 100 percent indicating how accurate a given light source is at rendering color when compared to a
reference light source. The higher the CRI, the better the color rendering ability.

—  British thermal unit (Btu): a measure of the heat content of fuels or energy sources. It is the quantity of heat required to raise the temperature of one
pound of liquid water by 1°F at the temperature that water has its greatest density (approximately 39 °F ). 1 kBtu=1,000 Btu.

—  Cubic Feet per Minute (CFM): a measure of airflow volume equal to the number of cubic feet of air flowing through a two-dimensional plane in one
minute.

— Not Available (N/A): data is not available where indicated.



Calculations

The following metrics are commonly referred to throughout the tables to follow. Below are the calculations for each metric
— Lighting

= System Wattage = (Lamp Wattage * Ballast Factor) / Ballast Efficiency

* System Lumens = Lamp Lumens * Ballast Factor

* Lamp Efficacy = Lamp Lumens /Lamp Wattage

* System Efficacy = System Lumens /System Wattage

= Lamp Cost ($/klm) =Lamp Cost/(Lamp Lumens /1,000)

* Total Equipment Cost =Lamp Cost + Fixture (including ballast) Cost

=  System Cost ($/klm) = Total Equipment Cost/ (SystemLumens /1,000).1/b/fdenotes that the costincludes the luminaire, the ballast, and the fixture.

» Total Installed Cost =Total Equipment Cost+ Labor Installation Cost

* Ballast Luminous Efficiency (BLE)=A/(1+B*Avg Total Lamp Arc Power"(-C)) where A, B, and C are pre-defined constants by DOE Energy ConservationStandards for FluorescentLamp Ballasts.
—  Commercial Refrigeration

= Nominal Capacity over Average Input (Btuin / Btu out) = (Cooling or Heat Rejection Capacity )*24*365/(Annual Energy Consumption * 3,412)

* Total Installed Cost =Retail Equipment Cost+ Labor Installation Cost

* Total Installed Cost ($/kBtwhour) = Total Installed Cost*1,000/(Cooling or HeatRejection Capacity). h used as an abbreviation for hour throughout

* Annual Maintenance Cost ($/kBtu/h) = Annual Maintenance Cost* 1,000/ (Cooling or HeatRejection Capacity)
—  Ventilation

* CFM out /Btuin /h= System Airflow / (SystemFan Power* 3,412)

* Total Installed Cost ($/1,000 CFM) = Total Installed Cost* 1,000/System Airflow

* Annual Maintenance Cost ($/1,000 CFM) = Annual Maintenance Cost* 1,000 /SystemFan Power
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Market Transformation

The market for the reviewed products has changed since this analysis was performedin 2015. These changes are noted
and reflected in the efficiency and cost characteristics.

* DOEissued federal minimum efficiency standards that have gone into effect for General Service Fluorescent Lamps
(2012), Incandescent Reflector Lamps (2012), and Fluorescent Lamp Ballasts (2019).

e InApril 2022, DOE codified into the Code of Federal Regulations the 45 lumens per watt (Im/W) backstop requirement
for general service lamps that Congress prescribed in the Energy Policy and Conservation Act (10 CFR 430, 87 FR
27439). This action also amended the definition of general service lamps to include previously exempted product
classes, such as reflector lamps. The rule will go into effect for manufacture and import in January 2023 and for retail
and distributionin July 2023.

* DOE published a Final Rule updating energy conservation standards for Refrigerated Beverage Vending Machines at
the end of 2015, effective in 2018. DOE also issued federal minimum efficiency standards that have or will soon go into
effect for Refrigerated Beverage Vending Machines (2012), Automatic Commercial Ice Makers (2018), Walk-In Coolers
and Freezers (2017), and Commercial Refrigeration Equipment (2017).
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Performance and Cost Characteristics » Residential General Service Lamps

Theresidential general service lamps characterized in this report are a 60-watt and a 75-watt medium screw-based (E26) A-type incandescent lamp and their halogen, CFL, and LED equivalents.
A standard 60-watt incandescent lamp produces approximately 800 — 850 lumens. A standard 75-watt incandescent lamp produces approximately 1,100 lumens.

Performance:

A majority of residential lamps have a nominal CCT rating of 2,700K and give off a warm, yellowish white color, but products with CCTs of 3,000K, 3,500K, 4,100K (neutral white), 5,000K
(daylight), and 6,500K (blueish white) are also available. Traditional incandescent light bulbs have a nominal CCT of about 2,700K. When replacing a light bulb, it is advised to chose a
product with a similar CCT valuein order to achieve the samelook.

Incandescent and halogen lamps have perfect color rendering with a CRI value of 100. However, CFL and LEDs products commonly fall between 70 and 90 CRI, with an average around 80.
CRI values of 80 are considered suitable for general illumination. High CRI products are preferable for retail and display applications where improved color quality is of real value. Higher
CRI is not expected to be a focus for future LED products except for these specific retail and display applications.

Cost:

Many factors influence the price of LED lamps including CRI, lifetime, dimming capabilities, and efficacy. Therefore, typical lamp prices in 2022 reflecting a mix of lamp characteristics and
features were used as the basis for projections for both typical and high efficacy products in the future.

Fixture prices and installation costs are not included for the residential sector. Labor costs are assumed to be negligible because homeowners likely replaces lamps themselves as they burn
out. Therefore, total installed cost is the price of a lamp, and annual maintenance costs are the cost of replacing the lamps, which is a function of lamp life, lamp price, and the annual
operating hours.

Disposal costs are not characterized for residential lighting in this analysis. In residential cases, disposal is done by the occupant. Lamp and product burnout are assumed to result inno
"added" cost aside from the work performed to install the replacement.

Legislation:

The Energy Independence and Security Act of 2007 (EISA 2007) established standards for 60-watt general service lamps, effective in 2014, and 75-watt lamps, effective in 2013. These
standards cannot be achieved by incandescent bulbs, but can be by halogen, CFL, and LED technologies.

In April 2022, DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. This action also amended the definition of general service lamps to include previously exempted product classes, such as reflector lamps. These standards can notbe
achieved by traditional incandescent or halogen technologies currently on the market, and given current and projected trends in industry, they will likely not be met. It is currently assumed
that industry will increase its investment in LED technology at the expense of incandescent, halogen, and CFL technologies. The rule will go into effect for manufacture and import in
January 2023 and for retail and distribution in July 2023.

ENERGY STAR:

For ENERGY STAR qualification, general service omnidirectional lamps must have a minimum lamp efficacy of 70 Im/W for products with CRI >90 and 80 Im/W for lamps with CRI <90.
Additionally, the lamps must have a CRI > 80, nominal CCT of 2,700, 3,000, 3,500, 4,000/4,100, 5,000, or 6,000 K, and rated lifetime > 10,000 hours (ENERGY STAR).
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Performance and Cost Characteristics » Residential General Service Lamps

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus on improving efficacy, lifetime, and price for

products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent,
halogen, and fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050:

Technology Efficacy Potential for Improvements

Incandescent 0% 0% -0.5%
Halogen 0% 0% -0.5%
CFL +0.5% 0% -0.5%

Limited because the technology is mature and the technology cannot meet legislative requirements.

Limited because the technology is mature and the technology cannot meet legislative requirements
as of 2022.

Improvements in efficacy can be made by using more rare-earth phosphors in compact fluorescent
lamps.

11



Performance and Cost Characteristics » Residential General Service Incandescent Lamps (60 W)

2015! 2020! 20222 20232 2030° 20403 20502

DATA Insig:izzo ck Insig:izzo ck Low Typical High El;;ig‘{ Standard Typical High Typical High Typical High
Lamp Wattage 60.0 60.0 N/A N/A N/A N/A 18.9 N/A N/A N/A N/A N/A N/A
Lamp Lumens 850 850 N/A N/A N/A N/A 850 NJA NA NA NA NA N/A
Lamp Efficacy (Im/W) 14.2 14.2 N/A N/A N/A N/A 45.0 N/A  N/A N/A  N/A N/A  N/A
CRI 100 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,700 2,700 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 1.0 1.0 N/A N/A N/A N/A NJA NA NA NA NA NA NA
Annual Operating Hours (h/y) 511 511 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (20228$) $0.30 $0.30 N/A N/A N/A N/A N/A N/A  N/A N/A  N/A N/A  N/A
Lamp Cost (2022%/klm) $0.34 $0.34 N/A N/A N/A N/A N/A N/A  N/A N/A  N/A N/A  N/A
Labor Cost (20225/h) $0.00 $0.00 NJ/A NA NA NA NA NA NA NA NA NA NA
LaborLamp Installation (hours) 0 0 N/A N/A N/A N/A N/A N/A  N/A N/A  N/A N/A  N/A
Total Installed Cost (20223) $0.30 $0.30 NJ/A NA NA NA NA NA NA NA NA NA NA
Annual Maintenance Cost (20225) $0.15 $0.15 N/A N/A NA NA NA NA NA NA NA NA NA
Total Installed Cost (2022$/klm) $0.35 $0.35 N/A N/A NJA NA NA NA NA NA NA NA NA
Annual Maintenance Cost (2022$/klm) $0.18 $0.18 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. The Energy Independence and Security Act of 2007 (EISA 2007) prescribes standards for 60 wattincandescent lamps as of January 1,2014. Despite the phase out of incandescent
lamps, these products remain in theinstalled stock.

2. In April2022, DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importinJanuary 2023 and for retail and distribution in July 2023. These
standards cannot bemet with incandescent technologies.
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Performance and Cost Characteristics » Residential General Service Incandescent Lamps (75 W)

2015! 2020! 20222 20232 2030 20402 20502

DATA Instggzlizzo S Inst:g:iZLOCk Low Typical High El;l?ig\( Standard Typical High Typical High Typical High
Lamp Wattage 75.0 75.0 N/A N/A N/A N/A 26.0 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,170 1,170 N/A N/A N/A N/A 1,170 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 15.6 15.6 N/A N/A N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,700 2,700 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 08 08 NJA NA NA NA NA NA NA NA NA NA NA
Annual Operating Hours (h/y) 511 511 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022$) $0.44 $0.44 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $0.38 $0.38 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (20225/h) $0.00 $0.00 NJA  NA NA NA NA NA NA NA NA NA N/A
LaborLamp Installation (hours) 0 0 NJA NA NA NA NA NA NA NA NA NA NA
Total Installed Cost (20229) $0.44 $0.44 NJA NA NA NA NA NA NA NA NA NA NA
Annual Maintenance Cost (2022$) $0.30 $0.30 NJ/A NA NA NA NA NA NA NA NA NA NA
Total Installed Cost (2022$/klm) $0.38 $0.38 NJA  NA NA NA NA NA NA NA NA NA NA
Annual Maintenance Cost (2022$/klm) $0.26 $0.26 NJA  NA NA NA NA NA NA NA NA NA NA

1. The Energy Independence and Security Act of 2007 (EISA 2007) prescribes standards for 75 wattincandescent lamps as of January 1,2013. Despite the phase out of incandescent
lamps, these products remain in theinstalled stock.

2. In April2022,DOE codified into the Code of Federal Regulations the45Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureandimportin January 2023 and for retail and distribution in July 2023. These standards
cannot bemet with incandescent technologies.
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Performance and Cost Characteristics » Residential General Service Halogen Lamps (60 W Incandescent Equivalent)

2015! 2020! 20222 20232 2030° 20402 20502

DATA Inst:&:iéio ck Insi&:iéiock Low Typical High El;?igY Standard Typical High Typical High Typical High
Lamp Wattage 43.1 43.1 N/A 43.0 N/A N/A 16.7 N/A N/A N/A N/A N/A N/A
Lamp Lumens 750 750 N/A 750 N/A N/A 750 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 17.4 17.4 N/A 17.4 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 2,850 N/A 2,700  NJ/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 1.0 1.0 N/A 1.0 NJA NA NA NA NA NA NA NA NA
Annual Operating Hours (h/y) 621 621 N/A 621 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022$) $2.36 $4.90 N/A  $592  N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $3.15 $6.54 N/A $789 N/A NA NA NA NA NA NA NA NA
Labor Cost (20225/h) $0.00 $0.00 N/A  $000 N/A NA NA NA NA NA NA NA NA
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (20223) $2.36 $4.90 N/A  $592 NA NA NA NA NA NA NA NA NA
Annual Maintenance Cost (20228) $1.47 $3.04 N/A $368 NA NA NA NA NA NA NA NA NA
Total Installed Cost (2022$/klm) $3.15 $6.54 N/A $789 NA NA NA NA NA NA NA NA NA
Annual Maintenance Cost (2022$%/klm) $1.95 $4.06 N/A $4.90 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. The Energy Independence and Security Act of 2007 (EISA 2007) prescribes standards for 60 wattincandescent lamps as of January 1,2014. Startingin 2014, 60 watt incandescent
lamps werereplaced by halogen lamps.

2. In April2022,DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. These standards
cannot bemet with existinghalogen lamp technologies.
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Performance and Cost Characteristics » Residential General Service Halogen Lamps (75 W Incandescent Equivalent)

2015! 2020! 20222 20232 2030 2040 20507

DATA Inst:&:iéio ck Insi&:iéiock Low Typical High El;?igY Standard Typical High Typical High Typical High
Lamp Wattage 53.0 53.0 N/A 530 N/A  N/A 19.8 N/A°  N/A NA NA NA NA
Lamp Lumens 1,050 936 N/A 890 N/A N/A 890 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 19.8 17.7 N/A 16.8 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 2,950 N/A 2950 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 1.0 1.0 N/A 1.0 N/A  NA NA NA NA NA NA NA NA
Annual Operating Hours (h/y) 621 621 N/A 621 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (20228$) $2.37 $3.58 N/A  $406 N/A  N/A N/A  N/A N/A  N/A N/A N/A N/A
Lamp Cost (2022$/klm) $2.26 $3.82 N/A  $456 N/A  N/A N/A  N/A N/A  N/A N/A  N/A N/A
Labor Cost (2022$/h) $0.00 $0.00 N/A  $000 N/A NA NA NA NA NA NA NA NA
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A  N/A N/A
Total Installed Cost (20228) $2.37 $3.58 N/A  $406  N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$) $1.47 $2.22 NJ/A $252 NA NA NA NA NA NA NA NA N/A
Total Installed Cost (2022$/klm) $2.26 $3.82 N/A $456 N/A NA NA NA NA NA NA NA N/A
Annual Maintenance Cost (2022$/klm) $1.40 $2.37 N/A $2.83 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. The Energy Independence and Security Act of 2007 prescribes standards for current75 watt incandescentlamps as of January 1,2013. Startingin 2013, 75 watt incandescent lamps
werereplaced by halogen lamps.

2. In April2022,DOE codified intothe Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. These standards
cannot bemet with existinghalogen lamp technologies.
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Performance and Cost Characteristics » Residential General Service Compact Fluorescent Lamps (60 W Incandescent Equivalent)

DATA

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)?

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (20229%)

Lamp Cost (2022$/klm)’

Labor Cost (2022%/h)

LaborLamp Installation (hours)
Total Installed Cost (2022$)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022%/klm)

Final

2015! 2020! 20222 20232 20302 2040 20507

Installed Stock
Average

13.0
825
63.5
82
2,700
10.0
767
$2.55
$3.10
$0.00
0
$2.55
$0.20
$3.09
$0.24

Installed Stock
Average

13.1
900
68.5
82
2,700
10.0
767
$5.40
$6.00
$0.00
0
$5.40
$0.41
$6.00
$0.46

Low

14.0
900
64.3
82
2,700
10.0
767
$1.50
$1.67
$0.00
0
$1.50
$0.12
$1.67
$0.13

Typical

13.0
900
69.2
82
2,700
10.0
767
$5.35
$5.94
$0.00
0
$5.35
$0.41
$5.94
$0.46

High

13.0
925
71.2
82
2,700
12.0
767
$4.63
$5.01
$0.00
0
$4.63
$0.30
$5.01
$0.32

ENERGY
STAR*

13.8

800

80.0

80

2,700
10.0

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Standard Typical

20.0
900
45.0
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

1. 2020 databackcalculated based on 2022 data and the following assumptions: Efficacy +0.5%/y, Cost -0.5%/y (NCI, 2019)

2. In April2022,DOE codified into the Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. These standards
canbe met with existing CFL products.

®

12.5
900
72.0
82
2,700
10.0
767
$5.14
$5.71
$0.00
0
$5.14
$0.39
$5.71
$0.44

High

12.5
925
74.1
82
2,700
12.0
767
$4.45
$4.81
$0.00
0
$4.45
$0.28
$4.81
$0.31

Year-to-year price and performance assumptions for incumbent technologies from 2022 to 2050: Efficacy +0.5%/y, Cost -0.5%/y (NCI, 2019)

Typical

11.9
900
75.7
82
2,700
10.0
767
$4.89
$5.43
$0.00
0
$4.89
$0.37
$5.43
$0.42

High

11.9
925
77.8
82
2,700
12.0
767
$4.23
$4.57
$0.00
0
$4.23
$0.27
$4.57
$0.29

Typical

11.3
900
79.6
82
2,700
10.0
767
$4.65
$5.17
$0.00
0
$4.65
$0.36
$5.17
$0.40

High

11.3
925
81.8
82
2,700
12.0
767
$4.02
$4.35
$0.00
0
$4.02
$0.26
$4.35
$0.28

4. Criteria outlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version 2.1 (Published June, 2017, Revised June

2020)
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Performance and Cost Characteristics » Residential General Service LED Lamps (60 W Incandescent Equivalent)

2015 2020 2022 2023* 2030 2040 2050

DATA
B Low Typical High EIS\]E;{I%Y Standard Typical High Typical High Typical High

Average Average
Lamp Wattage 8.7 9.2 10.0 8.9 8.0 10.0 17.8 7.3 6.6 5.8 5.2 5.0 45
Lamp Lumens 656 803 800 800 800 800 800 800 800 800 800 800 800
Lamp Efficacy (Im/W) 75.5 87.1 80.0 900 1000  80.0 450 1089 1209 1386 1540 1607 1786
CRI 81 85 80 81 90 80 N/A 81 90 81 90 81 90
Correlated Color Temperature (CCT) 2,700 2,700 2,700 2,700 2,700 2,700  N/A 2,700 2,700 2,700 2,700 2,700 2,700
Average Lamp Life (thousand hours) 25 21 15 14 18 15.0 N/A 14 18 14 18 14 18
Annual Operating Hours (h/y) 657 657 657 657 657 657 N/A 657 657 657 657 657 657
Lamp Price (2022$) $13.53 $4.56 $620  $3.92  $532  $620 N/A  $323  $439  $2.84  $3.86  $246  $3.33
Lamp Cost (2022$/klm) $20.63 $5.68 $7.75  $490  $6.65 $775 N/A  $4.04  $549  $356  $4.83  $3.07  $4.17
Labor Cost (2022$/h) $0.00 $0.00 $0.00  $0.00  $0.00  $0.00 N/A  $0.00  $0.00  $0.00  $0.00  $0.00  $0.00
LaborLamp Installation (hours) 0.0 0.0 0.0 0.0 0.0 0.0 N/A 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (20225) $13.53 $4.56 $620  $392  $532  $620 N/A  $323  $439  $2.84  $3.86  $246  $3.33
Annual Maintenance Cost (20228) $0.35 $0.15 $0.27  $0.18  $0.19  $027 N/A  $0.15 $0.16  $0.13  $0.14  $0.11  $0.12
Total Installed Cost (2022$/klm) $20.63 $5.68 $7.75  $490  $6.65 $775  N/A  $404  $549  $356  $4.83  $3.07  $4.17
Annual Maintenance Cost (2022$/klm) $0.54 $0.18 $0.34  $022  $024  $034 N/A  $0.18  $020  $0.16  $0.17  $0.14  $0.15
1. Criteria outlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version 2.1 (Published June, 2017, Revised June

2020)

2. In April2022,DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. All LED
lighting products exceed the new minimum efficacy standards.
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Performance and Cost Characteristics » Residential General Service Filament-LED Lamps (60 W Incandescent Equivalent)

2015 2020 2022 2023* 2030 2040 2050

DATA
B Low Typical High EIS\]E;{I%Y Standard Typical High Typical High Typical High

Average Average
Lamp Wattage 9.7 7.1 55 6.9 8.0 13.8 17.8 7.0 6.6 5.5 5.2 47 45
Lamp Lumens 457 650 450 650 800 800 800 800 800 800 800 800 800
Lamp Efficacy (Im/W) 47.1 917 81.8 94.8 1000  80.0 45.0 1146 1209 1460 1540 1693  178.6
CRI 82 84 90 84 80 80 N/A 81 90 81 90 81 90
Correlated Color Temperature (CCT) 2,700 2,700 2,700 2,700 2,700 2,700  N/A 2,700 2,700 2,700 2,700 2,700 2,700
Average Lamp Life (thousand hours) 23 21 15 15 15 15 N/A 15 15 15 15 15 15
Annual Operating Hours (h/y) 657 657 657 657 657 N/A N/A 657 657 657 657 657 657
Lamp Price (2022$) $15.17 $6.88 $6.25  $591  $7.75 N/A N/A  $487  $639  $429  $562  $3.70  $4.86
Lamp Cost (2022$/klm) $33.20 $10.58 $13.89  $9.09  $969 N/A  N/A  $6.09 $799  $536  $7.03  $4.63  $6.07
Labor Cost (2022$/h) $0.00 $0.00 $0.00  $0.00  $0.00 N/A  N/A  $0.00  $0.00  $0.00  $0.00  $0.00  $0.00
LaborLamp Installation (hours) 0.0 0.0 0.0 0.0 0.0 N/A N/A 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (20225) $15.17 $6.88 $625  $591  $7.75  NJ/A N/A  $487  $639  $429  $562  $370  $4.86
Annual Maintenance Cost (20228) $0.43 $0.21 $027  $026  $034  N/A N/A  $021  $028  $0.19  $025  $0.16  $0.21
Total Installed Cost (2022$/klm) $33.20 $10.58 $13.89  $9.09  $9.69  NJ/A N/A  $6.09  $799  $536  $7.03  $4.63  $6.07
Annual Maintenance Cost (2022$/klm) $0.93 $0.33 $0.61  $0.40  $042  N/A N/A  $027  $035  $023  $031  $020  $0.27
1. Criteria outlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version 2.1 (Published June, 2017, Revised June

2020)

2. In April2022,DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointoeffect for manufactureand import in January 2023 and for retail and distribution in July 2023. AIl LED
lighting products exceed the new minimum efficacy standards.
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Performance and Cost Characteristics » Residential Reflector Lamps

Theresidential reflector lamps characterized in this report are directional lamps that emit approximately 550 — 850 lumens (except for LED P AR38s which have outputsup to 1,700
lumens). Multiple baseline reflector lamps were analyzed, including 65W Incandescent BR30, Halogen PAR30, Halogen Infrared Reflector (HIR) PAR30, CFL BR30, LED BR30, and
LED PAR3S.

Performance:

* A majority of residential lamps have a nominal CCT rating of 2,700K and give off a warm, yellowish white color, but products with CCTs of 3,000K, 3,500K, 4,100K (neutral white),
5,000K (daylight), and 6,500K (blueish white) are also available. Traditional incandescent light bulbs have a nominal CCT of about 2,700K. When replacing a light bulb, it is
advised to chose a product with a similar CCT value in order to achieve the same look.

* Incandescent and halogen lamps have perfect color rendering with a CRI value of 100, but for CFL and LEDs products commonly fall between 70 and 90 CRI, with an average
around 80. CRI values of 80 are considered suitable for general illumination, with high CRI products being preferable for retail and display applications where improved color
quality is of real value. Higher CRI is not expected to be a focus for future LED products except for these very specific retail and display applications.

Cost:
¢ Many factors influence the price of LED lamps including CRI, lifetime, dimming capabilities, and efficacy.

*  Fixture prices and installation costs are not included for the residential sector. Labor costs are assumed to be negligible because homeowners likely replaces lamps themselves as
they burn out. Therefore, total installed cost is the price of a lamp, and annual maintenance costs are the cost of replacing the lamps, which is a function of lamp life, lamp price,
and the annual operating hours.

*  Disposal costs arenot characterized for residential lighting in this analysis. In residential cases, disposal is done by the occupant. Lamp and product burnout are assumed to result
in no "added" cost aside from the work performed to install the replacement.

Legislation:

*  EPAct92 established minimum performance standards for some reflector lamps and provided exemptions for certain specialty applications (e.g., ER/BR, vibration service, more
than 5% neodymium oxide, impact resistant, infrared heat, colored). EP Act92 effectively phased-out R-shaped tungsten filament incandescent reflector lamps at certain wattages
and bulb diameters, replacing them with more efficient and cost effective tungsten-halogen parabolic aluminized reflector (PAR) lamps. EISA 2007 took away certain exemptions
from EPACT 1992, requiring certain previously exempted lamps to meet EP Act92 minimum performance standards by January 1, 2008. The 65W BR30, a large majority of the
incandescent reflector lamp market, was still exempted until 2022.

*  In April 2022, DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. This action also amended the definition of general service lamps to include previously exempted product classes, such as reflector lamps. These standards
can not be achieved by traditional incandescent or halogen technologies currently on the market, and given current and projected trends in industry, they will likely not be met. It
is currently assumed that industry will increase its investment in LED technology at the expense of incandescent, halogen, and CFL technologies. The rule will go into effect for
manufacture and import in January 2023 and for retail and distribution in July 2023.
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Performance and Cost Characteristics » Residential Reflector Lamps

ENERGY STAR:

» For ENERGY STAR qualification, general service, reflector lamps must have a minimum lamp efficacy of 61 Im/W for products with CRI>90 and 70 Im/W for lamps with CRI <90,
respectively. Additionally, the lamps must have a CRI >80, nominal CCT of 2,700, 3,000, 3,500, 4,000/4,100, 5,000, or 6,000 K, and rated lifetime > 10,000 hours (ENERGY STAR).

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus on improving efficacy, lifetime, and price for
products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

+ For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050.

Technology Efficacy Potential for Inprovements

Incandescent 0% 0% -0.5% Limited because the technology is mature and the technology cannot meet legislative requirements.

Halogen 0% 0% -0.5% Limited because the technology is mature and the technology cannot meet legislative requirements
as of 2022.

CFL +0.5% 0% -0.5% In addition to higher efficiency reflector coatings, improvements in efficacy can be made by using

more rare-earth phosphorsin compact fluorescent lamps. Lifetime improvements can be made by
improving the compact fluorescent lamp electrodes.
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Performance and Cost Characteristics » Residential Reflector Lamps (65W BR30 Incandescent)

2015! 2020! 20222 20232 20302 2040 20503

DATA Installed Installed
Stock Stock Low Typical  High
Average Average

ENERGY

STAR Standard Typical @ High  Typical High  Typical = High

Lamp Wattage 65.0 65.0 N/A 65.0 N/A N/A 133 N/A N/A N/A N/A N/A N/A
Lamp Lumens 637 637 N/A 602 N/A N/A 600 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 9.8 9.8 N/A 9.3 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,700 2,700 N/A 2,700 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 2.0 2.0 N/A 2.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 621 621 N/A 621 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022$) $4.00 $4.00 N/A $3.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $6.28 $6.28 N/A $6.15 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $0.00  $0.00 N/A $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (20228$) $4.00 $4.00 N/A $3.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (20225) $1.24 $1.24 N/A $1.15 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (20223/klm) $6.28  $6.28 N/A $6.15 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $1.95 $1.95 N/A $1.91 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. Incandescent BR30 lamps werepreviously exempted from DOE Incandescent Reflector Lamp standards and the EISA 2007 general servicelamp definition until DOE's new final
rulein 2022. The new definitions go into effect in 2023.

2. In April2022,DOE codified into the Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. This Final Rule
alsoamended the definition of GSLs toinclude previously exempted product classes, including reflector lamps. These standards cannot be met with incandescent technologies.
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Performance and Cost Characteristics » Residential Reflector Lamps (PAR30 Halogen)

20151 2020! 20222 20232 20302 2040 20502

DATA Installed Installed
Stock Stock Low Typical High
Average Average

ENERGY

STAR Standard Typical High Typical High Typical  High

Lamp Wattage 47.1 38.8 N/A 38.8 N/A N/A 12.0 N/A N/A N/A N/A N/A N/A
Lamp Lumens 660 576 N/A 542 N/A N/A 542 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 14.0 14.0 N/A 14.0 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 2,850 N/A 2,850 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 15 15 N/A 1.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 876 876 N/A 876 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022$) $6.77 $8.13 N/A $8.67 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $1026  $14.12 N/A  $16.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (20225/h) $0.00 $0.00 N/A $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$) $6.77 $8.13 N/A $8.67 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (20229$) $3.96 $4.75 N/A $5.06 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$/klm) $1026  $1412  N/A  $16.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $5.99 $8.25 N/A $9.34 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. Halogen PAR30lamps were previously exempted from the EISA 2007 GSL definition until DOE's new final rulein 2022. The new definitions go into effect in 2023. Note: product
offerings arevery limited in 2022.

2. In April2022,DOE codified intothe Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. This Final Rule
alsoamended the definition of GSLs toinclude previously exempted product classes, including reflector lamps. These standards cannot be met with halogen technologies.
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Performance and Cost Characteristics » Residential Reflector Lamps (PAR30Halogen Infrared Reflector (HIR))

20151 2020! 20222 20232 20302 2040 20502

DATA Installed Installed
Stock Stock Low Typical  High
Average Average

ENERGY

STAR Standard Typical High Typical High Typical  High

Lamp Wattage 389 455 N/A 48.0 N/A N/A 18.7 N/A N/A N/A N/A N/A N/A
Lamp Lumens 650 786 N/A 840 N/A N/A 840 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 16.7 17.3 N/A 17.5 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 2,850 N/A 2,700 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 4.0 4.0 N/A 42 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 876 876 N/A 876 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022$) $14.69  $25.62 N/A $29.99 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $22.59  $32.60 N/A $35.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $0.00 $0.00 N/A $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (20228$) $14.69  $25.62 N/A $29.99 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%) $3.22 $5.61 N/A $6.26 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$/klm) $2259  $32.60 N/A $35.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $4.95 $7.14 N/A $7.45 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. Halogen PAR30lamps werepreviously exempted from the EISA 2007 GSL definition until DOE's new final rulein 2022. The new definitions go into effect in 2023. Note: product
offerings arevery limited in 2022.

2. In April2022,DOE codified intothe Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. This Final Rule
alsoamended the definition of GSLs toinclude previously exempted product classes, including reflector lamps. These standards cannot be met with halogen technologies.
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Performance and Cost Characteristics » Residential Reflector Lamps (BR30 CFL)

2015! 2020! 20222 20233 2030° 2040° 2050°

DATA Installed Installed
Stock Stock Low Typical High
Average Average

ENERGY

STAR! Standard Typical High Typical High Typical  High

Lamp Wattage 15.5 15.1 N/A N/A N/A N/A 16.7 N/A N/A N/A N/A N/A N/A
Lamp Lumens 750 750 N/A N/A N/A N/A 750 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 48.3 495 N/A N/A N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 82 82 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,700 2,700 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 8.2 8.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 913 913 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (20229%) $6.76 $6.59 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $9.01 $8.79 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022%/h) $0.00 $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%) $6.76 $6.59 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$) $0.75 $0.71 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%/klm) $9.01 $8.79 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $1.00 $0.95 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. 2015and 2020 data calculated based on 2009 installed stock data and the following assumptions: Efficacy +0.5%/y, Cost -0.5%/y (NCI, 2019)

Virtually all manufacturers have discontinued manufacturing of CFL reflector lamps in favor of LEDs. Distributor offerings for CFL reflectors havebeen eliminated.

3. In April2022,DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand import in January 2023 and for retail and distribution in July 2023. This Final Rule
alsoamended the definition of GSLs toinclude previously exempted product classes, including reflector lamps. Although these standards can be met with CFL technology,
manufacturers have discontinued manufacturing CFL reflector lamps in favor of LEDs.

4. Criteria outlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version 2.1 (Published June, 2017, Revised June
2020) 04
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Performance and Cost Characteristics » Residential Reflector LED BR30

2015 2020 20222 20232 20302 2040 20503

DATA Installed Installed
Stock Stock Low Typical  High
Average Average

ENERGY

STAR! Standard Typical @ High  Typical High  Typical = High

Lamp Wattage 14.2 10.9 11.0 8.8 7.2 10.7 144 7.1 6.2 6.2 5.4 5.5 48
Lamp Lumens 706 781 800 683 650 650 650 650 650 650 650 650 650
Lamp Efficacy (Im/W) 498 715 727 78.6 90.3 61.0 45.0 91.7 105.4 104.9 1205 118.0 135.6
CRI 82 85 92 87 90 80 N/A 87 90 87 90 87 90
Correlated Color Temperature (CCT) 2,700 2,700 2,700 2,700 2,700 2,700 N/A 2,700 2,700 2,700 2,700 2,700 2,700
Average Lamp Life (thousand hours) 25 25 25 19 18 15 N/A 19 18 19 18 19 18
Annual Operating Hours (h/y) 730 730 730 730 730 N/A N/A 730 730 730 730 730 730
Lamp Price (2022$) $21.40  $1536  $4.09 $5.01 $5.96 N/A N/A $4.11 $4.89 $3.62 $4.31 $3.14 $3.74
Lamp Cost (2022$/klm) $30.31  $19.66  $5.11 $7.33 $9.17 N/A N/A $6.32 $7.53 $5.57 $6.64 $4.83 $5.75
Labor Cost (2022$/h) $0.00  $0.00  $0.00 $0.00  $0.00 N/A N/A $0.00  $0.00  $0.00 $0.00  $0.00  $0.00
LaborLamp Installation (hours) 0.0 0.0 0.0 0.0 0.0 N/A N/A 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (20225) $21.40  $1536  $4.09 $5.01 $5.96 N/A N/A $4.11 $4.89 $3.62 $4.31 $3.14 $3.74
Annual Maintenance Cost (2022%$) $0.63 $0.45 $0.12 $0.20 $0.24 N/A N/A $0.16 $0.19 $0.14 $0.17 $0.12 $0.15
Total Installed Cost (2022$/klm) $30.31  $19.66  $5.11 $7.33 $9.17 N/A N/A $6.32 $7.53 $5.57 $6.64 $4.83 $5.75
Annual Maintenance Cost (2022%/klm) $0.89 $0.57 $0.15 $0.29 $0.37 N/A N/A $0.25 $0.30 $0.22 $0.26 $0.19 $0.23

1. Criteriaoutlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version2.1 (Published June, 2017, Revised June 2020)

2. In April 2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. The new minimum efficacy requirements go into effect for manufacture andimportin January 2023 and for retail and distribution in July 2023. This Final Rule also
amended the definition of GSLs to include previously exempted product classes, including reflector lamps. All LEDlighting products exceed the new minimum efficacy standards.
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Performance and Cost Characteristics » Residential Reflector LED PAR38

2015 2020 20222 20232 2030 2040 20502

DATA Installed Installed
Stock Stock Low Typical  High
Average Average

ENERGY

STAR! Standard Typical @ High  Typical High  Typical = High

Lamp Wattage 19.2 15.5 17.0 16.4 17.0 22.0 29.9 14.0 14.6 12.3 12.7 10.9 113
Lamp Lumens 1,202 1,211 1,200 1,344 1,700 1,344 1,344 1,344 1,700 1,344 1,700 1,344 1,700
Lamp Efficacy (Im/W) 62.7 77.9 70.6 82.0 100.0 61.0 45.0 95.7 116.7 109.5 1335 123.2 150.2
CRI 83 86 82 86 82 80 N/A 86 86 86 86 86 86
Correlated Color Temperature (CCT) 3,000 3,000 2,700 3,000 3,000 3,000 N/A 3,000 3,000 3,000 3,000 3,000 3,000
Average Lamp Life (thousand hours) 24 27 25 27 25 15 N/A 27 25 27 25 27 25
Annual Operating Hours (h/y) 730 730 730 730 730 N/A N/A 730 730 730 730 730 730
Lamp Price (2022$) $35.23  $22.44  $2371  $23.09  $15.69 N/A N/A $19.40  $1318  $17.36  $11.79  $1537  $10.45
Lamp Cost (2022$/klm) $2931  $1854  $19.76  $17.18  $9.23 N/A N/A $1443  $7.75  $1291  $694  $1144  $6.14
Labor Cost (2022$/h) $0.00  $0.00  $0.00 $0.00  $0.00 N/A N/A $0.00  $0.00  $0.00 $0.00  $0.00  $0.00
LaborLamp Installation (hours) 0.0 0.0 0.0 0.0 0.0 N/A N/A 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (20225) $3523  $22.44  $23.71  $23.09  $15.69 N/A N/A $19.40  $13.18  $17.36  $11.79  $1537  $1045
Annual Maintenance Cost (2022%$) $1.07 $0.60 $0.69 $0.62 $0.46 N/A N/A $0.52 $0.38 $0.46 $0.34 $0.41 $0.31
Total Installed Cost (2022$/klm) $29.31  $1854  $19.76  $17.18  $9.23 N/A N/A $14.43  $7.75 $1291  $6.94 $11.44  $6.14
Annual Maintenance Cost (2022$/klm) $0.89 $0.49 $0.58 $0.46 $0.27 N/A N/A $0.39 $0.23 $0.35 $0.20 $0.31 $0.18

1. Criteriaoutlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version2.1 (Published June, 2017, Revised June 2020)

2. In April 2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. The new minimum efficacy requirements go into effect for manufacture andimportin January 2023 and for retail and distribution in July 2023. This Final Rule also
amended the definition of GSLs to include previously exempted product classes, including reflector lamps. All LEDlighting products exceed the new minimum efficacy standards.
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Performance and Cost Characteristics » Residential 4-foot Linear 2-Lamp Lighting Systems

This section characterizes commercial linear fixtures that house two 4ft longlinear lamps and their integrated luminaire equivalents. The technologies available for this system arelinear
fluorescent and LED.

T5 lamps areapproximately 40% narrower than T8 lamps and almost 60% narrower than T12 lamps. This narrowness allows T5 lamps tobe coated with higher quality, more efficient
phosphor blends than larger diameter lamps, resulting in a more efficacious lamp. The compact size of T5 lamps also permits greater flexibility in lighting design and construction.

LED options for linear fixtures includereplacement lamps that can fit directly into an existing fixture and fully integrated luminaires that can be used toreplace existing fixtures. LED
replacement lamps arealsoknownas TLEDs. Type A TLEDs canbe installed with existingballastsand Type B and C TLEDs requiretheballast tobe disconnected. Replacement lamps are
only sold to go intoexisting fixtures.If a new fixtureis to be installed, a fully integrated LED luminaireis a more cost effective and efficient option. Because LED luminaires are fully
integrated, they donot have lamp or fixture efficiency losses associated withballasts and fixture optics.

Performance:

Residential linear lamps often have anominal CCT ratingof 3,500K, but products with CCTs of 3,000K;, 4,000K, and 4,100K (neutral white)arealsocommon.5,000K (daylight)lamps are
availableas well. When replacingalight bulb, it isimportant to choose a product with a similar CCT valueto achieve thesamelook.

Incandescent and halogen lamps have perfect color rendering with a CRI value of 100, but for CFL and LEDs products commonly fall between 70 and 90 CRI, with an averagearound 80.
CRI values of 80 are considered suitable for general illumination, with high CRIproducts being preferable for retail and display applications whereimproved color quality is of real value.
Higher CRI is not expected tobe a focus for future LED products except for these very specificretail and display applications.

Cost:

Many factors influence the price of LED lampsincluding CR], lifetime, dimming capabilities, and efficacy. Therefore, typical lamp prices in 2022 reflecting a mix of lamp characteristics and
features wereused as the basis for projections for both typical and high efficacy productsin the future.

The total installed cost is the price of a lamp, ballast (ifapplicable), and fixture plus the cost for labor associated with theinstallation, except for in the case of LED replacement lamps, which
aresold only as a replacement for usein an existing fixture. The LED luminaireis moreefficient and cost effective for new installations or fixtureretrofits.

Labor costs for lamp changes areassumed to be negligible because homeowners likely replace lamps themselves as they burn out. Therefore, annual maintenance costs are the cost of the
replacement lampitself. The frequency at which lamps arereplaced is a function of lamp life and the annual operating hours for residential linear sy stems.

Disposal costs arenot characterized for residential lighting in this analysis. In residential cases, disposal is doneby the occupant. Lamp and product burnout areassumed toresult inno
"added" cost aside from the work performed to install thereplacement.

Legislation:

Beginning July 14, 2012 (or July 14, 2014, for T8 700-series phosphor lamps), DOE fluorescent lamp standards required a minimum efficacy of 89 Im/W. Although the amended
performance-based standards donot explicitly prohibit T12 lamps,noT12 lamps met the standard at the time of its announcement. Since then, however, T12 lamps meeting the standard
haveentered the market.

Beginning November 14,2014, DOE standards required that the characterized residential ballasts have a minimum BLE=0.993 /(1 + 0.41 * Avg Total Lamp Arc power " (- 0.25)).
Residential ballasts alsomust havea minimum power factor of 0.5.

California's Title24 mandates the use of electronic ballasts with high efficacy luminaires (including fluorescent) of 13 W or higher (CEC, 2005).

ENERGY STAR:

ENERGY STAR does not cover linear lamps. (ENERGY STAR, 2020) o7



Performance and Cost Characteristics » Residential 4-foot Linear 2-Lamp Lighting Systems

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus on improving efficacy, lifetime, and price for
products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050:

Technology Efficacy Potential for Improvements
0%

0% -0.5% Limited because the technology is mature.
T8 0% 0% -0.5% Limited because the technology is mature.
T5 0% 0% -0.5% Limited because the technology is mature.
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Performance and Cost Characteristics » Residential Linear Fluorescent Lamp T12

2015 2020 2022 2030 2040 2050

DATA I“Sf:gfigszod‘ I“Sf:‘l}:r‘i;" k| Low | Typical High Typical High  Typical High Typical High
Lamp Wattage 40.0 40.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Lumens 2,860 2,860 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 72 72 N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Wattage 70.0 82.8 N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Lumens 3,890 5,148 N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Efficacy (Im/W) 56 62 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Ballast Efficiency (BLE) 78% 87% N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 70 70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 4,100 4,100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 15 15 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 694 694 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (20229$) $1.10 $1.10 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Ballast Price (2022$) $13.31 $13.31 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (20229%) $34.67 $34.67 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $0.38 $0.38 N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (lamp, ballast, and fixture (I/b/f)) Cost $12.90 $12.90 N/A N/A N/A N/A N/A N/A N/A N/A N/A
(2022%/klm)
Labor Cost (2022$/h) $77.22 $77.22 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor System Installation (hours) 05 0.5 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Change (hours) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$) $39.71 $39.71 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%) $1.84 $1.84 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%/klm) $10.21 $10.21 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%/klm) $0.47 $0.47 N/A N/A N/A N/A N/A N/A N/A N/A N/A

Note: Assume no labor is associated with lamp replacement in the residential sector because residents likely replace thelamps themselves.
Assumereal cost hasnot changed since 2009 because this product has been phased out.
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Performance and Cost Characteristics » Residential Linear Fluorescent Lamp T8

2015 2020 2022 2030 2040 2050

DATA nstalled ::“k I“sz‘lll:igSZ“k Low Typical High Typical  High  Typical High Typical High
Lamp Wattage 30.8 32.0 32.0 320 32.0 32.0 32.0 32.0 32.0 32.0 32.0
Lamp Lumens 2,770 2,855 2,450 2,855 3,100 2,855 3,100 2,855 3,100 2,855 3,100
Lamp Efficacy (Im/W)! 90 89 77 89 97 89 97 89 97 89 97
System Wattage 62.1 63.1 63.1 63.1 63.1 63.1 63.1 63.1 63.1 63.1 63.1
System Lumens 4,875 5,082 4,361 5,082 5,518 5,082 5,518 5,082 5,518 5,082 5,518
System Efficacy (Im/W) 78 81 69 81 87 81 87 81 87 81 87
Ballast Efficiency (BLE) 87% 90% 90% 90% 90% 90% 90% 90% 90% 90% 90%
CRI 85 87 90 87 85 87 85 87 85 87 85
Correlated Color Temperature (CCT) 4,100 4,100 5,000 4,100 3,500 4,100 3,500 4,100 3,500 4,100 3,500
Average Lamp Life (thousand hours) 21 31 23 31 40 31 40 31 40 31 40
Annual Operating Hours (h/y) 767 767 767 767 767 767 767 767 767 767 767
Lamp Price (2022$) $6.54 $4.12 $3.36 $4.08 $4.32 $3.92 $4.15 $3.73 $3.95 $3.55 $3.75
Ballast Price (2022%) $19.10 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%) $29.23 $76.29 $75.53 $75.53 $75.53 $72.56 $72.56 $69.01 $69.01 $65.64 $65.64
Lamp Cost (2022$/klm) $2.36 $1.44 $1.37 $1.43 $1.39 $1.37 $1.34 $1.31 $1.27 $1.24 $1.21
System (I/b/f) Cost (2022$/klm) $12.59 $29.61 $33.57 $29.31 $27.15 $27.19 $25.18 $25.86 $23.95 $24.60 $22.78
Labor Cost (2022$/h) $77.22 $77.22 $66.00  $66.00  $66.00  $66.00 $66.00 $66.00  $66.00  $66.00  $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (2022%) $100.01 $189.07 $179.41 $181.97 $182.82 $171.18 $171.97 $164.42 $165.18 $158.00 $158.71
Annual Maintenance Cost (2022%) $0.48 $0.21 $0.22 $0.20 $0.17 $0.19 $0.16 $0.18 $0.15 $0.18 $0.14
Total Installed Cost (2022$/klm) $20.51 $37.20 $41.14 $35.81 $33.13 $33.68 $31.17 $32.35 $29.93 $31.09 $28.76
Annual Maintenance Cost (2022$/klm) $0.10 $0.04 $0.05 $0.04 $0.03 $0.04 $0.03 $0.04 $0.03 $0.03 $0.03

1. Dataand assumptionstaken fromthe 2018 SSLForecast. The report states that efficacy improvements for T8 lamps are notexpectedin the future, and that the cost for all commerdial fixturesis
expected to decrease between 0.1%-0.6% per year. Weuse 0.5% per year here.

2. From2020to02050, fixture (and fixture price) includesballast.

Note: Assumenolaboris associated withlamp replacement in the residential sector because resid%réts likely replace lampsthemselves.



Performance and Cost Characteristics » Residential Linear Fluorescent Lamp T5

2015 2020 2022 2030 2040 2050

PATA Insf:‘l,l:i:zo ck Insf:‘l}:i::o ck Low Typical High  Typical High Typical High  Typical High
Lamp Wattage 27.0 27.5 28.0 27.5 26.0 27.5 26.0 275 26.0 27.5 26.0
Lamp Lumens 2,697 2,732 2,530 2,732 2,900 2,732 2,900 2,732 2,900 2,732 2,900
Lamp Efficacy (Im/W)" 100 99 90 99 112 28 112 99 112 99 112
System Wattage 51.5 61.7 62.9 61.7 58.4 61.7 58.4 61.7 58.4 61.7 58.4
System Lumens 4,747 5,464 5,060 5,464 5,800 5,464 5,800 5,464 5,800 5,464 5,800
System Efficacy (Im/W) 92 89 81 89 99 89 99 89 99 89 99
Ballast Efficiency (BLE) 92% 89% 89% 89% 89% 89% 89% 89% 89% 89% 89%
CRI 85 85 85 85 85 85 85 85 85 85 85
Correlated Color Temperature (CCT) 4,100 4,100 5,000 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500
Average Lamp Life (thousand hours) 30 29 36 29 30 29 30 29 30 29 30
Annual Operating Hours (h/y) 949 949 949 949 949 949 949 949 949 949 949
Lamp Price (2022$) $7.05 $9.54 $13.76 $9.45 $21.28 $9.08 $20.44 $8.63 $19.44 $8.21 $18.49
Ballast Price (2022$) $31.17 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%) $109.93 $170.87 $170.87 $170.87 $170.87 $164.15 $164.15 $156.13 $156.13 $148.50 $148.50
Lamp Cost (2022$/klm) $2.61 $3.49 $5.44 $3.46 $7.34 $3.32 $7.05 $3.16 $6.70 $3.01 $6.38
System (I/b/f) Cost (2022$/klm) $32.69 $34.77 $39.21  $34.73  $36.80  $33.37 $35.35 $31.73  $33.62  $30.18  $31.98
Labor Cost (2022$/h) $77.22 $77.22 $66.00  $66.00  $66.00  $66.00 $66.00 $66.00  $66.00  $66.00  $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (20225) $193.80 $228.57 $231.39 $222.77 $246.43 $215.31 $238.04 $206.40 $228.02 $197.92 $218.48
Annual Maintenance Cost (2022$) $0.45 $0.62 $0.73 $0.62 $1.35 $0.59 $1.29 $0.57 $1.23 $0.54 $1.17
Total Installed Cost (2022$/klm) $40.83 $41.83 $45.73  $40.77  $42.49  $39.41 $41.04 $37.77  $39.31 $36.22  $37.67
Annual Maintenance Cost (2022$/klm) $0.09 $0.11 $0.14 $0.11 $0.23 $0.11 $0.22 $0.10 $0.21 $0.10 $0.20

1. Year-to-year price and performance assumptions for incumbent technologies 2030-2050: Efficacy +0.5%/yr, Life +0.5%/yr, Cost-0.5%/yr (SSL Forecast 2018). 2020 data back calculated using the
2022 dataand these assumptions

2. From 2020t02050, fixture (and fixture price) includesballast.

Note: Assumenolaboris associated with lamp replacement in the residential sector because residents likely replace lamps themselves.
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Performance and Cost Characteristics » Residential Linear LED Replacement Lamp 2-Lamp System

DATA Insigz;ia?eo G S Insiggig? e Low Typical  High  Typical High Typical High  Typical High
Lamp Wattage 18.5 16.3 16.0 13.7 11.0 11.6 9.3 10.0 8.0 8.8 7.2
Lamp Lumens 2,013 2,130 1,800 1,920 1,800 1,920 1,800 1,920 1,800 1,920 1,800
Lamp Efficacy (Im/W) 111.0 130.7 112.5 140.1 163.6 166.2 194.1 192.2 2244 218.0 250.0
System Wattage 36.9 32.6 32.0 274 220 23.1 18.6 20.0 16.0 17.6 14.4
System Lumens 3,583 4,004 3,384 3,686 3,456 3,686 3,456 3,686 3,456 3,686 3,456
System Efficacy (Im/W) 97.0 122.8 105.8 134.5 157.1 159.6 186.3 184.5 2154 209.3 240.0
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 83 82 82 81 80 81 80 81 80 81 80
Correlated Color Temperature (CCT) 4,100 3,500 4,100 4,100 5,000 4,100 5,000 4,100 5,000 4,100 5,000
AverageLamp Life (thousand hours) 55 50 50 54 50 54 50 54 50 54 50
Annual Operating Hours (h/y) 730 730 730 730 730 730 730 730 730 730 730
Lamp Price (20229) $27.00 $12.89 $14.63  $11.11 $4.28 $9.97 $3.84 $9.87 $3.80 $9.77 $3.77
Ballast Price (20229)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (20229)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost(2022$/klm) $13.41 $6.05 $8.13 $5.79 $2.38 $5.19 $2.13 $5.14 $2.11 $5.09 $2.09
System (I/b/f) Cost (2022$%/klm) N/A $6.44 $8.65 $6.03 $2.48 $5.41 $2.22 $5.35 $2.20 $5.30 $2.18
Labor Cost(2022%/h) $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
Labor System Installation (hours) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Lamp Change (hours) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TotalInstalled Cost (20225) $54.00 $25.78 $29.26  $22.22 $8.56 $19.95 $7.68 $19.74 $7.60 $19.55 $7.53
Annual Maintenance Cost (2022%) $0.72 $0.38 $0.43 $0.30 $0.12 $0.27 $0.11 $0.27 $0.11 $0.26 $0.11
Total Installed Cost (2022%/klm) $15.07 $6.44 $8.65 $6.03 $2.48 $5.41 $2.22 $5.35 $2.20 $5.30 $2.18
Annual Maintenance Cost (2022$%/klm) $0.20 $0.09 $0.13 $0.08 $0.04 $0.07 $0.03 $0.07 $0.03 $0.07 $0.03

1. N/Abecausea fixtureandan LEDreplacement lampwouldnot be purchased separately for a new installation or retrofit when there are integrated LEDluminaires that are more efficient
and cost effective. Theselamps are sold only as replacements to go into existing fixtures.
Note: Assumenolaboris associated withlamp replacement in the residential sector because residents likely replacelamps themselves.
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Performance and Cost Characteristics » Residential Linear LED Luminaire

2015 2020 2022 2030 2040 2050

DATA Inst:i}:iéteock Instzileeligteo ax Low Typical High  Typical High Typical High  Typical High
Lamp Wattage' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Lumens' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W)' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Wattage 50.0 43.1 49.0 44.0 35.0 35.6 283 299 23.8 25.8 205
System Lumens 4,615 4,945 5,024 5,302 4,800 5,302 4,800 5,302 4,800 5,302 4,800
System Efficacy (Im/W) 923 114.7 102.5 120.5 137.1 148.8 169.3 177.2 201.7 205.5 2339
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 83 82 80 79 80 79 80 79 80 79 80
Correlated Color Temperature (CCT) 3,838 3,000 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500
AverageLamp Life (thousand hours) 56 58 54 53 50 53 50 53 50 53 50
Annual Operating Hours (h/y) 584 584 584 584 584 584 584 584 584 584 584
Lamp or Luminaire Price (2022$) $181.60 $158.60 $144.85 $152.54 $207.80 $121.11 $164.98 $105.34 $143.50  $90.11  $122.76
Ballast Price (2022$)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (20229)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm)’' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022%/klm) $78.70 $64.15 $57.66 $57.54 $86.58 $45.68 $68.74 $39.74 $59.79 $33.99 $51.15
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
TotalInstalled Cost(20229) $401.81 $355.81 $322.70 $338.08 $448.60 $275.22 $362.97 $243.68 $320.01 $213.23 $278.52
Annual Maintenance Cost (2022%) $2.30 $1.97 $1.92 $2.04 $2.81 $1.70 $2.31 $1.52 $2.06 $1.36 $1.82
Total Installed Cost (2022%/klm) $87.07 $71.95 $64.23 $63.76 $93.46 $51.91 $75.62 $45.96 $66.67 $40.22 $58.03
Annual Maintenance Cost (2022%/klm) $0.50 $0.40 $0.38 $0.39 $0.59 $0.32 $0.48 $0.29 $0.43 $0.26 $0.38

1. N/Abecausethelamp and fixture areboth included in the luminaire.
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Performance and Cost Characteristics » Residential Outdoor Lamps

*  Theresidential outdoorlamps characterized in this report include reflector and general service lamps used for security and/or porch lighting that can be switched on from inside
thehome (i.e. parking lot/garage and outdoor common area lighting at multifamily buildings are excluded) with lumen outputs of approximately 1,000 — 1,400 lumens. Multiple
baseline lamps were analyzed according to estimates of installed base average lumens by lamp type, including;

Security (Reflector Lamps) Porch (General Service Lamps)

Incandescent BR30 Incandescent A-Type
Halogen PAR38 Halogen A-Type
Halogen Infrared Reflector (HIR) PAR38 CFL Bare Spiral
CFL PAR38 LED A-TypeLamp
LED PAR38

Performance:

*  65W BR30is the only viable incandescent reflector lamp due to exemption from EISA 2007. The lumen output of this lamp type is well below other reflector lamp technologies
characterized for residential outdoor spaces, thus its use is limited for this application. This product is, as 0of 2022, expected to be eliminated by DOE’s 45 Im/W backstop
requirement.

* A majority of residential lamps have a nominal CCT rating of 2,700K and give off a warm, yellowish white color, but products with CCTs of 3,000K, 3,500K, 4,100K (neutral white),
5,000K (daylight), and 6,500K (blueish white) are also available. Traditional incandescent light bulbshave a nominal CCT of about 2,700K. When replacing a light bulb, it is
advised to chose a product with a similar CCT value in order to achieve the same look.

* Incandescent and halogen lamps have perfect color rendering with a CRI value of 100. However, CFL and LEDs products commonly fall between 70 and 90 CRI, with an average
around 80. CRI values of 80 are considered suitable for general illumination. High CRI products are preferable for retail and display applications where improved color quality is
of real value. Higher CRI is not expected to be a focus for future LED products except for these specific retail and display applications.

Cost:

*  Many factors influence the price of LED lamps including CRI, lifetime, dimming capabilities, and efficacy. Therefore, typical lamp prices in 2015 reflecting a mix of lamp
characteristics and features were used as the basis for projections for both typical and high efficacy products in the future.

»  Fixture prices and installation costs are not included for the residential sector. Labor costs are assumed to be negligible because homeowners likely replaces lamps themselves as
they burn out. Therefore, total installed cost is the price of a lamp, and annual maintenance costs are the cost of replacing the lamps, which is a function of lamp life, lamp price,
and the annual operating hours for residential reflector lamps.

»  Disposal costs are not characterized for residential lighting in this analysis. In residential cases, disposal is done by the occupant. Lamp and product burnout are assumed to result
in no "added" cost aside from the work performed to install the replacement.
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Performance and Cost Characteristics » Residential Outdoor Lamps

Legislation:

*  In April 2022, DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and

Conservation Act. This action also amended the definition of general service lamps to include previously exempted product classes, such as reflector lamps. These standards
can not be achieved by traditional incandescent or halogen technologies currently on the market, and given current and projected trends in industry, they will likely not be met. It

is currently assumed that industry will increase its investment in LED technology at the expense of incandescent, halogen, and CFL technologies. The rule will go into effect for
manufacture and import in January 2023 and for retail and distribution in July 2023.

ENERGY STAR:

*  For ENERGY STAR qualification, general service omnidirectional lamps must have a minimum lamp efficacy of 70 Im/W for products with CRI > 90 and 80 Im/W for lamps with
CRI <90.

*  For ENERGY STAR qualification, general service reflector lamps must have a minimum lamp efficacy of 61 Im/W for products with CRI >90 and 70 Im/W for lamps with CRI <90.

* Additionally, the lamps must have a CRI > 80, nominal CCT of 2,700, 3,000, 3,500, 4,000/4,100, 5,000, or 6,000 K, and rated lifetime > 10,000 hours (ENERGY STAR).

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus on improving efficacy, lifetime, and price for
products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effectivelighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050.

Technology Efficacy Potential for Improvements

Incandescent 0% 0% 0.5% Limited because the technology is mature and the technology cannotmeet legislative requirements.

Omnidirectional

Incandescent Directional 0% 0% 0.5% Limited because the technology is mature and the technology cannotmeet legislative requirements.

Halogen 0% 0% 0.5% Limited because the technology is mature and the technology cannotmeet legislative requirements.

CFL +0.5% 0% 0.5% In addition to benefiting from higher efficiency reflector coatings, improvements in efficacy can be made by using more rare-

earth phosphors in compactfluorescent lamps. Lifetime improvements can be made by improving the compact fluorescent
lamp electrodes.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Security: Incandescent BR30)

20151 2020! 20222 20232 20302 20407 20502

DATA Installed Installed . ' ENERGY ' . . . . .
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average
Lamp Wattage 65.0 65.0 N/A 65.0 N/A N/A 13.3 N/A N/A N/A N/A N/A N/A
Lamp Lumens 637 637 N/A 602 N/A N/A 600 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 9.8 9.8 N/A 9.3 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature
(CCT) 2,700 2,700 N/A 2,700 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand
hours) 2.0 2.0 N/A 2.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 621 621 N/A 621 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022$) $4.00 $4.00 N/A $3.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $6.28 $6.28 N/A $6.15 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $0.00 $0.00 N/A $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%) $4.00 $4.00 N/A $3.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$) $1.24 $1.24 N/A $1.15 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%/klm) $6.28 $6.28 N/A $6.15 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost
(2022$/klm) $1.95 $1.95 N/A $1.91 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. Incandescent BR30 lamps were previously exempted from DOE Incandescent Reflector Lamp standards and the EISA 2007 general servicelamp definition until DOE's new final
rulein 2022. The new definitions go into effect in 2023.

2. In April2022,DOE codified intothe Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureandimportin January 2023 and for retail and distribution in July 2023. This Final Rule
alsoamended the definition of GSLs toinclude previously exempted product classes, including reflector lamps. These standards cannot be met with incandescent technologies.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Security: Halogen PAR38)

DATA InSStt(E)1 (ltllfd InSstt:;l (lzllfd Low Typical High Elg,EigY Standard Typical High Typical High Typical High
Average Average

Lamp Wattage 88.7 78.7 N/A 70.0 N/A N/A 29.1 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,323 1,316 N/A 1,308 N/A N/A 1,308 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 14.9 16.9 N/A 18.7 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature
(CCT) 2,900 2,900 N/A 2,900 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand
hours) 2.4 24 N/A 14 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 876 876 N/A 876 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022%) $6.24 $9.15 N/A $10.32 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $4.71 $6.96 N/A $7.89 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022%/h) $0.00 $0.00 N/A $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%) $6.24 $9.15 N/A $10.32 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%) $2.28 $3.34 N/A $6.62 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$/klm) $4.71 $6.96 N/A $7.89 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost
(2022%/klm) $1.72 $2.54 N/A $5.06 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. In April2022,DOE codified intothe Code of Federal Regulations the 45 1m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointoeffect for manufactureand import in January 2023 and for retail and distribution in July 2023. This Final Rule
alsoamended the definition of GSLs toinclude previously exempted product classes, includingreflector lamps. These standards cannot be met with halogen technologies.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Security: HIR PAR38)

2015 2020 2022 2023" 2030" 2040" 2050"

DATA Installed Installed . . ENERGY _ . . _ . .
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average
Lamp Wattage 70.0 70.0 N/A 70.0 N/A N/A 28.0 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,407 1,334 N/A 1,260 N/A N/A 1,260 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 20.1 19.1 N/A 18.0 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature
(CCT) 2,850 2,850 N/A 2,900 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand
hours) 3.6 3.6 N/A 3.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 876 876 N/A 876 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (20229$) $21.85 $27.31 N/A $29.49 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $15.53 $20.48 N/A $23.40 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $0.00 $0.00 N/A $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%) $21.85 $27.31 N/A $29.49 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$) $5.32 $6.64 N/A $8.61 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%/klm) $15.53 $20.48 N/A $23.40 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost
(2022$/klm) $3.78 $4.98 N/A $6.83 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. In April2022, DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand import in January 2023 and for retail and distribution in July 2023. This Final Rule
alsoamended the definition of GSLs toinclude previously exempted product classes, includingreflector lamps. These standards cannot be met with halogen technologies.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Security: CFL PAR38)

2015* 2020" 20222 20233 2030° 2040° 2050°

DATA Installed Installed ) ) ENERGY ) - ) ) ) )
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average
Lamp Wattage 23.0 224 N/A N/A N/A N/A 28.9 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,300 1,300 N/A N/A N/A N/A 1,300 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 56.5 57.9 N/A N/A N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 82 82 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 5700 2700  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
P g llanmp Lifs Hionem FOE) | g 103  N/A  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 913 913 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022%) $8.52 $8.31 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $6.55 $6.39 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$%/h) $0.00 $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborLamp Installation (hours) 0 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%) $8.52 $8.31 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (20229%) $0.78 $0.74 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%/klm) $6.55 $6.39 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost
(2022$/klm) $0.60 $0.57 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. 2015and2020 datacalculated based on 2009 installed stock dataand the following assumptions: Efficacy +0.5%/y, Cost-0.5%/y (NCI, 2019)

2. Virtually all manufacturershave discontinued manufacturing of CFL reflector lamps in favor of LEDs. Distributor offerings for CFL reflectors have been eliminated.

3. In April2022, DOE codified into the Code of Federal Regulations the 451m/W backstoprequirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. The new minimum efficacy requirements go into effect for manufacture andimportin January 2023 and for retail and distribution in July 2023. This Final Rule also
amended the definition of GSLs to include previously exempted product classes, including reflector lamps. Although these standards can be met with CFL technology, manufacturers have
discontinued manufacturing CFL reflector lampsin favor of LEDs.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Security: LED PAR38)

2015 2020 2022 2023" 2030 2040 2050

DATA Installed Installed ENERGY

Stock Stock Low Typical High Standard Typical High Typical High Typical High

2

Average Average STAR
Lamp Wattage 19.2 15.5 17.0 164 17.0 22.0 299 14.0 14.6 12.3 12.7 10.9 11.3
Lamp Lumens 1,202 1,211 1,200 1,344 1,700 1,344 1,344 1,344 1,700 1,344 1,700 1,344 1,700
Lamp Efficacy (Im/W) 62.7 77.9 70.6 82.0 100.0 61.0 45.0 95.7 116.7 1095 1335 1232 150.2
CRI 83 86 82 86 82 80 N/A 86 86 86 86 86 86
Correlated Color Temperature
(CCT) 3,000 3,000 2,700 3,000 3,000 3,000 N/A 3,000 3,000 3,000 3,000 3,000 3,000
Average Lamp Life (thousand
hours) 24 27 25 27 25 15 N/A 27 25 27 25 27 25
Annual Operating Hours (h/y) 730 730 730 730 730 N/A N/A 730 730 730 730 730 730
Lamp Price (2022$) $35.23 $22.44 $23.71 $23.09 $15.69 N/A N/A $19.40 $13.18 $17.36 $11.79 $15.37 $10.45
Lamp Cost (2022$/klm) $29.31 $18.54 $19.76 $17.18 $9.23 N/A N/A $14.43 $7.75 $12.91 $6.94 $11.44 $6.14
Labor Cost (2022%$/h) $0.00 $0.00 $0.00 $0.00 $0.00 N/A N/A $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
LaborLamp Installation (hours) 0.0 0.0 0.0 0.0 0.0 N/A N/A 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (2022%) $35.23 $22 .44 $23.71 $23.09 $15.69 N/A N/A $19.40 $13.18 $17.36 $11.79 $15.37 $10.45
Annual Maintenance Cost (20229$) $1.07 $0.60 $0.69 $0.62 $0.46 N/A N/A $0.52 $0.38 $0.46 $0.34 $0.41 $0.31
Total Installed Cost (2022%/klm) $29.31 $18.54 $19.76 $17.18 $9.23 N/A N/A $14.43 $7.75 $12.91 $6.94 $11.44 $6.14
Annual Maintenance Cost
(2022%/kIm) $0.89 $0.49 $0.58 $0.46 $0.27 N/A N/A $0.39 $0.23 $0.35 $0.20 $0.31 $0.18

1. In April2022,DOE codified intothe Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointoeffect for manufactureand import in January 2023 and for retail and distribution in July 2023. AIILED lighting
products exceed the new minimum efficacy standards.

2. Criteria outlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version 2.1 (Published June, 2017, Revised June 2020)
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Performance and Cost Characteristics » Residential Outdoor Lamps (Porch: Incandescent A19)

DATA

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)
Lamp Price (20229$)

Lamp Cost (2022$/klm)

Labor Cost (2022%/h)

LaborLamp Installation (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%/klm)

20151 2020! 20222 20232 20302 20407 20507

Installed Stock Installed Stock

Average Average
75.0 75.0
1,170 1,170
15.6 15.6
100 100
2,700 2,700
0.8 0.8
511 511
$0.44 $0.44
$0.38 $0.38
$0.00 $0.00
0 0
$0.44 $0.44
$0.30 $0.30
$0.38 $0.38
$0.26 $0.26

Low

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

Typical

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

High

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

El;]?ig\{ Standard Typical High
N/A 26.0 N/A N/A
N/A 1,170 N/A N/A
N/A 45.0 N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A
N/A N/A N/A N/A

Typical

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

High

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

Typical

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

High

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

1. The Energy Independence and Security Act of 2007 (EISA 2007) prescribes standards for 75 wattincandescent lamps as of January 1,2013. Despite the phase out of incandescent

lamps, these products remain in theinstalled stock.

2. In April2022,DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. These standards
cannot bemet with incandescent technologies.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Porch: Halogen A19)

2015! 2020! 20222 20232 2030 2040 20507

DATA Inst:&:iéio 6 3 Insi&:iéiock Low Typical High El;?igY Standard Typical High Typical High Typical High
Lamp Wattage 53.0 53.0 N/A 53.0 N/A N/A 19.8 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1050 936 N/A 890 N/A N/A 890 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 19.8 17.7 N/A 16.8 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 2,950 N/A 2,950 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 1.0 1.0 N/A 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y)
621 621 N/A 621 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (20229) $2.37 $3.58 N/A $4.06 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $2.26 $3.82 N/A $4.56 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022%/h) $0.00 $0.00 N/A $0.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
LaborInstallation (hours) 0 0 N/A 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%) $2.37 $3.58 N/A $4.06 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$) $1.47 $2.22 N/A $2.52 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%/klm)
$2.26 $3.82 N/A $4.56 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $1.40 $2.37 N/A $2.83 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. The Energy Independence and Security Act of 2007 prescribes standards for current75 watt incandescentlamps as of January 1,2013. Startingin 2013, 75 watt incandescent lamps
werereplaced by halogen lamps.

2. In April2022,DOE codified into the Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointo effect for manufactureand importin January 2023 and for retail and distribution in July 2023. These standards
cannot be met with existinghalogen lamp technologies.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Porch: CFL Bare Spiral)

2015 2020" 2022 20233 2030* 2040* 2050*

DATA Installed Installed . _ ENERGY _ . . _ . .
Stock Stock Low Typical High STAR? Standard Typical High Typical High Typical High
Average Average
Lamp Wattage 18.6 14.6 20.0 18.8 18.0 13.8 26.0 13.9 12.8 13.2 12.2 12.5 11.6
Lamp Lumens 1,216 900 1,100 1,171 1,250 800 1,171 900 925 900 925 900 925
Lamp Efficacy (Im/W) 65.4 61.8 55.0 62.4 69.4 80.0 45.0 65.0 72.3 68.3 76.0 71.8 79.9
CRI 82 82 85 83 82 80 N/A 83 82 83 82 83 82
Correlated Color Temperature (CCT) 7, 2,700 5000 2,700 2,700 2,700 N/A 2,700 2,700 2,700 2,700 2,700 2,700
Average Lamp Life (thousand hours) 4 10.0 12.0 104 10.0 10.0 N/A 104 10.0 10.4 10.0 104 10.0
Annual Operating Hours (h/y) 767 767 767 767 767 N/A N/A 767 767 767 767 767 767
Lamp Price (20229%) $3.82 $5.33 $9.00 $5.28 $5.91 N/A N/A $5.07 $5.67 $4.82 $5.40 $4.59 $5.13
Lamp Cost (2022$/klm) $3.14 $5.92 $8.18 $4.51 $4.72 N/A N/A $5.63 $6.13 $5.36 $5.83 $5.10 $5.55
Labor Cost (2022%/h) $0.00 $0.00 $0.00 $0.00 $0.00 N/A N/A $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
LaborLamp Installation (hours) 0 0 0 0 0 N/A N/A 0 0 0 0 0 0
Total Installed Cost (2022$) $3.82 $5.33 $9.00 $5.28 $5.91 N/A N/A $5.07 $5.67 $4.82 $5.40 $4.59 $5.13
Annual Maintenance Cost (2022$) $0.29 $0.41 $0.58 $0.39 $0.45 N/A N/A $0.37 $0.44 $0.36 $0.41 $0.34 $0.39
Total Installed Cost (2022$/klm) $3.14 $5.92 $8.18 $4.51 $4.72 N/A N/A $5.63 $6.13 $5.36 $5.83 $5.10 $5.55
Annual Maintenance Cost
(2022%/klm) $0.24 $0.45 $0.52 $0.33 $0.36 N/A N/A $0.42 $0.47 $0.40 $0.45 $0.38 $0.43

1. 2020 databack calculatedbased on 2022 dataand the following assumptions: Efficacy +0.5%/y, Cost-0.5%/y (NCI,2019)

2. Criteriaoutlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version2.1 (Published June, 2017, Revised June 2020)

3. In April2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. The new minimum efficacy requirements go into effect for manufacture andimportin January 2023 and for retail and distribution in July 2023. This Final Rule also
amended the definition of GSLs toinclude previously exempted product classes, including reflector lamps. CFL products exceed the new minimum efficacy standards.

4. Themarketfor 75W equivalentbare spiral CFLs is very limited because almost all productlines are discontinued. This trend is expected to continue until no products are offered at thislevel

by 2030.
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Performance and Cost Characteristics » Residential Outdoor Lamps (Porch: LED A-Type)

2015 2020 2022 2023" 2030 2040 2050

DATA Installed Installed ENERGY

Stock Stock Low Typical High Standard Typical High Typical High Typical High

2

Average Average L EA
Lamp Wattage 12.9 11.8 13.5 11.9 11.0 13.6 24 4 9.9 9.1 7.7 7.1 6.7 6.2
Lamp Lumens 1,073 1,102 1,100 1,089 1,100 1,089 1,100 1,100 1,100 1,100 1,100 1,100 1,100
Lamp Efficacy (Im/W) 83.1 93.5 81.5 92.2 100.0 80 45.0 111.5 1209 142.0 154.0 164.6 178.6
CRI 81 85 80 86 80 80 N/A 86 80 86 80 86 80
Correlated Color Temperature
(CCT) 2,700 2,700 3,000 2,700 2,700 2,700 N/A 2,700 2,700 2,700 2,700 2,700 2,700
Average Lamp Life (thousand
hours) 25 21 25 18 25 15 N/A 18 25 18 25 18 25
Annual Operating Hours (h/y) 657 657 657 657 657 N/A N/A 657 657 657 657 657 657
Lamp Price (2022%) $18.13 $8.48 $4.39 $3.92 $5.29 N/A N/A $3.23 $4.36 $2.84 $3.84 $2.46 $3.31
Lamp Cost (2022$/klm) $16.90 $7.70 $3.99 $3.60 $4.81 N/A N/A $7.02 $7.02 $3.57 $3.57 $2.38 $2.38
Labor Cost (2022%/h) $0.00 $0.00 $0.00 $0.00 $0.00 N/A N/A $0.00 $0.00 $0.00 $0.00 $0.00 $0.00
LaborLamp Installation (hours) 0.0 0.0 0.0 0.0 0.0 N/A N/A 0.0 0.0 0.0 0.0 0.0 0.0
Total Installed Cost (2022%) $18.13 $8.48 $4.39 $3.92 $5.29 N/A N/A $3.23 $4.36 $2.84 $3.84 $2.46 $3.31
Annual Maintenance Cost (2022%) $0.49 $0.27 $0.12 $0.14 $0.14 N/A N/A $0.12 $0.11 $0.10 $0.10 $0.09 $0.09
Total Installed Cost (2022%/klm) $16.90 $7.70 $3.99 $3.60 $4.81 N/A N/A $2.94 $3.97 $2.59 $3.49 $2.23 $3.01
Annual Maintenance Cost
(2022%/kIm) $0.45 $0.24 $0.10 $0.13 $0.13 N/A N/A $0.11 $0.10 $0.09 $0.09 $0.08 $0.08

1. In April2022,DOE codified into the Code of Federal Regulations the451m/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thenew minimum efficacy requirements gointoeffect for manufactureand import in January 2023 and for retail and distribution in July 2023. AIILED lighting
products exceed the new minimum efficacy standards.

2. Criteria outlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version 2.1 (Published June, 2017, Revised June 2020)
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Performance and Cost Characteristics » Commercial General Service Lamps in Recessed Can Fixtures

This section characterizes commercial omnidirectional incandescent, halogen, CFL, and LED screw-based generalservice lamps emitting approximately 1,600 lumens (equivalent toa 100W incandescentlamp) used
inrecessed canfixtures. A recessed canis a directional fixture set into the ceiling, in which allof thelight is directed downwards from the opening. Therefore, an omnidirectionallamp is not well suited for usein
such fixturesbecauselight thatemitsupwardsand out of the sides must be reflected downwards and out of the fixture and some light is absorbed in the process. A fixture efficiency of 61% is used to characterize
theselumenlosses for all omnidirectional lamps. For all lamp technologies, an annual fixture renovationrate of 10% (i.e., 10-year fixture service life) is used toreflect the proportion of equipment that retires each
year.

Performance:

A majority of general service lampshave a nominal CCT rating of 2,700K and give off a warm, yellowish white color, but products with CCTs of 3,000K, 3,500K;, 4,100K (neutral white), 5,000K (daylight), and
6,500K (blueish white) are also available. Traditional incandescentlight bulbs have a nominal CCT of about 2,700K. Whenreplacing a lightbulb, it is advised to chose a product witha similar CCT valuein
order to achieve the samelook.

Incandescentand halogenlampshave perfect color rendering with a CRIvalue of 100. However, CFL and LEDs products commonly fall between70 and 90 CRI, withan average around 80. CRIvaluesof 80 are
considered suitable for general illumination. High CRIproducts are preferable for retailand display applications where improved color quality is of real value. Higher CRIis not expected tobe a focus for
future LED productsexcept for these specific retail and display applications.

Cost:

Thetotal installed costis the price ofa lamp, ballast (if applicable), and fixture plus the cost for labor associated with the installation, except for in the case of LED replacement lamps which aresold only asa
replacement for usein an existing fixture. There are integrated LEDluminaires that are more efficient and cost effective for new installations or fixture retrofits. Many factors influence the price of LED lamps
including CR], lifetime, dimming capabilities, and efficacy. Therefore typical lamp pricesin 2015 reflecting a mix of lamp characteristics and features were used as the basis for projections for both typical and
high efficacy productsin the future.

Annual maintenance costsare the cost of labor for replacing the lamps and the cost of the replacement lamp itself. The frequency at whichlampsarereplaced is a functionof lamp life and the annual operating
hours for commercial generalservicelamps (DOESSL Program, 2012a).

Commercial lighting disposal costs are estimatedtobe $0.12 per linear foot of fluorescentlamps, $1.50 per lamp for high intensity discharge (HID) lamps, and $0.50 for CFLs (EPA, 2022).

Legislation:

The Energy Independence and Security Act of 2007 (EISA 2007) established standards for 100W lamps effective in 2012. These standards cannotbe achieved by incandescent bulbs, but they canbe metby
halogen, CFL, and LED technologies from 2012 to 2023.

In April 2022, DOE codified into the Code of Federal Regulations the 451m/W backstoprequirement for general service lamps that Congress prescribed in the Energy Policy and Conservation Act. This action
alsoamended the definition of generalservice lamps to incdude previously exempted product classes, such as reflector lamps. These standards can notbe achieved by traditional incandescent or halogen
technologies currently on the market, and given currentand projected trendsin industry, they will likely not be met. It is currently assumed thatindustry willincrease itsinvestment in LED technology at the
expense of incandescent, halogen, and CFL technologies. The rule will go into effect for manufacture and importin January 2023 and for retailand distributionin July 2023.

ENERGY STAR:

For ENERGY STAR qualification, general service omnidirectional lamps musthave a minimum lamp efficacy of 70 Im/W for products with CRI>90 and 80 Im/W for lamps with CRI<90. Additionally, the
lamps musthavea CRI>80, nominal CCT of 2,700, 3,000, 3,500, 4,000/4,100, 5,000, or 6,000K, and rated lifetime > 10,000 hours (ENERGY STAR).
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Performance and Cost Characteristics » Commercial General Service Lamps in Recessed Can Fixtures

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus would be on improving efficacy, lifetime,
and price for products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050.

Technology Efficacy Potential for Improvements

Incandescent 0% 0% -0.5% Limited because the technology is mature and the technology cannot meet legislative requirements.

Halogen 0% 0% -0.5% Limited because the technology is mature and the technology cannot meet legislative requirements
as of 2022

CFL +0.5% 0% -0.5% Improvements in efficacy can be made by using more rare-earth phosphors in compact fluorescent

lamps. Lifetime improvements can be made by improving the compact fluorescent lamp electrodes.
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Performance and Cost Characteristics » Commercial General Service 100W Incandescent Lamp in Recessed Can Fixture

Installed  Installed
DATA Stock Stock Low  Typical  High  SEACY  Standard  Typical  High  Typical  High  Typical  High
Average Average

Lamp Wattage 100.0 100.0 N/A N/A N/A N/A 36.0 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,620 1,620 N/A N/A N/A N/A 1,620 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 16.2 16.2 N/A N/A N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
System Wattage 100.0 100.0 N/A N/A N/A N/A 36.0 N/A N/A N/A N/A N/A N/A
System Lumens? 988 988 N/A N/A N/A N/A 988 N/A N/A N/A N/A N/A N/A
System Efficacy (Im/W) 9.9 9.9 N/A N/A N/A N/A 27.5 N/A N/A N/A N/A N/A N/A
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,700 2,700 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 0.8 0.8 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 4,015 4,015 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (20229$) $0.67 $0.67 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Ballast Price (20229%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022$) $23.72 $23.72 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $0.41 $0.41 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $24.68 $24.68 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $77.22 $77.22 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor System Installation (hours) 1.0 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Lamp Change (hours) 0.05 0.05 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$) $101.61 $101.61 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%) $24.25 $24.25 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$/klm) $102.83 $102.83 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $24.54 $24.54 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. The Energy Independence and Security Act of 2007 (EISA 2007) prescribes standards for 100 watt incandescentlamps as of January 1,2012. Despite the phase out of incandescent
lamps, these products remain in theinstalled stock.

2. In April2022,DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and
Conservation Act. Thesestandards cannot be met with incandescent technologies. The rule will go into effect for manufactureandimport in January 2023 and for retail and
distribution in July 2023. Note: the 45 Im/W backstop applies to thelamp, not the calculated fixtureefficacy.

3. Based on a fixtureefficiency of 61% for an omnidirectional lamp installed in a recessed can fixture.
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Final

Performance and Cost Characteristics » Commercial General Service Halogen Lamp (100W Incandescent Equivalent) in Recessed
Can Fixture

Installed  Installed
DATA Stock Stock Low Typical High EIS\III::EI({;Y Standard  Typical High Typical High Typical High
Average Average
Lamp Wattage 72.0 72.0 N/A 72.0 N/A N/A 33.1 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,490 1,490 N/A 1,490 N/A N/A 1,490 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 20.7 20.7 N/A 20.7 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
System Wattage 72.0 72.0 N/A 72.0 N/A N/A 33.1 N/A N/A N/A N/A N/A N/A
System Lumens® 909 909 N/A 909 N/A N/A 909 N/A N/A N/A N/A N/A N/A
System Efficacy (Im/W) 12.6 12.6 N/A 12.6 N/A N/A 27.5 N/A N/A N/A N/A N/A N/A
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 3,000 N/A 3,000 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 1.0 1.0 N/A 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 4,015 4,015 N/A 4,015 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022%) $2.33 $5.16 N/A $4.02 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Ballast Price (2022$) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022$) $23.72 $26.38 N/A $22.07 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $1.57 $3.46 N/A $2.70 N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $28.67 $34.71 N/A $28.71 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $77.22 $77.22 N/A $66.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor System Installation (hours) 1.0 1.0 N/A 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Lamp Change (hours) 0.05 0.05 N/A 0.05 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$) $103.28 $108.77 N/A $92.09 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%) $24.87 $36.23 N/A $29.39 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$/klm) $113.63 $119.67 N/A $101.32 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $27.36 $39.86 N/A $32.34 N/A N/A N/A N/A N/A N/A N/A N/A N/A
1. The Energy Independence and Security Actof2007 (EISA 2007) prescribes standards for 100 watt incandescent lamps as of January 1, 2012. Starting in 2012, 100 watt incandescent lamps were replaced by

halogenlamps.

2. In April 2022, DOE codified into the Code ofFederal Regulations the 45 Im/W backstop requirement for general service lamps that Congress prescribedin the Energy Policy and Conservation Act. These
standards cannotbe met with existing commercialized halogenlamp technologies. The rule will go into effectfor manufacture and import in January 2023 and for retail and distribution in July 2023. Note: the
45 Im/W backstop applies to the lamp, not the calculated fixture efficacy.

3. Basedon afixture efficiency 0f61% for an omnidirectional lamp installed in a recessed can fixture.

Additional note: No products are currently marketed specifically as 100W equivalent HIR general service lamps and no available data from manufacturers. It is assumed this market is the same as 100W equivalent

halogen lamps. 149



Final

Performance and Cost Characteristics » Commercial General Service 100W Equivalent CFL Bare Spiral in Recessed Can Fixture

DATA e Typical  High ToERGY giindard  Typical  High | Typical  High  Typical  High
Average Average STAR! P P & P

Lamp Wattage 24.7 24.6 25.0 24.6 26.0 26.0 37.6 23.6 25.0 22.5 23.8 21.4 22.6
Lamp Lumens 1,680 1,680 1,600 1,694 1,835 1,600 1,694 1,694 1,835 1,694 1,835 1,694 1,835
Lamp Efficacy (Im/W) 68.1 68.2 64.0 68.9 70.6 80.0 45.0 71.7 73.4 75.3 77.2 79.2 81.2
System Wattage 24.7 24.6 25.0 24.6 26.0 26.0 37.6 23.6 25.0 22.5 23.8 21.4 22.6
System Lumens? 1,025 1,025 976 1,033 1,119 976 1,033 1,033 1,119 1,033 1,119 1,033 1,119
System Efficacy (Im/W) 41.6 41.6 39.0 42.0 43.1 37.5 27.5 43.7 44.8 46.0 47.1 48.3 49.5
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 82 82 82 82 82 82 N/A 82 82 82 82 82 82
Correlated Color Temperature (CCT) 3,000 3,000 2,700 3,000 5,000 3,000 N/A 3,000 3,000 3,000 3,000 3,000 3,000
Average Lamp Life (thousand hours) 10.0 10.0 10.0 10.0 10.0 10.0 N/A 10.0 10.0 10.0 10.0 10.0 10.0
Annual Operating Hours (h/y) 4,745 4,745 4,745 4,745 4,745 N/A N/A 4,745 4,745 4,745 4,745 4,745 4,745
Lamp Price (2022$) * $3.08 $6.40 $9.90 $8.62 $9.35 N/A N/A $8.28 $8.98 $7.87 $8.54 $7.49 $8.13
Ballast Price (2022$) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022$)4 $23.72 $26.38 $22.07 $22.07 $22.07 N/A N/A $21.20 $21.20 $20.17 $20.17 $19.18 $19.18
Disposal Cost (2022$) $0.50 $0.50 $0.50 $0.50 $0.50 N/A N/A $0.50 $0.50 $0.50 $0.50 $0.50 $0.50
Lamp Cost (2022$/klm) $1.84 $3.81 $6.19 $5.09 $5.10 N/A N/A $4.89 $4.90 $4.65 $4.66 $4.42 $4.43
System (I/b/f) Cost (2022%/klm) $26.15 $31.98 $32.76 $29.70 $28.07 N/A N/A $28.53 $26.97 $27.13 $25.65 $25.81 $24.39
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 N/A N/A $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 1.0 1.0 1.0 1.0 1.0 N/A N/A 1.0 1.0 1.0 1.0 1.0 1.0
Labor Lamp Change (hours) 0.05 0.05 0.05 0.05 0.05 N/A N/A 0.05 0.05 0.05 0.05 0.05 0.05
Total Installed Cost (2022$) $104.03 $110.01 $97.97 $96.69 $97.42 N/A N/A $95.48 $96.18 $94.04 $94.71 $92.67 $93.31
Annual Maintenance Cost (2022%) $3.53 $5.11 $6.50 $5.89 $6.24 N/A N/A $5.73 $6.07 $5.54 $5.86 $5.36 $5.66
Total Installed Cost (2022$/klm) $101.48 $107.32 $100.38 $93.57 $87.03 N/A N/A $92.40 $85.93 $91.00 $84.61 $89.68 $83.36
Annual Maintenance Cost (2022%/klm) $3.45 $4.98 $6.66 $5.70 $5.57 N/A N/A $5.55 $5.42 $5.36 $5.23 $5.18 $5.06

1. Criteriaoutlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version2.1 (Published June, 2017, Revised June 2020)

2. In April 2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. The new minimum efficacy requirements go into effect for manufacture andimportin January 2023 and for retail and distribution in July 2023. These standards can be
met with existing CFL products. Note: the 45 Im/W backstop applies to thelamp, not the calculated fixture efficacy.

Based on a fixture efficiency of 61% for an omnidirectionallamp installedin a recessed can fixture.

4. Year-to-year price and performance assumptions2022—2050: Efficacy +0.5%, Equipment Cost-0.5%
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Final

Performance and Cost Characteristics » Commercial General Service 100W Equivalent LED Replacement Lamp in Recessed Can

Fixture
Installed Installed
DATA Stock Stock Low Typical High Eg[E‘fISlY Standard  Typical High Typical High Typical High
Average Average

Lamp Wattage 26.7 14.5 16.0 14.8 13.0 20.0 34.8 12.2 10.8 9.6 8.4 8.3 7.3
Lamp Lumens 1,600 1,528 1,600 1,567 1,600 1,600 1,567 1,567 1,600 1,567 1,600 1,567 1,600
Lamp Efficacy (Im/W) 60.0 105.1 100.0 106.0 123.1 80.0 45.0 128.2 148.8 163.3 189.5 189.3 219.8
System Wattage 26.7 14.5 16.0 14.8 13.0 20.0 34.8 12.2 10.8 9.6 8.4 8.3 7.3
System Lumens® 976 932 976 956 976 976 956 956 976 956 976 956 976
System Efficacy (Im/W) 36.6 64.1 61.0 64.7 75.1 48.8 27.5 78.2 90.8 99.6 115.6 115.5 134.1
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 80 80 90 84.8 84 80 N/A 84.8 84.8 84.8 84.8 84.8 84.8
Correlated Color Temperature (CCT) 3,000 3,000 2,700 2,700 5,000 N/A N/A 2,700 2,700 2,700 2,700 2,700 2,700
Average Lamp Life (thousand hours) 22.0 17.9 25.0 16.9 25.0 15.0 N/A 16.9 25.0 16.9 25.0 16.9 25.0
Annual Operating Hours (h/y) 4,928 4,928 4,928 4,928 4,928 N/A N/A 4,928 4,928 4,928 4,928 4,928 4,928
Lamp Price (2022%) $47.45 $11.28 $5.62 $7.04 $3.39 N/A N/A $5.81 $2.80 $5.11 $2.46 $4.41 $2.12
Ballast Price (2022%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022$) $23.72 $26.38 $22.07 $22.07 $22.07 N/A N/A $21.20 $21.20 $20.17 $20.17 $19.18 $19.18
Lamp Cost (2022$/klm) $25.00 $7.38 $3.51 $4.49 $2.12 N/A N/A $3.71 $1.75 $3.26 $1.54 $2.82 $1.33
System (I/b/f) Cost (2022$/klm) $72.92 $40.40 $28.37 $30.46 $26.09 N/A N/A $28.26 $24.59 $26.45 $23.18 $24.68 $21.83
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 N/A N/A $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 1.0 1.0 1.0 1.0 1.0 N/A N/A 1.0 1.0 1.0 1.0 1.0 1.0
Labor Lamp Change (hours) 0.05 0.05 0.05 0.05 0.05 N/A N/A 0.05 0.05 0.05 0.05 0.05 0.05
Total Installed Cost (2022$) $148.39 $114.88 $93.69 $95.11 $91.46 N/A N/A $93.01 $90.00 $91.27 $88.63 $89.59 $87.30
Annual Maintenance Cost (2022%) $11.49 $4.16 $1.76 $3.02 $1.32 N/A N/A $2.66 $1.20 $2.45 $1.14 $2.25 $1.07
Total Installed Cost (2022$/klm) $152.04 $123.25 $95.99 $99.52 $93.71 N/A N/A $97.32 $92.21 $95.51 $90.81 $93.75 $89.45
Annual Maintenance Cost (2022$/klm) $11.77 $4.46 $1.80 $3.16 $1.35 N/A N/A $2.78 $1.23 $2.57 $1.16 $2.35 $1.10

1. Criteriaoutlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version2.1 (Published June, 2017, Revised June 2020)

2. In April 2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and
Conservation Act. The new minimum efficacy requirements go into effect for manufacture andimportin January 2023 and for retail and distribution in July 2023. All LEDlighting
products exceed the new minimum efficacy standards. Note: the 45 Im/W backstop applies to the lamp, not the calculated fixture efficacy.

3. Based on a fixtureefficiency of 61% for an omnidirectionallamp installedin a recessed can fixture.
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Performance and Cost Characteristics » Commercial Reflector Lamps in Recessed Can Fixtures

This section characterizes commercial halogen, halogen infrared reflector (HIR), and LED screw-based reflector lamps emitting approximately 1400 lumens used in recessed can fixtures.

*  HIR lamps contain a tungsten halogen capsule with a film coating on the inside of the capsule. The coatingreflects infrared radiation backinto thelamp filament, which forces the filament to
burn at a higher temperature. This design increases the efficacy of thelamp, without reducing operatinglife.

*  Arecessed canis a directional fixtureset into the ceiling, in which all of thelight is directed downwards from the opening. Therefore, a reflector lamp, which employs reflective coating to
direct light out in only one direction, is well suited for use in such fixtures. However, some light is not able to escape the fixture, and a fixtureefficiency of 93%is used to characterize these
minimal lumen losses. For all lamp technologies, an annual fixturerenovation rate of 10% (i.e., 10-year fixtureservicelife) is used to reflect the proportion of equipment that retires each year.

Performance:

. A majority of reflector lamps haveanominal CCT ratingof 2,700Kand give off a warm, yellowish white color, but products with CCTs of 3,000K, 3,500K, 4,100K (neutral white), 5,000K
(daylight),and 6,500K (blueish white) arealso available. Traditional incandescentlight bulbs have a nominal CCT of about 2,700K. When replacinga light bulb, it is advised to chosea
product with a similar CCT value in order to achieve the same look.

*  Incandescent and halogenlamps have perfect color rendering with a CRI value of 100. However, CFL and LEDs products commonly fall between 70 and 90 CRI, with an averagearound 80.
CRI values of 80 are considered suitable for general illumination. High CRI products are preferable for retail and display applications whereimproved color quality is of real value. Higher
CRI is not expected to be a focus for future LED products except for these specificretail and display applications.

Cost:

*  Thetotalinstalled costis the priceof a lamp, ballast (ifapplicable), and fixture plus the cost for labor associated with theinstallation, except for in the case of LED replacement lamps which
aresold only as a replacement for usein an existing fixture. Many factors influence the price of LED lampsincluding CRI, lifetime, dimming capabilities, and efficacy.

*  Annual maintenance costs are the cost of labor for replacing thelamps and the cost of thereplacement lamp itself. The frequency at which lamps arereplaced is a function of lamp life and the
annual operating hours for commercial reflector lamps (DOE SSL Program, 2012a).

+  Commerciallighting disposal costs are estimated tobe $0.12 per linear foot of fluorescent lamps, $1.50 per lamp for HID lamps, and $0.50 for CFLs (EPA, 2022).
Legislation:

*  EPAct92 established minimum performance standards for somereflector lamps and provided exemptions for certain specialty applications (e.g., ER/BR, vibration service, more than 5%
neodymium oxide, impact resistant, infrared heat, colored). EPAct92 effectively phased-out R-shaped tungsten filamentincandescent reflector lamps at certain wattages and bulb diameters,
replacing them with moreefficient and cost effective tungsten-halogen parabolic aluminized reflector (PAR)lamps. EISA2007 took away certainexemptions from EPACT 1992, requiring
certain previously exempted lamps tomeet EPAct92 minimum performancestandards by January1,2008.In 2015, DOE issued a final rule that determined thatamending the standards for
incandescent reflector lamps could not be economically justified.

*  In April2022, DOE codified into the Code of Federal Regulations the 45 Im/W backstop requirement for general servicelamps that Congress prescribed in the Energy Policy and Conservation
Act. This action also amended the definition of general service lamps to include previously exempted product classes, such as reflector lamps. These standards can not beachieved by
traditional incandescent or halogen technologies currently on the market, and given current and projected trends in industry, they will likely not be met. It is currently assumed that industry
willincreaseits investmentin LED technology at the expense of incandescent, halogen, and CFL technologies. The rulewill go into effect for manufactureand importin January 2023 and for
retail and distribution in July 2023.
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Performance and Cost Characteristics » Commercial Reflector Lamps in Recessed Can Fixtures

ENERGY STAR:

* For ENERGY STAR qualification, general service reflector lamps must have a minimum lamp efficacy of 61 Im/W for products with CRI =90 and 70 Im/W for lamps with CRI <90.
Additionally, the lamps must have a CRI > 80, nominal CCT of 2,700, 3,000, 3,500, 4,000/4,100, 5,000, or 6,000 K, and rated lifetime > 10,000 hours (ENERGY STAR).

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus would be on improving efficacy, lifetime,
and price for products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050.

Technology Efficacy Potential for Improvements

Incandescent 0% 0% -0.5% Limited because the technology is mature and the technology cannot meet legislative requirements.

Halogen 0% 0% -0.5% Limited because the technology is mature and the technology cannot meet legislative requirements
as of 2022

CFL +0.5% 0% -0.5% In addition to higher efficiency reflector coatings, improvements in efficacy can be made by using

more rare-earth phosphorsin compact fluorescent lamps. Lifetime improvements can be made by
improving the compact fluorescent lamp electrodes.
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Performance and Cost Characteristics » Commercial Halogen Reflector Lamp (PAR38) in Recessed Can Fixture

Installed Installed
DATA Stock Stock Low Typical High Eg;:igY Standard Typical High Typical High Typical High
Average Average

Lamp Wattage 90.0 87.3 N/A 70.0 N/A N/A 29.1 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,323 1,323 N/A 1,308 N/A N/A 1,308 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 14.7 15.1 N/A 18.7 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
System Wattage 90.0 87.3 N/A 70.0 N/A N/A 29.1 N/A N/A N/A N/A N/A N/A
System Lumens! 1,230 1,230 N/A 1,217 N/A N/A 1,217 N/A N/A N/A N/A N/A N/A
System Efficacy (Im/W) 13.7 14.1 N/A 17.4 N/A N/A 41.9 N/A N/A N/A N/A N/A N/A
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 2,850 N/A 2,850 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 2.4 2.4 N/A 1.4 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 4,052 4,052 N/A 4,052 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022%) $4.49 $7.99 N/A $10.32 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Ballast Price (2022%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%) $23.72 $26.38 N/A $22.07 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $3.39 $6.04 N/A $7.89 N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $22.93 $27.93 N/A $26.62 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $77.22 $77.22 N/A $66.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor System Installation (hours) 1.0 1.0 N/A 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Lamp Change (hours) 0.05 0.05 N/A 0.05 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$) $105.43 $111.59 N/A $98.39 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%) $14.09 $20.00 N/A $40.40 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$/klm) $85.69 $90.70 N/A $80.86 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%/klm) $11.46 $16.26 N/A $33.20 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. Based ona fixtureefficiency of 93% for an directionalreflector lampinstalled in a recessed can fixture.

2. In April 2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and Conservation Act.
This Final Rule also amended the definition of GSLs to include previously exempted product classes, including reflector lamps. These standards cannot be met with existing commercialized
halogen lamp technologies. The rule will go into effect for manufacture and importin January 2023 and for retail and distribution in July 2023.
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Performance and Cost Characteristics » Commercial Halogen Infrared Reflector Lamp (PAR38) in Recessed Can Fixture

2012 2018 2022 20232 20302 20402 20502

Installed Installed
DATA Stock Stock Low Typical High EE,EII:IC{;Y Standard Typical High Typical High Typical High
Average Average

Lamp Wattage 70.0 70.0 N/A 70.0 N/A N/A 28.0 N/A N/A N/A N/A N/A N/A
Lamp Lumens 1,407 1,407 N/A 1,260 N/A N/A 1,260 N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) 20.1 20.1 N/A 18.0 N/A N/A 45.0 N/A N/A N/A N/A N/A N/A
System Wattage 70.0 70.0 N/A 70.0 N/A N/A 28.0 N/A N/A N/A N/A N/A N/A
System Lumens! 1,309 1,309 N/A 1,172 N/A N/A 1,172 N/A N/A N/A N/A N/A N/A
System Efficacy (Im/W) 18.7 18.7 N/A 16.7 N/A N/A 41.9 N/A N/A N/A N/A N/A N/A
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 100 100 N/A 100 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Correlated Color Temperature (CCT) 2,850 2,850 N/A 2,850 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Average Lamp Life (thousand hours) 3.6 3.6 N/A 3.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Operating Hours (h/y) 4,052 4,052 N/A 4,052 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Price (2022$) $18.58 $25.12 N/A $29.49 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Ballast Price (2022%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%) $23.72 $26.38 N/A $22.07 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $13.20 $17.86 N/A $23.40 N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $32.33 $39.36 N/A $44.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022%/h) $77.22 $77.22 N/A $66.00 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor System Installation (hours) 1.0 1.0 N/A 1.0 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Lamp Change (hours) 0.05 0.05 N/A 0.05 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%) $119.52 $128.73 N/A $117.56 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022%) $25.25 $32.62 N/A $44.28 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$/klm) $91.34 $98.38 N/A $100.32 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Annual Maintenance Cost (2022$/klm) $19.30 $24.93 N/A $37.79 N/A N/A N/A N/A N/A N/A N/A N/A N/A

1. Based on a fixture efficiency of 93% for an directional reflector lampinstalled in a recessed can fixture.

2. In April2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Ener gy Policy and Conservation Act.
This Final Rule also amended the definition of GSLs to include previously exempted product classes, including reflector lamps. These standards cannot be met with existing commercialized
halogen lamp technologies. The rule will gointo effect for manufacture and importin January 2023 and for retail and distribution in July 2023.
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Performance and Cost Characteristics » Commercial LED Reflector Lighting (PAR38)

DATA

Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)
System Wattage
System Lumens!

System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022$)

Ballast Price (2022$)

Fixture Price (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022%/klm)
Labor Cost (2022$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

Total Installed Cost (2022$)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 20232 2030 2040 2050

Installed
Stock
Average
17.2
1,045
60.9
17.2
972
56.6
N/A
83
3,000
22
4,928
$61.98
N/A
$23.72
$59.31
$88.18

$77.22
1.0

0.05
$162.93
$14.75

$167.64
$15.17

Installed

Stock

Average

16.6
1,210
73.0
16.6
1,125
67.9
N/A
83
3,000
15
4,928
$28.10
N/A
$26.38
$23.23
$48.42

$77.22
1.0

0.05

$131.71

$10.50

$117.04

$9.33

Low

17.0
1,200
70.6
17.0
1,116
65.6
N/A
82
2,700
25
4,928
$23.71
N/A
$22.07
$19.76
$41.02

$66.00
1.0

0.05
$111.78
$5.32

$100.16
$4.77

Typical

16.4
1,344
82.0
16.4
1,250
76.1
N/A
86
3,000
28
4,928
$23.09
N/A
$22.07
$17.18
$36.13

$66.00
1.0

0.05
$111.16
$4.64

$88.92
$3.72

High

17.0
1,700
100.0

17.0
1,581

93.0
N/A

82
3,000
25
4,928
$15.69

N/A

$22.07
$9.23
$23.88

$66.00
1.0

0.05
$103.76
$3.74

$65.63
$2.37

1. Based on a fixture efficiency of 93% for an omnidirectionallamp installedin a recessed can fixture.
2. In April2022, DOE codified into the Code of Federal Regulations the 451m/W backstop requirement for general service lamps that Congress prescribed in the Energy Policy and Conservation Act.
The new minimum efficacy requirements go into effect for manufacture and importin January 2023 and for retailand distributionin July 2023. This Final Rule also amended the definition of GSLs
toinclude previously exempted product classes, including reflector lamps. All LEDlighting products exceed the new minimum efficacy standards.
3. Criteriaoutlined in ENERGY STAR® Program Requirements Product Specification for Lamps (Light Bulbs): Eligibility Criteria Version2.1 (Published June, 2017, Revised June 2020)
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ENERGY
STAR3

22.0
1,344
61.0
22.0
1,250
56.7
N/A
80
3,000
25
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Standard

29.9
1,344
45.0
29.9
1,250
41.9
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Typical

14.0
1,344
95.7
14.0
1,250
89.0
N/A
86
3,000
28
4,928
$19.40
N/A
$21.20
$14.43
$32.48

$91.40
1.0

0.05
$132.00
$4.22

$105.59
$3.37

High

14.6
1,700
116.7

14.6
1,581
108.6

N/A

82
3,000
25
4,928
$13.18

N/A

$21.20
$7.75
$21.75

$91.40
1.0

0.05
$125.78
$3.50

$79.56
$2.21

Typical

12.3
1,344
109.5

12.3
1,250
101.9
N/A

86
3,000
28
4,928
$17.36

N/A

$20.17
$12.91
$30.02

$91.40
1.0

0.05
$128.92
$3.86

$103.13
$3.09

High

12.7
1,700
133.5

12.7
1,581
124.2
N/A

82
3,000
25
4,928
$11.79

N/A

$20.17
$6.94
$20.22

$91.40
1.0

0.05
$123.36
$3.23

$78.02
$2.04

Typical

10.9
1,344
123.2

10.9
1,250
114.6
N/A

86
3,000
28
4,928
$15.37

N/A

$19.18
$11.44
$27.64

$91.40
1.0

0.05

$125.95

$3.51

$100.75

$2.81

High

11.3
1,700
150.2

11.3
1,581
139.7
N/A

82
3,000
25
4,928
$10.45

N/A

$19.18
$6.14
$18.74

$91.40
1.0

0.05

$121.02

$2.96

$76.55
$1.87



Performance and Cost Characteristics » Commercial 4-foot Linear 2-Lamp Lighting Systems

This section characterizes commercial linear fixtures that house two 4ft longlinear lamps and their integrated luminaire equivalents. The technologies available for this system arelinear

fluorescent and LED.

* Linear fluorescent options are T5, T8, and T12lamps. T5 lamps are approximately 40% narrower than T8 lamps and almost 60% narrower than T12 lamps. This narrowness allows T5 lamps
to becoated with higher quality, moreefficient phosphor blends than larger diameter lamps, resultingin a moreefficacious lamp. The compact size of T5 lamps also permits greater flexibility
in lighting design and construction.

* LED options for linear fixtures includereplacement lamps thatcan fit directly into an existing fixture and fully integrated luminaires that can be used toreplace existing fixtures. LED
replacement lamps arealsoknownas TLEDs. Type A TLEDs canbe installed with existingballastsand Type B and C TLEDs requiretheballast tobe disconnected. Replacement lamps are
only sold to go intoexisting fixtures.If a new fixtureis to be installed, a fully integrated LED luminaireis a more cost effective and efficient option. Because LED luminaires are fully
integrated, they donot have lamp or fixtureefficiency losses associated withballasts and fixture optics. For all lamp technologies, an annual fixturerenovation rate of 10% (i.e., 10-year
fixtureservicelife) is used toreflect the proportion ofequipment that retires each year.

Performance:

. Linear lamps often havea nominal CCT rating of 3,500K, but products with CCTs of 3,000K, 4,000K, and 4,100K (neutral white) arealsocommon.5,000K (daylight) lamps areavailableas
well. When replacingalight bulb, it is importantto choosea product with a similar CCT value to achieve the same look.

*  Incandescent and halogen lamps have perfect color rendering with a CRI value of 100, but for CFL and LEDs products commonly fallbetween 70 and 90 CRL, with an average around 80.
CRI values of 80 are considered suitable for general illumination, with high CRIproducts being preferable for retail and display applications whereimproved color quality is of real value.
Higher CRI is not expected tobe a focus for future LED products except for these very specificretail and display applications.

Cost:

*  Thetotalinstalled costis the price of 2 lamps, ballast (ifapplicable), and fixture plus the cost for labor associated with theinstallation, except for in the case of LED replacement lamps,
which aresold only as a replacement for usein an existing fixture. There areintegrated LED luminaires thataremoreefficient and cost effective for new installations or fixtureretrofits.
Many factors influence the price of LED lampsincluding CRI, lifetime, dimming capabilities, and efficacy. Therefore typical lamp prices in 2022 reflecting a mix of lamp characteristics and
features wereused as the basis for projections for both typical and high efficacy products in the future.

* Annualmaintenance costs are the cost of labor for replacing thelamps and the cost of thereplacement lamp itself. The frequency at which lamps arereplaced is a function of lamp life and
theannual operatinghours of 4055 hours/year for commercial 4ft linear systems (DOE SSL Program,2012a).

+  Commerciallighting disposal costs are estimated tobe $0.12 per linear foot of fluorescent lamps, $1.50 per lamp for HID lamps, and $0.50 for CFLs (EPA, 2022).
Legislation:

* Beginning July 14, 2012 (or July 14, 2014, for T8 700-series phosphor lamps), DOE fluorescent lamp standards required a minimum efficacy of 89 Im/W. Although the amended performance-
based standardsdonot explicitly prohibit T12 lamps,noT12 lamps met the standard at the time of its announcement. Since then, however, T12 lamps meeting thestandard haveentered the
market.

+ California's Title24 mandates the use of electronic ballasts with high efficacy luminaires (including fluorescent) of 13 W or higher (CEC, 2005).
ENERGY STAR:
*+ ENERGY STAR does not cover commercial linear luminaires (ENERGY STAR, 2020).
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Performance and Cost Characteristics » Commercial 4-foot Linear 2-Lamp Lighting Systems

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus on improving efficacy, lifetime, and price for
products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050.

Technology Efficacy Potential for Inprovements
0%

T8 F32 Commodity 0% -0.5% Limited because the technology is mature.
T8 F32 High Efficiency/High Output 0% 0% -0.5% Limited because the technology is mature.
T5F28 0% 0% -0.5% Limited because the technology is mature.
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Performance and Cost Characteristics » Commercial 4-ft T8 F32 Commodityin 2-Lamp System

DATA Installed  Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average  Average'
Lamp Wattage 32.0 32.0 32.0 32.0 32.0 32.0 32.0 32.0 32.0 32.0 32.0
Lamp Lumens 2,725 2,855 2,450 2,855 3,100 2,855 3,100 2,855 3,100 2,855 3,100
Lamp Efficacy (Im/W) 85.2 89.0 76.6 89.2 96.9 89.2 96.9 89.2 96.9 89.2 96.9
System Wattage 61.8 62.5 63.1 63.1 63.1 63.1 63.1 63.1 63.1 63.1 63.1
System Lumens 4,796 5,082 4,361 5,082 5,518 5,082 5,518 5,082 5,518 5,082 5,518
System Efficacy (Im/W) 77.7 81.4 69.1 80.6 87.5 80.6 87.5 80.6 87.5 80.6 87.5
Ballast Efficiency (BLE) 91% 91% 90% 90% 90% 90% 90% 90% 90% 90% 90%
CRI 83 87 90 87 85 87 85 87 85 87 85
Correlated Color Temperature (CCT) 4,100 4,100 5,000 4,100 3,500 4,100 3,500 4,100 3,500 4,100 3,500
Average Lamp Life (thousand hours) 24 31 23 31 40 31 40 31 40 31 40
Annual Operating Hours (h/y) 4,055 2,920 2,920 2,920 2,920 2,920 2,920 2,920 2,920 2,920 2,920
Lamp Price (2022$) $7.81 $5.02 $3.36 $4.08 $4.32 $3.92 $4.15 $3.73 $3.95 $3.55 $3.75
Ballast Price (2022$) $19.56 $19.40 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%) $29.67 $77.61 $75.53 $75.53 $75.53 $72.56 $72.56 $69.01 $69.01 $65.64 $65.64
Disposal Costs (2022$) $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48
Lamp Cost (2022$/klm) $2.86 $1.76 $1.37 $1.43 $1.39 $1.37 $1.34 $1.31 $1.27 $1.24 $1.21
System (I/b/f) Cost (2022$/klm) $13.52 $21.07 $33.57 $29.31 $27.15 $15.91 $14.65 $15.05 $13.94 $14.31 $13.26
Labor Cost (2022%/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) 04 04 0.4 0.4 04 04 0.4 04 0.4 0.4 0.4
Total Installed Cost (2022$) $103.45 $145.67 $179.41 $181.97 $182.82 $113.86 $113.86 $109.47 $109.91 $105.73 $106.15
Annual Maintenance Cost (2022%) $7.89 $3.88 $4.24 $3.28 $2.58 $3.25 $2.55 $3.21 $2.52 $3.18 $2.49
Total Installed Cost (2022$/klm) $21.57 $28.66 $41.14 $35.81 $33.13 $22.41 $20.63 $21.54 $19.92 $20.81 $19.24
Annual Maintenance Cost (2022%/klm) $1.65 $0.76 $0.97 $0.65 $0.47 $0.64 $0.46 $0.63 $0.46 $0.63 $0.45
1.

Data and assumptions taken from the2018 SSL Forecast. The report states that efficacy improvements for T8 lamps arenot expected in the future and that cost for all commercial
fixtures is expected to decreasebetween 0.1%-0.6% per year. Weuse 0.5% per year here.

2. From 2020t02050, fixture (and fixture price)includes ballast.
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Performance and Cost Characteristics » Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System

2012 2018 2022 2030 2040 2050

DATA' Installed Stock Installed Stock .. Tvoical Tvpical Tvpical
Average Average’ ypica ypica ypiea ypiea
Lamp Wattage 28.0 28.0 28.0 28.0 28.0 28.0
Lamp Lumens 2,560 2,682 2,682 2,682 2,682 2,682
Lamp Efficacy (Im/W) 91 96 96 96 96 9
System Wattage 55.4 55.4 55.4 55.4 55.4 55.4
System Lumens 4,557 4,774 4,774 4,774 4,774 4,774
System Efficacy (Im/W) 82 86 86 86 86 86
Ballast Efficiency (BLE) 90% 90% 90% 90% 90% 90%
CRI 85 84 84 84 84 84
Correlated Color Temperature (CCT) 4,100 3,500 3,500 3,500 3,500 3,500
Average Lamp Life (thousand hours) 24 48 48 48 48 48
Annual Operating Hours (h/y) 4,055 2,920 2,920 2,920 2,920 2,920
Lamp Price (20225) $11.17 $5.40 $5.29 $5.08 $4.84 $4.60
Ballast Price (2022$)° $19.56 N/A N/A N/A N/A N/A
Fixture Price (2022%) $35.20 $77.05 $75.53 $72.56 $69.01 $65.64
Disposal Costs (2022$) $0.48 $0.48 $0.48 $0.48 $0.48 $0.48
Lamp Cost (2022$/klm) $4.36 $2.01 $1.97 $1.90 $1.80 $1.71
System (I/b/f) Cost (2022$/k1m) $30.12 $32.75 $32.11 $30.85 $29.34 $27.90
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5
Labor Lamp Change (hours) 0.4 0.4 0.4 0.4 0.4 0.4
Total Installed Cost (20225) $104.54 $121.06 $113.82 $110.64 $106.85 $103.24
Annual Maintenance Cost (20225) $9.03 $2.54 $2.26 $2.23 $2.20 $2.17
Total Installed Cost (2022%/klm) $22.94 $25.36 $23.84 $23.18 $22.38 $21.63
Annual Maintenance Cost (2022$/k1m) $1.98 $0.53 $0.47 $0.47 $0.46 $0.46

1. Only atypical datasetbecause provided as theselamps all have similar efficacies.
2. Dataand assumptionstaken from the 2018 SSLForecast. The report states that efficacy improvements for T8 lamps are not expectedin the future and that cost for all
commercial fixturesis expected to decrease between 0.1%-0.6 % per year. We use 0.5% per year here.

3. From2018t02050, fixture (and fixture price) includesballast. 60



Performance and Cost Characteristics » Commercial 4-ft T5 F28 in 2-Lamp System

DATA Installed  Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average  Average

Lamp Wattage 28.0 27.7 28.0 275 26.0 27.5 26.0 275 26.0 27.5 26.0
Lamp Lumens 2,697 2,732 2,530 2,732 2,900 2,732 2,900 2,732 2,900 2,732 2,900
Lamp Efficacy (Im/W) 96.3 98.5 90.4 99.3 1115 99.3 111.5 99.3 111.5 99.3 111.5
System Wattage 62.9 62.3 62.9 61.7 58.4 61.7 58.4 61.7 58.4 61.7 58.4
System Lumens 5,394 5,464 5,060 5,464 5,800 5,464 5,800 5,464 5,800 5,464 5,800
System Efficacy (Im/W) 85.8 87.8 80.5 88.5 994 88.5 994 88.5 994 88.5 994
Ballast Efficiency (BLE) 89% 89% 89% 89% 89% 89% 89% 89% 89% 89% 89%
CRI 85 85 85 85 85 85 85 85 85 85 85
Correlated Color Temperature (CCT) 4,100 3,500 5,000 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500
Average Lamp Life (thousand hours) 30 29 36 29 30 29 30 29 30 29 30
Annual Operating Hours (h/y) 4,055 3,176 3,176 3,176 3,176 3,176 3,176 3,176 3,176 3,176 3,176
Lamp Price (20229)" $6.54 $6.96 $13.76 $9.45 $21.28 $9.08 $20.44 $8.63 $19.44 $8.21 $18.49
Ballast Price (2022$)* $31.94 $22.83 N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%) $111.59 $83.32 $170.87 $170.87 $170.87 $164.15 $164.15 $156.13 $156.13 $148.50 $148.50
Disposal Costs (2022$) $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48
Lamp Cost (2022$/klm) $2.42 $2.55 $5.44 $3.46 $7.34 $3.32 $7.05 $3.16 $6.70 $3.01 $6.38
System (I/b/f) Cost (2022$/klm) $29.03 $21.97 $39.21 $34.73 $36.80 $37.53 $35.35 $31.73 $33.62 $30.18 $31.98
Labor Cost (2022%/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) 0.4 04 0.4 0.4 0.4 04 0.4 0.4 04 0.4 0.4
Total Installed Cost (20225) $195.22 $158.68 $231.39 $222.77 $246.43 $238.04 $238.04 $206.40 $228.02 $197.92 $218.48
Annual Maintenance Cost (2022$) $5.97 $4.93 $4.78 $4.99 $7.33 $4.91 $7.15 $4.81 $6.94 $4.72 $6.74
Total Installed Cost (2022$/klm) $36.19 $29.04 $45.73 $40.77 $42.49 $43.57 $41.04 $37.77 $39.31 $36.22 $37.67
Annual Maintenance Cost (2022%/klm) $1.11 $0.90 $0.94 $0.91 $1.26 $0.90 $1.23 $0.88 $1.20 $0.86 $1.16

1. Year-to-year price and performance assumptions for incumbent technologies 2030-2050: Efficacy +0%/y, Life +0%/y, Cost-0.5%/y (SSL Forecast 2018).
2. From 2020to02050, fixture (and fixture price) includesballast.
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Performance and Cost Characteristics » Commercial 4-ft Linear LED Replacement Lamp in 2-Lamp System

DATA Installed  Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average

Lamp Wattage 20.8 17.0 16.0 13.7 11.0 11.6 9.3 10.0 8.0 8.8 7.2
Lamp Lumens 2,091 2,003 1,800 1,920 1,800 1,920 1,800 1,920 1,800 1,920 1,800
Lamp Efficacy (Im/W) 100.5 117.8 112.5 140.1 163.6 166.2 1941 192.2 2244 218.0 250.0
System Wattage 41.6 34.0 32.0 274 22.0 23.1 18.6 20.0 16.0 17.6 14.4
System Lumens 3,555 3,565 3,456 3,686 3,456 3,686 3,456 3,686 3,456 3,686 3,456
System Efficacy (Im/W) 85.4 104.9 108.0 134.5 157.1 159.6 186.3 184.5 2154 209.3 240.0
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 86 81 82 81 80 81 80 81 80 81 80
Correlated Color Temperature (CCT) 4,100 4,020 4,100 4,100 5,000 4,100 5,000 4,100 5,000 4,100 5,000
Average Lamp Life (thousand hours) 50 54 50 54 50 54 50 54 50 54 50
Annual Operating Hours (h/y) 4,055 3,541 3,541 3,541 3,541 3,541 3,541 3,541 3,541 3,541 3,541
Lamp Price (2022$) $278.36 $35.06 $14.63 $11.11 $4.28 $9.88 $3.81 $9.66 $3.72 $9.44 $3.64
Ballast Price (2022%) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (20229)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) $133.10 $17.50 $8.13 $5.79 $2.38 $5.15 $2.11 $5.03 $2.07 $4.92 $2.02
System (I/b/f) Cost (2022$/klm)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Lamp Change (hours) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Total Installed Cost (2022%) $587.35 $70.12 $29.26 $22.22 $8.56 $19.76 $7.61 $19.31 $7.44 $18.89 $7.28
Annual Maintenance Cost (2022$) $47.64 $6.61 $3.93 $3.17 $2.46 $3.01 $2.39 $2.98 $2.38 $2.95 $2.37
Total Installed Cost (2022$/klm) $165.20 $19.67 $8.47 $6.03 $2.48 $5.36 $2.20 $5.24 $2.15 $5.12 $2.11
Annual Maintenance Cost (2022$/klm) $13.40 $1.85 $1.14 $0.86 $0.71 $0.82 $0.69 $0.81 $0.69 $0.80 $0.69

1. N/A becausea fixture and an LED replacement lamp would not be purchased separately for a new installation or retrofit when there are integrated LED luminaires
that are more efficient and cost effective. These lamps are sold only as replacements to go into existing fixtures.
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Performance and Cost Characteristics » Commercial 4-ft Linear LED Luminaire to Replace 2-Lamp Systems

DATA Installed Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average

Lamp Wattage' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Lumens! N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Wattage 51.5 50.0 49.0 44.0 35.0 35.6 283 299 23.8 258 205
System Lumens 4,818 4,673 5,024 5,302 4,800 5,302 4,800 5,302 4,800 5,302 4,800
System Efficacy (Im/W) 93.6 93.5 102.5 120.5 137.1 148.8 169.3 177.2 201.7 205.5 233.9
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 84 79 80 79 80 79 80 79 80 79 80
Correlated Color Temperature (CCT) 3,500 3,650 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500
Average Lifetime (thousand hours) 67 53 54 53 50 53 50 53 50 53 50
Annual Operating Hours (h/y) 4,055 3,431 3,431 3,431 3,431 3,431 3,431 3,431 3,431 3,431 3,431
Lamp or Luminaire Price (2022$) $723.96 $188.00 $144.85 $152.54 $207.80 $127.58 $173.80 $118.37 $161.25 $109.57 $149.27
Ballast Price (2022$)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (20229)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $150.25 $40.23 $57.66 $57.54 $86.58 $24.06 $36.21 $22.33 $33.59 $20.67 $31.10
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022$) $762.57 $226.61 $322.70 $338.08 $448.60 $160.58 $206.80 $151.37 $194.25 $142.57 $182.27
Annual Maintenance Cost (2022$) $46.16 $14.67 $11.30 $12.01 $16.52 $10.40 $14.19 $9.80 $13.33 $9.23 $12.51
Total Installed Cost (2022$/klm) $158.27 $48.49 $64.23 $63.76 $93.46 $30.29 $43.08 $28.55 $40.47 $26.89 $37.97
Annual Maintenance Cost (2022$/klm) $9.58 $3.14 $2.25 $2.27 $3.44 $1.96 $2.96 $1.85 $2.78 $1.74 $2.61

1. N/A becausethelamp and fixtureareboth included in the luminaire.
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Final

Performance and Cost Characteristics » Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System with Occupancy
Sensor

2012 2018 2022 2030 2040 2050

1

DATA Insig:izzo 63 Ins;aiie;:lgssgck Typical Typical Typical Typical
Lamp Wattage 28.0 28.0 28.0 28.0 28.0 28.0
Lamp Lumens 2,560 2,682 2,682 2,682 2,682 2,682
Lamp Efficacy (Im/W) 91 96 96 96 96 96
System Wattage 50.3 55.4 55.4 55.4 554 55.4
System Lumens 4,506 4,774 4,774 4,774 4,774 4,774
System Efficacy (Im/W) 90 86 86 86 86 86
Ballast Efficiency (BLE) 90% 90% 90% 90% 90% 90%
CRI 85 84 84 84 84 84
Correlated Color Temperature (CCT) 4,100 3,500 3,500 3,500 3,500 3,500
Average Lamp Life (thousand hours) 24 48 48 48 48 48
Annual Operating Hours (h/y)3 4,055 2,920 1,869 1,869 1,869 1,869
Lamp Price (2022$) $11.17 $5.40 $5.29 $5.08 $4.84 $4.60
Ballast Price (2022$) $19.56 N/A N/A N/A N/A N/A
Fixture Price (2022$) $35.20 $77.05 $75.53 $72.56 $69.01 $65.64
Occupancy Sensor Price (2022%) N/A N/A $161.34 $161.34 $161.34 $161.34
Disposal Costs (2022%) $0.48 $0.48 $0.48 $0.48 $0.48 $0.48
Lamp Cost (2022$/klm) $4.36 $2.01 $1.97 $1.90 $1.80 $1.71
System (I/b/f) Cost (2022$/klm) $30.12 $32.75 $92.26 $91.00 $89.49 $88.06
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) 0.4 04 04 04 04 04
Total Installed Cost (2022%) $104.54 $121.06 $275.16 $271.98 $268.19 $264.58
Annual Maintenance Cost (2022%) $9.03 $2.54 $1.44 $1.43 $1.41 $1.39
Total Installed Cost (2022$/klm) $23.20 $25.36 $57.64 $56.97 $56.18 $55.42
Annual Maintenance Cost (2022%/klm) $2.00 $0.53 $0.30 $0.30 $0.30 $0.29

1. Only a typical datasetis provided because theselamps allhavesimilar efficacies.

2. Data and assumptions taken from the2018 SSL Forecast. The report states that efficacy improvements for T8 lamps arenot expected in the future and that cost for all

commercial fixtures is expected to decreasebetween 0.1%-0.6% per year. Weuse 0.5% per year here.

3. Assumes occupancy sensor reduces hours of use by 36% (NCI, 2019)



Final

Performance and Cost Characteristics » Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System with Specular

Reflector
1
DATA Insf:g:iszo ck Ins;aii:;lgsg) ck Typical Typical Typical Typical

Lamp Wattage 28.0 28.0 28.0 28.0 28.0 28.0
Lamp Lumens 2,560 2,682 2,682 2,682 2,682 2,682
Lamp Efficacy (Im/W) 914 95.8 95.8 95.8 95.8 95.8
System Wattage 554 554 554 554 55.4 554
System Lumens® 4,506 4,774 5,347 5,347 5,347 5,347
System Efficacy (Im/W) 81 86 97 97 97 97
Ballast Efficiency (BLE) 90% 90% 90% 90% 90% 90%
CRI 85 84 84 84 84 84
Correlated Color Temperature (CCT) 4,100 3,500 3,500 3,500 3,500 3,500
Average Lamp Life (thousand hours) 24 48 48 48 48 48
Annual Operating Hours (h/y) 2,920 4,055 4,055 4,055 4,055 4,055
Lamp Price (2022%) $11.17 $5.40 $5.29 $5.08 $4.84 $4.60
Ballast Price (2022$) $19.56 N/A N/A N/A N/A N/A
Fixture Price (2022%) $35.20 $77.05 $75.53 $72.56 $69.01 $65.64
Reflector Price (2022$) N/A N/A $44.53 $44.53 $44.53 $44.53
Disposal Costs (2022%) $0.48 $0.48 $0.48 $0.48 $0.48 $0.48
Lamp Cost (2022$/klm) $4.36 $2.01 $1.97 $1.90 $1.80 $1.71
System (I/b/f) Cost (2022$/klm) $30.12 $32.75 $48.71 $47.45 $45.94 $44.51
Labor Cost (2022%/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) 0.4 0.4 0.4 0.4 0.4 0.4
Total Installed Cost (2022%) $104.54 $121.06 $158.35 $155.17 $151.38 $147.77
Annual Maintenance Cost (2022$) $6.50 $3.53 $3.13 $3.10 $3.06 $3.02
Total Installed Cost (2022$/klm) $23.20 $25.36 $29.62 $29.02 $28.31 $27.64
Annual Maintenance Cost (2022$/klm) $1.44 $0.74 $0.59 $0.58 $0.57 $0.56

1. Only atypical datasetis provided because theselampsall have similar efficacies.

2. Dataand assumptions taken from the 2018 SSLForecast. The reportstates that efficacy improvements for T8 lamps are notexpectedin the future and that cost for all
commerdial fixturesis expected to decrease between 0.1%-0.6 % per year. We use 0.5% per year here.

3. Specularreflectoris expected to add 12% luminaire efficiency (LRC, 1992).
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Performance and Cost Characteristics » Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System with Occupancy

Sensor and Specular Reflector
2012 2018 2022 2030 2040 2050

DATA’ Installed Stock Installed Stock Tvpical Tvpical Tvpical Tvoical
J— Ja— ypica ypica ypica ypica

Lamp Wattage 28.0 28.0 28.0 28.0 28.0 28.0
Lamp Lumens 2,560 2,682 2,682 2,682 2,682 2,682
Lamp Efficacy (Im/W) 914 95.8 95.8 95.8 95.8 95.8
System Wattage 50.3 55.4 55.4 55.4 55.4 55.4
System Lumens® 4,506 4,774 5,347 5,347 5,347 5,347
System Efficacy (Im/W) 89.6 86.2 96.6 96.6 96.6 96.6
Ballast Efficiency (BLE) 90% 90% 90% 90% 90% 90%
CRI 85 84 84 84 84 84
Correlated Color Temperature (CCT) 4,100 3,500 3,500 3,500 3,500 3,500
Average Lamp Life (thousand hours) 24 48 48 48 48 48
Annual Operating Hours (h/y)3 4,055 2,920 1,869 1,869 1,869 1,869
Lamp Price (2022$) $11.17 $5.40 $5.29 $5.08 $4.84 $4.60
Ballast Price (2022$) $19.56 N/A N/A N/A N/A N/A
Fixture Price (2022$) $35.20 $77.05 $75.53 $72.56 $69.01 $65.64
Reflector Price (2022%) N/A N/A $44.53 $44.53 $44.53 $44.53
Occupancy Sensor Price (2022%) N/A N/A $161.34 $161.34 $161.34 $161.34
Disposal Costs (2022%) $0.48 $0.48 $0.48 $0.48 $0.48 $0.48
Lamp Cost (2022$/klm) $4.36 $2.01 $1.97 $1.90 $1.80 $1.71
System (I/b/f) Cost (2022$/klm) $30.12 $32.75 $108.87 $107.61 $106.10 $104.66
Labor Cost (20225%/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 0.5 0.5 0.5 0.5 0.5 0.5
LaborLamp Change (hours) 0.4 0.4 0.4 0.4 0.4 0.4
Total Installed Cost (2022$) $104.54 $121.06 $319.69 $316.51 $312.72 $309.11
Annual Maintenance Cost (2022$) $9.03 $2.54 $1.44 $1.43 $1.41 $1.39
Total Installed Cost (2022$/klm) $23.20 $25.36 $59.79 $59.20 $58.49 $57.81
Annual Maintenance Cost (2022%/klm) $2.00 $0.53 $0.27 $0.27 $0.26 $0.26

1. Only atypical datasetis provided because these lampsall have similar efficacies.

2. Dataand assumptionstaken from the 2018 SSLForecast. The report states that efficacy improvements for T8 lamps are not expectedin the future and that cost for all
commerdial fixturesis expected to decrease between 0.1%-0.6 % per year. We use 0.5% per year here.

3. Assumesoccupancy sensor reduces hours of useby 36% (NCI,2019). Specular reflector is expected to add 12% luminaire efficiency (LRC, 1992).
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Performance and Cost Characteristics » Commercial 8-foot Linear 2-Lamp Lighting Systems

This section characterizes commercial linear fixtures that house two 8ft longlinear lamps and their integrated luminaire equivalents. The technologies available for this system arelinear

fluorescent and LED.

* Linear fluorescent options are T5, T8, and T12lamps. T5 lamps are approximately 40% narrower than T8 lamps and almost 60% narrower than T12 lamps. This narrowness allows T5 lamps
to becoated with higher quality, moreefficient phosphor blends than larger diameter lamps, resultingin a moreefficacious lamp. The compact size of T5 lamps also permits greater flexibility
in lighting design and construction.

* LED options for linear fixtures includereplacement lamps thatcan fit directly into an existing fixture and fully integrated luminaires that can be used toreplace existing fixtures. LED
replacement lamps arealsoknownas TLEDs. Type A TLEDs canbe installed with existingballastsand Type B and C TLEDs requiretheballast tobe disconnected. Replacement lamps are
only sold to go intoexisting fixtures.If a new fixtureis to be installed, a fully integrated LED luminaireis a more cost effective and efficient option. Because LED luminaires are fully
integrated, they donot have lamp or fixtureefficiency losses associated withballasts and fixture optics. For all lamp technologies, an annual fixturerenovation rate of 10% (i.e., 10-year
fixtureservicelife) is used toreflect the proportion ofequipment that retires each year.

Performance:

. Linear lamps often havea nominal CCT rating of 3,500K, but products with CCTs of 3,000K, 4,000K, and 4,100K (neutral white) arealsocommon.5,000K (daylight) lamps areavailableas
well. When replacingalight bulb, it is importantto choosea product with a similar CCT value to achieve the same look.

*  Incandescent and halogen lamps have perfect color rendering with a CRI value of 100, but for CFL and LEDs products commonly fallbetween 70 and 90 CRL, with an average around 80.
CRI values of 80 are considered suitable for general illumination, with high CRIproducts being preferable for retail and display applications whereimproved color quality is of real value.
Higher CRI is not expected tobe a focus for future LED products except for these very specificretail and display applications.

Cost:

*  Thetotalinstalled costis the price of 2 lamps, ballast (ifapplicable), and fixture plus the cost for labor associated with theinstallation, except for in the case of LED replacement lamps
which aresold only as a replacement for usein an existing fixture. There areintegrated LED luminaires thataremoreefficient and cost effective for new installations or fixtureretrofits.
Many factors influence the price of LED lampsincluding CRI, lifetime, dimming capabilities, and efficacy. Therefore typical lamp prices in 2022 reflecting a mix of lamp characteristics and
features wereused as the basis for projections for both typical and high efficacy products in the future.

* Annualmaintenance costs are the cost of labor for replacing thelamps and the cost of thereplacement lamp itself. The frequency at which lamps arereplaced is a function of lamp life and
theannual operating hours of 4147 hours/year for commercial 8t linear systems (DOE SSL Program,2012a).

+  Commerciallighting disposal costs are estimated tobe $0.12 per linear foot of fluorescent lamps, $1.50 per lamp for HID lamps, and $0.50 for CFLs (EPA, 2022).
Legislation:

* Beginning July 14, 2012 (or July 14, 2014, for T8 700-series phosphor lamps), DOE fluorescent lamp standards required a minimum efficacy of 89 Im/W. Although the amended performance-
based standardsdonot explicitly prohibit T12 lamps,noT12 lamps met the standard at the time of its announcement. Since then, however, T12 lamps meeting thestandard haveentered the
market.

+ California's Title24 mandates the use of electronic ballasts with high efficacy luminaires (including fluorescent) of 13 W or higher (CEC, 2005).
ENERGY STAR:
*+ ENERGY STAR does not cover commercial linear luminaires (ENERGY STAR, 2020).
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Performance and Cost Characteristics » Commercial 8-foot Linear 2-Lamp Lighting Systems

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume the manufacturers will focus on improving efficacy, lifetime, and
price for products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050:

Technology Efficacy Potential for Inprovements
0%

T8 F59 Typical Efficiency 0% -0.5% Limited because the technology is mature.
T8 F59 High Efficiency 0% 0% -0.5% Limited because the technology is mature.
T8 F96 High Output 0% 0% -0.5% Limited because the technology is mature.
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Performance and Cost Characteristics » Commercial 8-ft T8 F59 Typical Efficiency in a 2-Lamp System

DATA Installed  Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average

Lamp Wattage 59.0 59.0 59.0 59.0 59.0 59.0 59.0 59.0 59.0 59.0 59.0
Lamp Lumens 5,430 5,788 5,900 5,905 5,950 5,905 5,950 5,905 5,950 5,905 5,950
Lamp Efficacy (Im/W) 92.0 98.1 100.0 100.1 100.8 100.1 100.8 100.1 100.8 100.1 100.8
System Wattage 106.8 111.6 112.9 112.9 1129 112.9 112.9 1129 112.9 1129 112.9
System Lumens 9,448 10,071 10,384 10,393 10,472 10,393 10,472 10,393 10,472 10,393 10,472
System Efficacy (Im/W) 88.5 90.3 92.0 92.1 92.8 92.1 92.8 92.1 92.8 92.1 92.8
Ballast Efficiency (BLE) 92% 92% 92% 92% 92% 92% 92% 92% 92% 92% 92%
CRI 82 84 85 84 85 84 85 84 85 84 85
Correlated Color Temperature (CCT) 4,100 4,100 3,500 4,100 3,500 4,100 3,500 4,100 3,500 4,100 3,500
Average Lamp Life (thousand hours) 24 21 24 21 24 21 24 21 24 21 24
Annual Operating Hours (h/y) 4,147 3,066 3,066 3,066 3,066 3,066 3,066 3,066 3,066 3,066 3,066
Lamp Price (2022%) $14.70 $21.80 $23.58 $21.37 $22.84 $20.53 $21.94 $19.53 $20.87 $18.57 $19.85
Ballast Price (2022$) $23.26 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%$)" $27.20 $117.38 $115.06 $115.06 $115.06 $110.54 $110.54 $105.13 $105.13 $99.99 $99.99
Disposal Costs (20225) $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96
Lamp Cost (2022$/klm) $2.28 $3.77 $4.00 $3.62 $3.84 $3.48 $3.69 $3.31 $3.51 $3.15 $3.34
System (I/b/f) Cost (2022$/klm) $12.40 $15.99 $15.62 $15.18 $15.35 $14.59 $14.75 $13.87 $14.03 $13.20 $13.34
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 1.0 1.0 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
LaborLamp Change (hours) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Total Installed Cost (2022$) $114.60 $238.20 $247.36 $242.94 $245.88 $236.74 $239.56 $229.33 $232.01 $222.28 $224.83
Annual Maintenance Cost (2022%) $8.98 $9.66 $8.51 $9.08 $8.32 $8.83 $8.09 $8.54 $7.82 $8.26 $7.55
Total Installed Cost (2022$/klm) $12.13 $23.65 $23.82 $23.38 $23.48 $22.78 $22.88 $22.07 $22.16 $21.39 $21.47
Annual Maintenance Cost (2022%/klm) $0.95 $0.96 $0.82 $0.87 $0.79 $0.85 $0.77 $0.82 $0.75 $0.79 $0.72

1. From 2018t02050, fixture (and fixture price) includesballast.
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Performance and Cost Characteristics » Commercial 8-ft T8 F96 High-Outputin a 2-Lamp System

DATA Installed  Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average

Lamp Wattage 86.0 86.0 86.0 86.0 86.0 86.0 86.0 86.0 86.0 86.0 86.0
Lamp Lumens 7600 8134 7710 8134 8200 8134 8200 8134 8200 8134 8200
Lamp Efficacy (Im/W) 88.4 94.6 89.7 94.6 95.3 94.6 953 94.6 95.3 94.6 95.3
System Wattage 148.4 183.6 183.6 183.6 183.6 183.6 183.6 183.6 183.6 183.6 183.6
System Lumens 12,026 15,455 14,649 15,455 15,580 15,455 15,580 15,455 15,580 15,455 15,580
System Efficacy (Im/W) 81.0 84.2 79.8 84.2 84.9 84.2 84.9 84.2 84.9 84.2 84.9
Ballast Efficiency (BLE) 92% 89% 89% 89% 89% 89% 89% 89% 89% 89% 89%
CRI 78 85 85 85 85 85 85 85 85 85 85
Correlated Color Temperature (CCT) 4,100 4,100 3,500 4,100 4,100 4,100 4,100 4,100 4,100 4,100 4,100
Average Lamp Life (thousand hours) 18 22 18 22 30 22 30 22 30 22 30
Annual Operating Hours (h/y) 4,147 3,066 3,066 3,066 3,066 3,066 3,066 3,066 3,066 3,066 3,066
Lamp Price (2022%) $20.22 $30.62 $16.51 $30.02 $73.42 $28.84 $70.53 $27.43 $67.09 $26.09 $63.81
Ballast Price (2022$) $18.55 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%$)" $27.20 $117.38 $115.06 $115.06 $115.06 $110.54 $110.54 $105.13 $105.13 $99.99 $99.99
Disposal Costs (20225) $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96 $0.96
Lamp Cost (2022$/klm) $2.24 $3.77 $2.14 $3.69 $8.95 $3.55 $8.60 $3.37 $8.18 $3.21 $7.78
System (I/b/f) Cost (2022$/klm) $21.99 $11.56 $10.11 $11.33 $16.81 $10.88 $16.15 $10.35 $15.36 $9.85 $14.61
Labor Cost (2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 1.0 1.0 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
LaborLamp Change (hours) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Total Installed Cost (2022$) $143.19 $255.85 $233.22 $260.24 $347.04 $253.36 $336.75 $245.13 $324.44 $237.31 $312.74
Annual Maintenance Cost (2022$) $13.48 $11.68 $8.94 $11.08 $16.99 $10.75 $16.40 $10.35 $15.70 $9.98 $15.03
Total Installed Cost (2022$/klm) $17.89 $16.55 $15.92 $16.84 $22.27 $16.39 $21.61 $15.86 $20.82 $15.36 $20.07
Annual Maintenance Cost (2022%/klm) $1.12 $0.76 $0.61 $0.72 $1.09 $0.70 $1.05 $0.67 $1.01 $0.65 $0.96

1.From 2018 to 2050, fixture (and fixture price) includes ballast.
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Performance and Cost Characteristics » Commercial 8-ft Linear LED Replacement Lamp for a2 Lamp System

DATA Installed  Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average

Lamp Wattage N/A 35.7 34.0 39.0 40.0 329 33.7 28.4 29.2 25.1 25.7
Lamp Lumens N/A 3,975 4,200 4,960 5,500 4,960 5,500 4,960 5,500 4,960 5,500
Lamp Efficacy (Im/W) N/A 111.2 1235 127.2 137.5 150.8 163.1 1744 188.6 197.9 213.9
System Wattage N/A 71.5 68.0 78.0 80.0 65.8 67.5 56.9 58.3 50.1 514
System Lumens N/A 7473 8,064 9,523 10,560 9,523 10,560 9,523 10,560 9,523 10,560
System Efficacy (Im/W) N/A 104.5 118.6 122.1 132.0 144.8 156.5 167.4 181.0 189.9 205.4
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI N/A 80 82 81 82 81 82 81 82 81 82
Correlated Color Temperature (CCT) N/A 5,000 4,000 4,000 5,000 4,000 5,000 4,000 5,000 4,000 5,000
Average Lamp Life (thousand hours) N/A 50 50 50 50 50 50 50 50 50 50
Annual Operating Hours (h/y) N/A 3,541 3,541 3,541 3,541 3,541 3,541 3,541 3,541 3,541 3,541
Lamp Price (2022%) N/A $89.59 $33.11 $37.22 $41.44 $32.35 $36.02 $31.71 $35.30 $31.11 $34.64
Ballast Price (2022$) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm) N/A $19.00 $7.88 $7.50 $7.53 $6.52 $6.55 $6.39 $6.42 $6.27 $6.30
System (I/b/f) Cost (2022$/klm) N/A $23.98 $8.21 $7.82 $7.85 $6.79 $6.82 $6.66 $6.69 $6.53 $6.56
Labor Cost (2022$/h) N/A $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours)* N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Labor Lamp Change (hours) N/A 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Total Installed Cost (2022%) N/A $179.18 $66.22 $74.44 $82.88 $64.70 $72.04 $63.42 $70.61 $62.22 $69.28
Annual Maintenance Cost (2022%$) N/A $14.22 $6.00 $6.58 $7.18 $5.89 $6.41 $5.80 $6.31 $5.71 $6.21
Total Installed Cost (2022%/klm) N/A $45.08 $8.21 $7.82 $7.85 $6.79 $6.82 $6.66 $6.69 $6.53 $6.56
Annual Maintenance Cost (2022%/klm) N/A $3.58 $0.74 $0.69 $0.68 $0.62 $0.61 $0.61 $0.60 $0.60 $0.59

1. N/Abecausea fixtureandan LEDreplacement lampwouldnot be purchased separately for a new installation or retrofit when there are integrated LEDluminaires thatare more
efficient and cost effective. Theselampsare sold only asreplacements to go into existing fixtures.
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Performance and Cost Characteristics » Commercial 8-ft Linear LED Luminaire Replacement for a 2-Lamp System

DATA Installed Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average

Lamp Wattage' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Lumens N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W)* N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Wattage N/A 73.0 90.0 78.0 72.0 64.6 59.6 55.2 50.9 48.1 44 4
System Lumens N/A 8,000 8,200 9,465 10,400 9,465 10,400 9,465 10,400 9,465 10,400
System Efficacy (Im/W) N/A 109.6 91.1 121.3 144.4 146.5 174.4 171.6 204.3 196.6 234.0
Ballast Efficiency (BLE) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI N/A 90 80 81 80 81 80 81 80 81 80
Correlated Color Temperature (CCT) N/A 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000 4,000
Average Lifetime (thousand hours) N/A 75 50 73 100 73 100 73 100 73 100
Annual Operating Hours (h/y) N/A 3,431 3,431 3,431 3,431 3,431 3,431 3,431 3,431 3,431 3,431
Lamp or Luminaire Price (20229) N/A $759.16  $119.99  $142.48  $153.91 $109.90  $118.71 $96.00 $103.70 $82.68 $89.31
Ballast Price (2022$)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022$)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm)* N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) N/A $80.00 $14.63 $15.05 $14.80 $11.61 $11.41 $10.14 $9.97 $8.73 $8.59
Labor Cost (2022$%/h) N/A $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) N/A 1.0 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
LaborLamp Change (hours) 1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (2022%$) N/A $708.20 $206.52 $229.01 $240.44 $196.42 $205.24 $182.53 $190.23 $169.20 $175.83
Annual Maintenance Cost (20229%) N/A $39.16 $22.40 $17.46 $13.53 $14.40 $11.11 $13.09 $10.08 $11.84 $9.10
Total Installed Cost (2022$/klm) N/A $88.53 $25.18 $24.20 $23.12 $20.75 $19.73 $19.28 $18.29 $17.88 $16.91
Annual Maintenance Cost (2022%/klm) N/A $4.89 $2.73 $1.84 $1.30 $1.52 $1.07 $1.38 $0.97 $1.25 $0.87

1. N/A becausethelamp and fixtureareboth included in theluminaire.
72



Performance and Cost Characteristics » Commercial Low-Bay Lighting Systems

The commercial low bay lighting characterized in thisreport is a one-lamp and one-ballast system in a low/high bay fixture that emits between 6,000 and 10,000 system lumens. Low
bay lighting is defined as “interior lighting where the roof trusses or ceiling height is less than 25ft. above the floor”(IESNA, 2000). For all lamp technologies, an annual fixture
renovation rate of 10% (i.e., 10-year fixture service life) is used to reflect the proportion of equipment that retires each year.

Performance:

*  Low bay conventional lighting technologies, such as metal halide and sodium vapor lamps, provide higher efficacy ranging from 80 Im/W to 100 Im/W. Older, mercury vapor
lamps have much lower efficacy at approximately 40 Im/W.

*  CCT and CRI values range broadly based on technology type for low bay products.
Cost:

+  Thetotal installed cost is the price of a lamp, ballast (if applicable), and fixture plus the cost for labor associated with the installation, except for in the case of LED luminaires,
which are sold as one integrated system. Many factors influence the price of LED luminaires, including CRI, lifetime, dimming capabilities, and efficacy. Therefore, typical
luminaire prices in 2022 reflecting a mix of lamp characteristics and features were used as the basis for projections for both typical and high efficacy products in the future.

*  Annual maintenance costs are the cost of labor for replacing the lamps and the cost of the replacement lamp itself. The frequency at which lamps are replaced is a function of lamp
life and the annual operating hours for commercial low-bay systems (DOE SSL Program, 2012a).

*  Commercial lighting disposal costs are estimated to be $0.12 per linear foot of fluorescent lamps, $1.50 per lamp for HID lamps, and $0.50 for CFLs (EPA, 2022).
ENERGY STAR:

*+  ENERGY STAR does not cover low/high bay luminaires (ENERGY STAR, 2012).
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Performance and Cost Characteristics » Commercial Low-Bay Lighting Systems

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus would be on improving efficacy, lifetime,
and price for products at constant CRI and CCT values.

* (Navigant, 2019). Due to continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost
characteristics of conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in
terms of performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent
and fluorescent) and established market competitors

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050.

_ Efficacy Potential for Improvements

Mercury Vapor 0% 0% -0.5% Limited because the technology is mature.
Metal Halide 0% 0% -0.5% Limited because the technology is mature.
Sodium Vapor 0% 0% -0.5% Limited because the technology is mature.
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Performance and Cost Characteristics » Commercial Mercury Vapor Low-Bay

2012 2018 2022 2030 2040> 2050>

1
DATA Insf:‘lll:gg? s Insf:‘l}:iz? el Typical Typical Typical Typical
Lamp Wattage 175.0 175.0 175.0 N/A N/A N/A
Lamp Lumens 7,400 7,400 7,400 N/A N/A N/A
Lamp Efficacy (Im/W) 42.3 42.3 44.0 N/A N/A N/A
System Wattage 205.9 205.9 205.9 N/A N/A N/A
System Lumens 7,400 7,400 7,400 N/A N/A N/A
System Efficacy (Im/W) 35.9 35.9 35.9 N/A N/A N/A
Ballast Efficiency 85% 85% 85% N/A N/A N/A
CRI 33 33 33 N/A N/A N/A
Correlated Color Temperature (CCT) 3,700 3,700 3,700 N/A N/A N/A
AverageLamp Life (thousand hours) 24 24 24 N/A N/A N/A
Annual Operating Hours (h/y) 3,687 3,687 3,687 N/A N/A N/A
Lamp Price (2022%) $13.96 $13.55 $13.80 N/A N/A N/A
Ballast Price (2022$) $51.91 $50.37 $49.48 N/A N/A N/A
Fixture Price (2022%) $38.73 $37.58 $36.83 N/A N/A N/A
Disposal Cost (2022%) $1.50 $1.50 $1.50 N/A N/A N/A
Lamp Cost(2022$/klm) $1.89 $1.83 $1.86 N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $14.13 $13.72 $13.53 N/A N/A N/A
Labor Cost(2022%/h) $77.22 $77.22 $66.00 N/A N/A N/A
Labor System Installation (hours) 1.5 1.5 1.5 N/A N/A N/A
Labor Lamp Change (hours) 05 0.5 0.5 N/A N/A N/A
Total Installed Cost (2022$) $220.43 $217.33 $199.11 N/A N/A N/A
Annual Maintenance Cost (2022%) $8.31 $8.24 $7.42 N/A N/A N/A
Total Installed Cost (2022$/klm) $29.79 $29.37 $26.91 N/A N/A N/A
Annual Maintenance Cost (2022%/klm) $1.12 $1.11 $1.00 N/A N/A N/A

1. Only atypical datasetis provided because theselampsall have similar efficacies.
2. EPAct 2005 limited the sale and production of mer cury vapor ballasts since 2008, and by 2030 there is no expected market for these products.
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Performance and Cost Characteristics » Commercial Metal Halide Low-Bay

2012 2018 2022 2030 2040 2050

1

DATA Insf::’l:iz?ck Insf:il:iZZo o Typical Typical Typical Typical
Lamp Wattage 100.0 100.0 100.0 100.0 100.0 100.0
Lamp Lumens 8,084 8,331 8,500 8,500 8,500 8,500
Lamp Efficacy (Im/W) 80.8 83.3 85.0 85.0 85.0 85.0
System Wattage 113.6 113.6 113.6 113.6 113.6 113.6
System Lumens 7,400 7,400 7,400 7,400 7,400 7,400
System Efficacy (Im/W) 65.1 65.1 65.1 65.1 65.1 65.1
Ballast Efficiency 88% 88% 88% 88% 88% 88%
CRI 80 80 80 80 80 80
Correlated Color Temperature (CCT) 4,000 4,000 4,000 4,000 4,000 4,000
AverageLamp Life (thousand hours) 15 15 15 15 15 15
Annual Operating Hours (h/y) 3,760 3,760 3,760 3,760 3,760 3,760
Lamp Price (20229) $17.97 $17.44 $17.10 $16.43 $15.62 $14.86
Ballast Price (20225) $57.97 $56.26 $49.48 $47.54 $45.21 $43.00
Fixture Price (20229) $38.73 $37.58 $36.83 $35.39 $33.66 $32.01
Disposal Cost (20229) $1.50 $1.50 $1.50 $1.50 $1.50 $1.50
Lamp Cost(2022$/klm) $2.22 $2.09 $2.01 $1.93 $1.84 $1.75
System (I/b/f) Cost (2022$/klm) $15.50 $15.04 $13.97 $13.43 $12.77 $12.14
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 1.5 1.5 1.5 1.5 1.5 1.5
Labor Lamp Change (hours) 0.5 0.5 0.5 0.5 0.5 0.5
Total Installed Cost (2022$) $230.51 $227.11 $202.41 $198.35 $193.49 $188.87
Annual Maintenance Cost (20225) $14.56 $14.43 $12.93 $12.76 $12.56 $12.37
TotalInstalled Cost (2022$/klm) $31.15 $30.69 $27.35 $26.80 $26.15 $25.52
Annual Maintenance Cost (2022$/klm) $1.97 $1.95 $1.75 $1.72 $1.70 $1.67

1. Only atypical datasetis provided because theselampsall have similar efficacies.
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Performance and Cost Characteristics » Commercial Sodium Vapor Low-Bay

2012 2018 2022 2030 2040 2050

1

DATA Insf::’l:iz?ck Insf:il:iZZo a5 Typical Typical Typical Typical
Lamp Wattage 100.0 100.0 100.0 100.0 100.0 100.0
Lamp Lumens 8,550 8,550 9,300 9,300 9,300 9,300
Lamp Efficacy (Im/W) 85.5 85.5 93.0 93.0 93.0 93.0
System Wattage 128.0 128.0 128.0 128.0 128.0 128.0
System Lumens 8,550 8,550 9,300 9,300 9,300 9,300
System Efficacy (Im/W) 66.8 66.8 72.6 72.6 72.6 72.6
Ballast Efficiency 78% 78% 78% 78% 78% 78%
CRI 22 22 22 22 22 22
Correlated Color Temperature (CCT) 2,100 2,100 2,100 2,100 2,100 2,100
AverageLamp Life (thousand hours) 24 24 24 24 24 24
Annual Operating Hours (h/y) 3,614 3,614 3,614 3,614 3,614 3,614
Lamp Price (20229) $54.04 $52.44 $13.14 $12.62 $12.01 $11.42
Ballast Price (20225) $56.14 $54.48 $43.26 $41.56 $39.53 $37.60
Fixture Price (2022$) $128.14 $124.35 $121.88 $117.09 $111.36 $105.92
Disposal Cost (20229) $1.50 $1.50 $1.50 $1.50 $1.50 $1.50
Lamp Cost(2022$/klm) $6.32 $6.13 $1.41 $1.36 $1.29 $1.23
System (I/b/f) Cost (2022$/klm) $27.87 $27.05 $19.17 $18.42 $17.52 $16.66
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 1.5 1.5 1.5 1.5 1.5 1.5
Labor Lamp Change (hours) 0.5 0.5 0.5 0.5 0.5 0.5
TotalInstalled Cost (2022$) $354.16 $347.10 $277.28 $270.27 $261.90 $253.93
Annual Maintenance Cost (2022%) $14.18 $13.93 $7.17 $7.10 $7.00 $6.91
TotalInstalled Cost (2022$/klm) $41.42 $40.60 $29.81 $29.06 $28.16 $27.30
Annual Maintenance Cost (2022$/klm) $1.66 $1.63 $0.77 $0.76 $0.75 $0.74

1. Only atypical datasetis provided because theselampsall have similar efficacies.
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Performance and Cost Characteristics » Commercial LED Low-Bay Luminaire

DATA Instzill:igceo e Insi&:iéteo e Low Typical High Typical High Typical High Typical High
Lamp Wattage' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Lumens' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W)' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Wattage 68.1 84.0 40.0 73.0 76.0 61.2 63.7 52.7 549 46.3 48.2
System Lumens 4,877 10,000 5,000 10,000 12,000 10,000 12,000 10,000 12,000 10,000 12,000
System Efficacy (Im/W) 71.6 119.0 125.0 137.0 157.9 163.4 188.4 189.7 218.7 216.0 2489
BallastEfficiency N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 85 78 84 81 80 81 84 81 84 81 81
Correlated Color Temperature (CCT) 4,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000
AverageLifetime (thousand hours) 50 74 75 65 60 65 60 65 60 65 60
Annual Operating Hours (h/y) 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042
Lamp or Luminaire Price (2022$) $903.82 $281.00 $63.99 $145.46 $285.89 $123.82 $243.37 $111.24 $218.63 $99.09 $194.75
Ballast Price (20229)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022$)* N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/klm)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $185.31 $28.10 $12.80 $14.55 $23.82 $12.38 $20.28 $11.12 $18.22 $9.91 $16.23
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
LaborLamp Change (hours) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
TotalInstalled Cost (2022$) $865.44 $396.83 $162.99 $244.46 $384.89 $222.82 $342.37 $210.24 $317.63 $198.09 $293.75
Annual Maintenance Cost (2022%$) $69.95 $37.02 $12.23 $24.24 $45.18 $21.55 $39.45 $19.99 $36.12 $18.48 $32.90
Total Installed Cost (2022$/klm) $177.44 $39.68 $32.60 $24.45 $32.07 $22.28 $28.53 $21.02 $26.47 $19.81 $24.48
ool bt sEpsppading $14.34 $3.70 $2.45 $2.42 $3.77 $2.16 $329  $200  $3.01  $1.85  $274

1. N/Abecausethelamp and fixture areboth included in the luminaire.
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Performance and Cost Characteristics » Commercial High-Bay Lighting Systems

The commercial high-bay lighting characterized in this report is a one-lamp and one-ballast system in a low/high bay fixture that emits greater than 10,000 system lumens. High-bay
lighting is defined as “interior lighting where the roof trusses or ceiling heightis greater than 25ft. above the floor” (IESNA, 2000). For all lamp technologies, an annual fixture
renovation rate of 10% (i.e., 10-year fixture service life) is used to reflect the proportion of equipment that retires each year.

Performance:

*  High bay conventional lighting technologies, such as metal halide and sodium vapor lamps, provide higher efficacy ranging from 80 Im/W to 100 Im/W. Older, mercury vapor
lamps have much lower efficacy at approximately 40 Im/W.

*  CCT and CRI values range broadly based on technology type for high bay products.
Cost:

*  Thetotal installed cost is the price of a lamp, ballast (if applicable), and fixture plus the cost for labor associated with the installation, except for in the case of LED luminaires,
which are sold as one integrated system. Many factors influence the price of LED luminaires including, CRI, lifetime, dimming capabilities, and efficacy. Therefore, typical
luminaire prices in 2022 reflecting a mix of lamp characteristics and features were used as the basis for projections for both typical and high efficacy products in the future.

* Annual maintenance costs are the cost of labor for replacing the lamps and the cost of the replacement lamp itself. The frequency at which lamps are replaced is a function of lamp
life and the annual operating hours for commercial high bay systems (DOE SSL Program, 2012a).

*  Commercial lighting disposal costs are estimated to be $0.12 per linear foot of fluorescent lamps, $1.50 per lamp for HID lamps, and $0.50 for CFLs (EPA, 2022).
ENERGY STAR:

*+  ENERGY STAR does not cover low/high bay luminaires (ENERGY STAR, 2012).
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Performance and Cost Characteristics » Commercial High-Bay Lighting Systems

Future Performance Improvements:

* Projections were provided for both typical and high performing products for 2030, 2040, and 2050. We assume manufacturers will focus would be on improving efficacy, lifetime
and price for products at constant CRI and CCT values.

* Dueto continued R&D investment, competition from LED lighting products, and general market demand for cost-effective lighting, the performance and cost characteristics of
conventional lighting technologies are expected to improve over the analysis period. However, the ability of these conventional technologies to react rapidly (in terms of
performance improvement) to the emergence of a new light source such as LED lighting is relatively small because these are mature technologies (particularly incandescent and
fluorescent) and established market competitors (Navigant, 2019).

* For LED technology, efficacy, lifetime, and price improvements were based on the model described in the Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019). For traditional technologies, the following future improvements were assumed to occur year over year through 2050.

_ Efficacy Potential for Improvements

Mercury Vapor 0% 0% -0.5% Limited because the technology is mature.
Metal Halide 0% 0% -0.5% Limited because the technology is mature.
Sodium Vapor 0% 0% -0.5% Limited because the technology is mature.
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Performance and Cost Characteristics » Commercial Mercury Vapor High-Bay

2012 2018 2022 20307 2040> 2050>

DATA' Installed Stock  Installed Stock Tvoical Tvoical Tvpical Tvpical
Average Average ypiea ypiea ypiea ypiea
Lamp Wattage 400.0 400.0 400.0 N/A N/A N/A
Lamp Lumens 15,800 15,800 21,000 N/A N/A N/A
Lamp Efficacy (Im/W) 39.5 39.5 52.5 N/A N/A N/A
System Wattage 4494 4494 4494 N/A N/A N/A
System Lumens 15,800 15,800 21,000 N/A N/A N/A
System Efficacy (Im/W) 352 352 46.7 N/A N/A N/A
Ballast Efficiency 89% 89% 89% N/A N/A N/A
CRI 50 50 50 N/A N/A N/A
Correlated Color Temperature (CCT) 3,900 3,900 3,900 N/A N/A N/A
AverageLamp Life (thousand hours) 24 24 24 N/A N/A N/A
Annual Operating Hours (h/y) 3,687 3,687 3,687 N/A N/A N/A
Lamp Price (20229) $23.81 $23.10 $28.93 N/A N/A N/A
BallastPrice (20229$) $55.39 $53.75 $64.35 N/A N/A N/A
Fixture Price (20229) $106.65 $103.49 $101.43 N/A N/A N/A
Disposal Cost (20229) $1.50 $1.50 $1.50 N/A N/A N/A
Lamp Cost(2022$/klm) $1.51 $1.46 $1.38 N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $11.76 $11.41 $9.27 N/A N/A N/A
Labor Cost(2022$/h) $77.22 $77.22 $66.00 N/A N/A N/A
Labor System Installation (hours) 2.0 2.0 2.0 N/A N/A N/A
Labor Lamp Change (hours) 0.5 0.5 0.5 N/A N/A N/A
TotalInstalled Cost(20229) $340.29 $334.78 $326.71 N/A N/A N/A
Annual Maintenance Cost (2022%) $9.82 $9.71 $9.74 N/A N/A N/A
TotalInstalled Cost (2022$/klm) $21.54 $21.19 $15.56 N/A N/A N/A
Annual Maintenance Cost (2022%/klm) $0.62 $0.61 $0.46 N/A N/A N/A

1. Only atypical datasetis provided because theselampsall have similar efficacies.
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Performance and Cost Characteristics » Commercial Metal Halide High-Bay

2012 2018 2022 2030 2040 2050

DATA' Installed Stock  Installed Stock Tvoical cal . .
Average Average ypica Typica Typical Typical

Lamp Wattage 400.0 400.0 400.0 400.0 400.0 400.0
Lamp Lumens 32,000 32,972 42,000 42,000 42,000 42,000
Lamp Efficacy (Im/W) 80.0 82.4 105.0 105.0 105.0 105.0
System Wattage 444 .4 444 .4 4444 4444 444 4 444 4
System Lumens 32,000 32,972 42,000 42,000 42,000 42,000
System Efficacy (Im/W) 72.0 742 945 945 94.5 945
Ballast Efficiency 90% 90% 90% 90% 90% 90%
CRI 80 80 80 80 80 80
Correlated Color Temperature (CCT) 4,000 4,000 4,000 4,000 4,000 4,000
AverageLamp Life (thousand hours) 20 20 20 20 20 20
Annual Operating Hours (h/y) 3,760 3,760 3,760 3,760 3,760 3,760
Lamp Price (2022%) $34.95 $33.91 $42.15 $40.49 $38.51 $36.63
Ballast Price (20229) $55.39 $53.75 $64.35 $61.82 $58.80 $55.92
Fixture Price (20229) $248.32 $248.32 $248.32 $238.56 $226.90 $215.80
Disposal Cost (20229) $1.50 $1.50 $1.50 $1.50 $1.50 $1.50
Lamp Cost(2022$/klm) $1.09 $1.03 $1.00 $0.96 $0.92 $0.87
System (I/b/f) Cost (2022$/klm) $10.58 $10.19 $8.45 $8.12 $7.72 $7.34
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 2.0 2.0 2.0 2.0 2.0 2.0
LaborLamp Change (hours) 0.5 0.5 0.5 0.5 0.5 0.5
TotalInstalled Cost (2022$) $493.10 $490.43 $486.82 $472.87 $456.21 $440.36
Annual Maintenance Cost (2022$) $14.11 $13.91 $14.41 $14.10 $13.72 $13.37
Total Installed Cost (2022$%/klm) $15.41 $14.87 $11.59 $11.26 $10.86 $10.48
Annual Maintenance Cost (2022%/klm) $0.44 $0.42 $0.34 $0.34 $0.33 $0.32

1. Only atypical datasetis provided because theselampsall have similar efficacies.

82



Performance and Cost Characteristics » Commercial Sodium Vapor High-Bay

2012 2018 2022 2030 2040 2050

DATA' Installed Stock  Installed Stock Tvoical cal . .
Average Average ypica Typica Typical Typical

Lamp Wattage 250.0 250.0 250.0 250.0 250.0 250.0
Lamp Lumens 24,300 24,300 28,500 28,500 28,500 28,500
Lamp Efficacy (Im/W) 97.2 97.2 114.0 114.0 114.0 114.0
System Wattage 297.0 296.6 296.6 296.6 296.6 296.6
System Lumens 24,300 24,300 28,500 28,500 28,500 28,500
System Efficacy (Im/W) 81.8 81.9 96.1 96.1 96.1 96.1
Ballast Efficiency 84% 84% 84% 84% 84% 84%
CRI 22 22 22 22 22 22
Correlated Color Temperature (CCT) 2,100 2,100 2,100 2,100 2,100 2,100
AverageLamp Life (thousand hours) 24 24 24 24 24 24
Annual Operating Hours (h/y) 3,614 3,614 3,614 3,614 3,614 3,614
Lamp Price (2022%) $53.71 $52.12 $20.37 $19.57 $18.61 $17.70
BallastPrice (20229$) $90.16 $87.49 $90.09 $86.55 $82.32 $78.29
Fixture Price (20229) $280.71 $272.39 $266.98 $256.49 $243.95 $232.02
Disposal Cost (20229) $1.50 $1.50 $1.50 $1.50 $1.50 $1.50
Lamp Cost(2022$/klm) $2.21 $2.14 $0.71 $0.69 $0.65 $0.62
System (I/b/f) Cost (2022$/klm) $17.47 $16.95 $13.24 $12.72 $12.10 $11.51
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 2.0 2.0 2.0 2.0 2.0 2.0
LaborLamp Change (hours) 0.5 0.5 0.5 0.5 0.5 0.5
TotalInstalled Cost(20229) $579.02 $566.44 $509.44 $494.61 $476.88 $460.02
Annual Maintenance Cost (2022%) $14.13 $13.89 $8.26 $8.14 $8.00 $7.86
Total Installed Cost (2022$%/klm) $23.83 $23.31 $17.88 $17.35 $16.73 $16.14
Annual Maintenance Cost (2022%/klm) $0.58 $0.57 $0.29 $0.29 $0.28 $0.28

1. Only atypical datasetis provided because theselampsall have similar efficacies.
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Performance and Cost Characteristics » Commercial T5 4xF54 HO High-Bay

1

DATA Insf::’l:izteock Insf:il:lizteock Typical High Typical High Typical High Typical High
Lamp Wattage 54.0 54.0 54.0 54.0 54.0 54.0 54.0 54.0 54.0 54.0
Lamp Lumens 4,850 4,850 4,273 4,750 4,273 4,750 4,273 4,750 4,273 4,750
Lamp Efficacy (Im/W) 89.8 89.8 79.1 88.0 79.1 88.0 79.1 88.0 79.1 88.0
System Wattage 233.8 233.8 233.8 233.8 233.8 233.8 233.8 233.8 233.8 233.8
System Lumens 19,400 19,400 17,092 19,000 17,092 19,000 17,092 19,000 17,092 19,000
System Efficacy (Im/W) 83.0 83.0 73.1 81.3 73.1 81.3 73.1 81.3 73.1 81.3
Ballast Efficiency (BLE) 92% 92% 92% 92% 92% 92% 92% 92% 92% 92%
CRI 86 86 86 86 86 86 86 86 86 86
Correlated Color Temperature (CCT) 4,100 4,100 4,100 4,100 4,100 4,100 4,100 4,100 4,100 4,100
AverageLamp Life (thousand hours) 24 24 25 25 25 25 25 25 25 25
Annual Operating Hours (h/y) 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042
Lamp Price (2022$) $8.45 $8.20 $4.70 $13.65 $4.51 $13.11 $4.29 $12.47 $4.08 $11.86
Ballast Price (2022%) $33.43 $32.44 $32.17 $32.17 $30.91 $30.91 $29.39 $29.39 $27.96 $27.96
Fixture Price (2022$) $129.23 $125.40 $122.91 $122.91 $118.08 $118.08 $112.31 $112.31 $106.82 $106.82
Disposal Cost (20225) $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48 $0.48
Lamp Cost(2022$/klm) $1.74 $1.69 $1.10 $2.87 $1.06 $2.76 $1.00 $2.63 $0.96 $2.50
System (I/b/f) Cost (2022$/klm) $10.13 $9.83 $10.17 $11.04 $9.77 $10.60 $9.30 $10.08 $8.84 $9.59
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Labor Lamp Change (hours) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
TotalInstalled Cost (2022$) $325.54 $320.47 $291.78 $300.73 $285.50 $294.10 $277.99 $286.17 $270.86 $278.63
Annual Maintenance Cost (2022%) $12.51 $12.35 $8.68 $14.47 $8.56 $14.12 $8.42 $13.71 $8.29 $13.32
Total Installed Cost (2022$/klm) $16.78 $16.52 $17.07 $15.83 $16.70 $15.48 $16.26 $15.06 $15.85 $14.66
Annual Maintenance Cost (2022%/klm) $0.65 $0.64 $0.51 $0.76 $0.50 $0.74 $0.49 $0.72 $0.48 $0.70
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Performance and Cost Characteristics » Commercial LED High-Bay Luminaire

DATA Insr‘lfl‘;i;ZOCkInSK‘IIfrigSZOCk Low Typical High Typical High Typical High Typical High
Lamp Wattage' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Lumens' N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Efficacy (Im/W) ! N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System Wattage 212.2 167.0 150.0 137.8 130.0 115.5 109.0 994 939 874 82.5
System Lumens 18,915 18,797 18,500 18,500 18,900 18,500 18,900 18,500 18,900 18,500 18,900
System Efficacy (Im/W) 89.1 112.6 123.3 1343 1454 160.2 1734 186.0 201.4 211.7 229.2
Ballast Efficiency N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
CRI 74 78 80 80 80 80 80 80 80 80 80
Correlated Color Temperature (CCT) 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000 5,000
AverageLifetime (thousand hours) 70 67 100 100 100 100 100 100 100 100 100
Annual Operating Hours (h/y) 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042 4,042
Lamp or Luminaire Price (2022$) $2,842.05 $448.43 $177.54 $195.81 $234.20 $162.12 $193.90 $148.87 $178.06 $136.20 $162.90
Ballast Price (20229) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Fixture Price (2022%)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Lamp Cost (2022$/KIm)" N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
System (I/b/f) Cost (2022$/klm) $150.25 $23.86 $9.60 $10.58 $12.39 $8.76 $10.26 $8.05 $9.42 $7.36 $8.62
Labor Cost(2022$/h) $77.22 $77.22 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00 $66.00
Labor System Installation (hours) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Labor Lamp Change (hours) N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
Total Installed Cost (20229$) $2,996.49 $602.87 $309.54 $327.81 $366.20 $294.12 $325.90 $280.87 $310.06 $268.20 $294.90
Annual Maintenance Cost (2022%) $173.01 $36.40 $12.51 $13.25 $14.80 $11.89 $13.17 $11.35 $12.53 $10.84 $11.92
Total Installed Cost (2022$%/klm) $158.42 $32.07 $16.73 $17.72 $19.38 $15.90 $17.24 $15.18 $16.41 $14.50 $15.60
e L Y $1.94 $0.68 $0.72 $0.78 $0.64 $0.70 $0.61 $0.66 $0.59 $0.63

1. N/Abecausethelamp and fixture areboth incduded in the luminaire.
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Refrigeration
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Performance and Cost Characteristics » Commercial Compressor Rack Systems

2012 2018 2022 2030 2040 2050

DATA Installed Installed

Stock Stock Low Typical High ElgI;igY Typical High Typical High Typical High
Average Average

Total Capacity (kBtu/h)* 1,200 1,200 1,200 1,190 930 N/A 1,190 930 1,190 930 1,190 930
Median Store Size (ft?) 46,500 31,997 35,197 35,197 35,197 N/A 35,197 35197 35197 35197 35197 35,197
Power Input (kW) 162 155 162 160 125 N/A 160 125 160 125 160 125
&‘;‘mlﬁ;‘?gy Use 1,497 1,497 1,305 1,232 1,160 N/A 1,232 1,160 1,232 1,160 1,232 1,160
Indexed Annual Efficiency® 1.00 1.00 1.15 1.21 1.29 N/A 1.21 1.29 1.21 1.29 1.21 1.29
Average Life (years) 15 15 15 15 15 N/A 15 15 15 15 15 15
Total Installed Cost (2022$) $630,000  $630,000  $488,000  $625,000  $630,000 N/A $625,000  $630,000 $625,000 $630,000 $625,000 $630,000
el i (G $525,000  $525000  $406,667 $525210  $677,419  N/A  $525210  $677,419 $525210 $677,419 $525,210 $677,419
(2022$/kBtu/h)
gg;‘z‘;‘l Maintenance Cost $3,400 $3,400 $3,400 $3,400 $3,400 N/A $3,400 $3,400  $3,400  $3,400  $3,400  $3,400
ALNUaIitenaneC st $2,833 $2,833 $2,833 $2,857 $3,656 N/A $2,857 $3,656  $2,857  $3,656  $2,857  $3,656
(2022$/kBtu/h)

1. Thetotal capacity represents the nominal compressor capacity required for the entire refrigeration system of a typical supermarket. This refrigeration system usually includes
two low temperature racks and two medium temperature racks. For 2018, a 1,200 MBtu/h total cooling capacity is based on a 200-ton estimate for total capacity—-80 tons for the
medium temperature racks and 20 tons for the low temperature racks.

2. Capacity and annual energy consumption for 2022 and beyond are based on market research and Guidehouse estimates.
3. Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).

4. Maintenance cost includes oil changes, bearing lubrication, filter replacement, and system functionality checks-approximately half a day per rack of labor for technician is
assumed.
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Performance and Cost Characteristics » Commercial Compressor Rack Systems

* Commercial compressor rack systems that serve commercial supermarket display cases and walk-ins consist of a
number of parallel-connected compressorslocated in a separate machine room. By modulating compressor capacity,
these integrated systems provide higher efficiency and mechanical longevity.

* Rack integrators generally supply a packaged compressor rack for which much of the necessary piping, insulation,
components, and controls are pre-assembled.

e Atypical supermarket will have 10 to 20 compressors mounted in racks in the 3-horsepower (hp) to 15-hp size range.
Usually, each rack has three to five compressors serve a series of loads with nearly identical evaporator temperature.

* The duty cycle for compressorsis usually in the range of 60% to 70%.

* Energy use and capacity for the Reference Case are projected to remain static over the coming decades because
commercial compressor racks systems are a mature technology. The Reference Case assumes low R&D efforts because
it is an established technology.
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Performance and Cost Characteristics » Commercial Condensers

2012 2018 2022 2030 2040 2050

DATA Installed Installed ENERGY
Stock Stock Low Ty pical High STAR Ty pical High Ty pical High Ty pical High
Average Average

Total Capacity (kBtu/h)' 1,680 1,520 1,440 1,440 1,440 N/A 1,440 1,440 1,440 1,440 1,440 1,440
Median Store Size (ft?) 46,500 31,997 35,197 35,197 35,197 N/A 35,197 35,197 35,197 35,197 35,197 35,197
Power Input (kW) 25 25 18 18 18 N/A 18 18 18 18 18 18
Annual Energy Use (MMWh/fy) 120 120 115 106 86 N/A 106 86 106 86 106 86
Indexed Annual Efficiency? 1.00 1.00 1.04 1.13 1.40 N/A 1.13 1.40 1.13 1.40 1.13 1.40
Average Life (years) 10 10 10 10 10 N/A 10 10 10 10 10 10
Total Installed Cost (2022$) $54,000  $60,000  $54,000  $60,000  $80,000 N/A $60,000  $80,000  $60,000  $80,000  $60,000  $80,000
Total Installed Cost $32,143  $39,474  $37,500  $41,667  $55,556 N/A $41,667  $55,556  $41,667 $55556  $41,667  $55,556
(2022$/kBtu/h)
Annual Maintenance Cost
i $954 $954 $954 $954 $954 N/A $954 $954 $954 $954 $954 $954
ol e $0.57 $0.63 $0.66 $0.66 $0.66 N/A $0.66 $0.66 $0.66 $0.66 $0.66 $0.66
(2022$/kBtu/h) ' ' ' ' ' ' ' ' ‘ ' '

1. Total capacity is the total heat rejected (THR) by condensers comprised of two low temperature condensers (THRL =240 MBtu/h each, suction temperature=-25°F,
condensing temperature-110°F) and two medium temperature condensers (THRM =520 MBtu/h each, suction temperature = 15°F, condensing temperature = 115°F);
ambient temperature=95°F. (NCI, 2009). For 2022 and beyond, capacity was estimated by Guidehouse.

2. Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).

3. Maintenance cost includes coil cleaning, leak checking, belt replacement as necessary, and system functionality checks.
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Performance and Cost Characteristics » Commercal Condensers

* Condensers are designed with multiple methods of cooling: air-cooled, water-cooled, and evaporative. These units
can be single-circuit or a multiple circuit.

* Commercial condensers are remotely located, typically installed on the roof of a supermarket.

* For use with parallel compressors in supermarkets, air-cooled units are the most commonly used condensers. This
analysis is based on multiple air-cooled condensers connected to a supermarket refrigeration system comprised of
two low temperature condensers and two medium temperature condensers.

e Each compressorrack has a dedicated condenser or a separate circuit of a single common condenser. Condenser
temperatures of multiple racks are often different.

* The duty cycle for condensers is usually in the range 50%-70%.

* Energy use is projected to remain static over the coming decades because commercial condensers are a mature
technology.
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Performance and Cost Characteristics » Commercial Supermarket Display Cases

2012 2018 2022 2030 2040 2050
Installed Installed
DATA SOURCES
Stock  Stock Low  Typial High "SoACY Typical  High  Typical  High  Typical  High
Average Average

Cooling Capacity (Btu/h) 17,623 11,850 11,850 11,850 11,850 N/A 11,850 11,850 11,850 11,850 11,850 11,850
Median Store Size (ft?) 46,500 31,997 35,197 35,197 35,197 N/A 35,197 35,197 35,197 35,197 35,197 35,197
Case Length (ft) 12 12 12 12 19 N/A 12 1 12 19 12 12
Annual Energy Use (kWh/y)"? 13,497 10,506 10,506 9,771 9,087 N/A 9,771 9,087 9,771 9,087 9,771 9,087
Annual Energy Use / Case
Length (kWh/ft) 1,125 876 876 814 757 N/A 814 757 814 757 814 757
Indexed Annual Efficiency 1.00 1.28 1.28 1.38 1.49 N/A 1.38 1.49 1.38 1.49 1.38 1.49
Average Life (years) 10 10 10 10 10 N/A 10 10 10 10 10 10
Retail Equipment Cost (20228)  $8,510  $10,650  $7,265 $9,500  $10,680 N/A $9500  $10,680  $9,500  $10,680  $9,500  $10,680
Total Installed Cost (2022%) $10,811  $12,650  $9,265  $11,500  $12,680 N/A $11,500  $12,680  $11,500  $12,680  $11,500  $12,680
Total Installed Cost
ey 613 1,068 782 970 1,070 N/A 970 1,070 970 1,070 970 1,070
Annual Maintenance Cost
e $940 $940 $940 $940 $940 N/A $940 $940 $940 $940 $940 $940
o] e s $53.34 $79.32 $79.32 $79.32 $79.32 N/A $79.32 $79.32 $79.32 $79.32 $79.32 $79.32
(2022$/kBtu/h) : : : : : ' : : : ' '

1. For 2022 andbeyond, energy consumption and cost values were estimated using shipment-weighted averagesreported in DOE’s 2014 CREFinal Rule Technical Support Document (TSD)
for equipment commonly usedas display cases. DOE’s updated conservation standard went into effect in 2017, so unitssold in 2018 are assumed to comply with thisstandard.

2. For consistency with DOE rulemaking practices, Supermarket Display Case Energy Usereported above includes energy use of the compressor racks and condensers. To avoid double
counting, donot add Energy Use from the Compressor Rack or Condenser Systems tabsif calculating total energy consumption.

Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012Energy Use) / (Energy Use).

4. Maintenance cost includes preventative maintenance costssuchas cleaning evaporator coils, drain pans, fans, and intake screensas wellas lamp replacements and other lighting
maintenance activities. After 2012, these values arebased on a reported maintenance and repair cost of $220 per unit for preventative maintenance plusapproximately $60 per linear foot
for additional repair and maintenance.
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Performance and Cost Characteristics » Commercial Supermarket Display Cases

* DOE set federal energy efficiency standards for Commercial Refrigeration Equipment (CRE) in 2009. These standards
set maximum daily energy consumption levels, in kilowatt-hours per day, for display cases manufactured sold in the
United States on or after January 1, 2012.

* DOE updated its Energy Conservation Standards for Commercial Refrigeration Equipment in 2014 for equipment
sold on or after March 27, 2017.

* The table below lists equipment used as supermarket display cases and their corresponding Energy Conservation
Standard levels. The maximum allowable daily energy consumption for each equipment class is a linear function of
Total Display Area (TDA).

Equipment Description Standards Equation (2012) Standards Equation (2017)

Vertical Open Cooler (VOP.RC.M)
Semi-Vertical Open Cooler (SVO.RC.M)
Horizontal Open Cooler (HZO.RC.M)
Transparent-Doored Cooler (VCT.RC.M)
Deli Display Cooler (SOC.RC.M)
Transparent-Doored Freezer (VCT.RC.L)
Horizontal Open Freezer (HZO.RC.L)

0.82xTDA+4.07
0.83xTDA+3.18
0.35xTDA+2.88
0.22xTDA+1.95
0.51xTDA+0.11
0.56xTDA+2.61
0.57xTDA+6.88
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0.64xTDA+4.07
0.66xTDA+3.18
0.35xTDA+2.88
0.15xTDA+1.95
0.44xTDA+0.11
0.49xTDA+2.61
0.55xTDA+6.88



Performance and Cost Characteristics » Commercial Supermarket Display Cases

* According to CBECS 2018 microdata, the average building size for food sale building type is 31,997.

* Unit energy consumption for 2022 and beyond is estimated using a shipment-weighted average by efficiencylevel
and equipment class, using data in DOE’s 2014 CRE Final Rule TSD with updated analysis from Guidehouse in 2016.
The equipment classes analyzed are listed in the table on the previous slide.

e Supermarketrefrigeration systems consist of refrigerated display cases, condensing units, and centralized compressor
racks.

* Atypical supermarket display case contains lighting, evaporators, evaporator fans, piping, insulation, valves, and
controls.

* The efficiency of supermarket display cases can be increased through the use of improved evaporator coils, larger
evaporators, higher efficiency evaporator fan blades, high efficiency doors, LED lighting, and improved insulation.

* Energy use is projected to remain static over the coming decades because supermarket display cases are a mature
technology.
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Performance and Cost Characteristics » Commercial Reach-In Refrigerators

2012 2018 2022 2030 2040 2050

DATA Installed Installed . . ENERGY . . ' . . '
Stock Stock Low Typical High STAR? Ty pical High Typical High Ty pical High
Average Average
Cooling Capacity (Btu/h) 2,929 2,400 2,349 2,349 2,349 2,349 2,349 2,349 2,349 2,349 2,349 2,349
Size (ft°) 49 49 46 46 46 47 46 46 46 46 46 46
Annual Energy Use (kWh/y) 2,340 2,222 1,935 1,351 810 810 1,351 810 1,351 810 1,351 810
ﬁ(‘wﬁ/‘“‘; /ft‘;)‘irgy ez e 48 45 42 29 18 17 29 18 29 18 29 18
Indexed Annual Efficiency® 1.00 1.05 1.21 1.73 2.89 2.89 1.73 2.89 1.73 2.89 1.73 2.89
Average Life (years) 10 10 10 10 10 10 10 10 10 10 10 10
Retail Equipment Cost (2022$) $2,624 $2,403 $2,728 $2,780 $3,021 $3,021 $2,780 $3,021 $2,780 $3,021 $2,780 $3,021
Total Installed Cost (2022$)* $3,454 $3,282 $3,591 $3,643 $3,884 $3,884 $3,643 $3,884 $3,643 $3,884 $3,643 $3,884

Total Installed Cost (2022$/kBtu/h)  $1,179 $1,368 $1,529 $1,551 $1,654 $1,654 $1,551 $1,654 $1,551 $1,654 $1,551 $1,654

Annual Maintenance Cost (2022$)° $185 $185 $185 $185 $185 $186 $185 $185 $185 $185 $185 $185

Annual Maintenance Cost

(2022%/kBtu/h) $63 $77 $79 $79 $79 $79 $79 $79 $79 $79 $79 $79
1. EPACT 2005 energy standards went into effect in 2010.2022low efficiency costand energy consumption values are based on minimum compliance with this standard. Unless otherwise

noted, all other cases arebased on shipment-weighted averages solid-and transparent-doored units reported in the 2014 CRETSD. DOE’s updated Energy Conservation standards went
into effect in 2017; therefore, compliance with this standard is assumed for 2022 and beyond.

2. TheENERGY STAR categoryis based on a shipment weighted average of solid- and transparent-doored units that are minimally compliant with ENERGY STAR v3, effective October 1,
2014. Units compliant with ENERGY STAR are found tobe the most efficient reach-in refrigeration equipment on the marketin 2022.

3. Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).

4. Installation cost for 2012is based on NCI2009 report that assumes a cost of $863. Installation cost for 2022 and beyond is based DOE’s 2014 CREFinal Rule and additional analysis by
Guidehouse, which assumes aninstallation cost of $878 for self-contained equipment.

5. Maintenance costsafter 2012 are based on DOE's CRE 2014 Final Rule TSD, which reports $35 annual preventative maintenance, per unit, per year, plus approximately $40 per linear
foot, per year of additionalrepair and maintenance costs for the units characterized.
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Performance and Cost Characteristics » Commercial Reach-In Refrigerators

* The Energy Policy Act of 2005 (EPACT 2005) set maximum daily energy consumption levels, in kilowatt-hours per
day, for commercial reach-in refrigerators that went into effect on January 1, 2010. The daily energy consumptionis
based on the volume of the unit (V) in ft3.

* In2014, DOE updated its energy conservation standards for reach-in refrigerators, effective March 27, 2017. Both
standards are reported in the table below.

Equipment Class EPCA Standard Level (2010) DOE Standard Level (2017)

Solid Door (VCS.SCM)  0.10xV+2.04 0.05xV +1.36

Glass Door (VCT.SC.M) 0.12xV+3.34 0.1xV+0.86

e In2013, EPA updated its ENERGY STAR specifications for reach-in refrigerators, effective March 27, 2017. These
standards are also based on the refrigerated volume of the unit.

Reach-In Refrigerator | 0<V <15 155V <30 30 <V <50
Size

Solid Door (VCS.SCM)  0.022xV+0.97 0.066xV+0.31 0.04xV+1.09 0.024xV+1.89

Glass Door (VCT.SC.M) (. 095xV+0.445 0.05xV+1.12 0.076xV+0.034 0.105xV-1.111
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Performance and Cost Characteristics » Commercial Reach-In Refrigerators

* Unit energy consumption for 2012 and beyond was estimated based on shipment-weighted averages by efficiency
level and equipment class for 49 {t3 VCS.SC.M and VCT.SC.M units reported in DOE’s 2014 CRE Final Rule TSD with
updated analysis from Guidehouse in 2016. These units were estimated to comprise approximately 85% and 15% of
total reach-in refrigerator shipments, respectively.

* The efficiency of commercial reach-in refrigerators can be increased through the use of efficient compressors, efficient
evaporator fans, efficient condenser fans, electric defrost, and more efficient lighting.

* For thisreferenced scenario, energy use is projected to remain staticover the coming decades because reach-in
refrigerators are a mature technology.
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Performance and Cost Characteristics » Commercial Reach-In Freezers

2012 2018 2022 2030 2040 2050

Installed Installed
DATA
Stock Stock Low Typical High ENERGY

Ty pical High Typical High Ty pical High

Average Average STAR®

Cooling Capacity (Btu/h) 4,341 4,340 4,340 4,340 4,340 4,340 4,340 4,340 4,340 4,340 4,340 4,340
Size (ft°) 49 49 49 49 49 49 49 49 49 49 49 49
Annual Energy Use (kWh/y)" 6,023 5,585 5,585 4,847 4,110 4,110 4,847 4,110 4,847 4,110 4,847 4,110
Annual Energy Use / Volume (kWh/y/f’) 123 114 114 99 84 84 99 84 99 84 99 84
Indexed Annual Efficiency® 1.00 1.08 1.08 1.24 1.47 1.47 1.24 1.47 1.24 1.47 1.24 1.47
Average Life (years) 10 10 10 10 10 10 10 10 10 10 10 10
Retail Equipment Cost (2022$) $2,886 $2,886 $2,886 $3,175 $3,493 $3,493 $3,175 $3,493 $3,175 $3,493 $3,175 $3,493
Total Installed Cost (2022%)* $3,749 $3,749 $3,749 $4,125 $4,443 $4,443 $4,125 $4,443 $4,125 $4,443 $4,125 $4,443
Total Installed Cost (2022$/kBtu/h) $864 $864 $864 $950 $1,024 $1,024 $950 $1,024 $950 $1,024 $950 $1,024
Annual Maintenance Cost (2022$)° $181 $181 $181 $181 $181 $181 $181 $181 $181 $181 $181 $181

Annual Maintenance Cost (2022$/kBtwh) $41.70 $41.71 $41.71 $41.71 $41.71 $41.71 $41.71 $41.71 $41.71 $41.71 $41.71 $41.71

A 49 ft3 unit was characterized, because it was the representative size selected for DOE’s rulemaking analysis.

The ENERGY STAR category wasbased on a solid-doored unit thatis minimally compliant with ENERGY STAR v 3, effective October 1,2014.

1

2

3. Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).
4

Installation cost for 2012and 2018is based on DOE’s on-going CRErulemaking, which assumes a cost of $863 for self-contained equipmentand $950 for 2022 and beyond based on
analysis from Guidehouse.

5. Maintenance costsare calculated based on a $35 per unit annual preventative maintenance cost, plus anadditional $45 per linear foot repair and maintenance cost estimated based on
values reported in the CRETSD.
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Performance and Cost Characteristics » Commercial Reach-In Freezers

e EPACT 2005 set maximum daily energy consumption levels, in kilowatt-hours per day, for commercial reach-in
freezers that went into effect on January 1, 2010. The daily energy consumptionis based on the volume of the unit (V)

in ft3.
e InMarch of 2017, DOE updated its energy conservation standards for commercial refrigeration equipment, including
reach-in freezers. Both the EPCA and DOE standards are reported in the table below.

Equipment Class EPCA (2010) DOE Standard Level (2017)

Solid Door (VCS.SC.L) 0.4xV+1.38 0.22xV+1.38

Transparent Door (VCT.SC.L) 0.75xV+4.10 0.29xV+2.95

e In2013, EPA updated its ENERGY STAR specifications for reach-in freezers, effective March 27, 2017. These standards
are also based on therefrigerated volume of the unit.

Reach-In Freezer Size 0<V<15 15V <30 30 V<50

Solid Door (VCS.SC.L) 0.21xV+0.9 0.12xV+2.248 0.285xV-2.703 0.142xV+4.445

Glass Door (VCT.SC.L) 0.232xV+2.36 0.232xV+2.36 0.232xV+2.36 0.232xV+2.36
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Performance and Cost Characteristics » Commercial Reach-In Freezers

® The commercial reach-in freezer characterized in this report, which is the typical unit according to DOE'’s 2014 CRE
rulemaking, is a 49 cubic ft. solid two-door unit with a nominal compressor size of 4,341 Btu/h.

* The efficiency of commercial reach-in freezers can be increased through the use of efficient compressors, efficient
evaporator fans, efficient condenser fans, electric defrost, and more efficient lighting.

e For thisreferenced scenario, energy use is projected to remain static over the coming decades because reach-in
freezers are a mature technology.
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Performance and Cost Characteristics » Commercial Walk-In Refrigerators

2012 2018 2022 2030 2040 2050

DATA Installed Installed . . ENERGY - - - - ' .
Stock Stock Low Typical High STAR Typical High Typical High Typical High
Average  Average

Cooling Capacity (Btu/h)" 37,820 39,422 41,024 41,024 41,024 N/A 41,024 41,024 41,024 41,024 41,024 41,024
Size (ft’) 305 240 240 240 240 N/A 240 240 240 240 240 240
Annual Energy Use (kWh/y)> 30,689 20,040 17,600 16,200 14,800 N/A 16,200 14,800 16,200 14,800 16,200 14,800
Annual Energy Use / Area (kWh/ft’/y) 101 84 73 68 62 N/A 68 62 68 62 68 62
Indexed Annual Efficiency’ 1.00 1.53 1.74 1.89 2.07 N/A 1.89 2.07 1.89 2.07 1.89 2.07
Insulated Box Average Life (years) 12 12 12 12 12 N/A 12 12 12 12 12 12
Compressor Average Life (years) 10 10 10 10 10 N/A 10 10 10 10 10 10
Retail Equipment Cost (2022$) $23,598 $19,847 $16,050 $19,847 $23,644 N/A $16,050 $23,644 $16,050 $23,644 $16,050 $23,644
Total Installed Cost (20229)* $27,012 $23,897 $20,100 $23,897 $27,694 N/A $20,100 $27,694 $20,100 $27,694 $20,100 $27,694
Total Installed Cost (2022$/kBtu/h) $714 $606 $490 $583 $675 N/A $490 $675 $490 $675 $490 $675
Annual Maintenance Cost (20229)° $716 $740 $740 $740 $740 N/A $740 $740 $740 $740 $740 $740
Annual Maintenance Cost (2022$/kBtu/h)  $18.93 $18.77 $18.04 $18.04 $18.04 N/A $18.04 $18.04 $18.04 $18.04 $18.04 $18.04

1.  Assumes medium temperatureunits arerefrigerators.

2. Averageunit energy consumption was adapted from the DOE CRE 2016 report by assuming electronically commutated motor (ECM) evaporator fan motors arerequired for

Energy Policy & Conservation Act (EPCA) compliance, as well as ECM condenser fan motors.
3. Annualefficiency normalized totheefficiency of the2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).
4.  Installation cost for 2012 and beyond is based on DOE’s Walk-In TSD.

5. Maintenance cost includes checking and maintaining refrigerant chargelevels, checking settings, and cleaning heat exchanger coils.
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Performance and Cost Characteristics » Commercial Walk-In Refrigerators

e For 2012 and beyond, the unit characterized was a walk-in storage cooler, based on DOE’s WICF TSD.

e Atypical walk-in refrigeratorincludes:
- insulated floor and wall panels
- merchandising doors, shelving, and lighting (not included in cost estimate)
- semi-hermeticreciprocating compressor
- refrigerant (R404A)
- condenser
- evaporator

* Energy consumptionis assumed to scale with the AWEF (Annual Walk-in Energy Factor), defined as the ratio of total
heat removed from the refrigerated volume per year to the total electrical energy input of refrigeration systems over
the same time period.

* The installation cost consists of freight and delivery costs in addition to on-site assembly:.
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Performance and Cost Characteristics » Commercial Walk-In Refrigerators

The Energy Independence and Security Act (EISA) of 2007 included prescriptive standards for walk-in refrigerators
(coolers) that went into effectin 2009. These prescriptive standards, which are included in the analysis for all units for
2012 and beyond, state that all walk-in refrigerators manufactured after January 1, 2009, must:

e For 2012 and beyond

* have automatic door closers

* have strip doors, spring hinged doors, or other method of minimizing infiltration when doors are open

e contain wall, ceiling, and door insulation of at least R-25, except for glazed portions of doors and structural members

* use electronicallycommutated motors or three-phase motors (for evaporator fan motors of under 1 horsepower and
less than 460 volts)

* use electronicallycommutated motors, permanent split capacitor-type motors, or three-phase motors (for condenser
fan motors of under 1 horsepower)

* use light sources with an efficacy of 40 lumens per watt or more, including ballastlosses (if any), except that light
sources with an efficacy of 40 lumens per watt or less, including ballast losses (if any), may be used in conjunction
with a timer or device that turns off the lights within 15 minutes of when the walk-in refrigeratoris not occupied by

people.
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Performance and Cost Characteristics » Commercial Walk-In Refrigerators

In 2014, DOE updated its energy conservation standards for walk-in coolers and freezers. Minimum AWEF (Annual
Walk-In Energy Factor) was set for refrigeration systems, as well as upper limits on energy consumption attributable to
passage, freight, and display doors. DOE elected not to set new standards for the R-value of Walk-In Panels.

ENERGY CONSERVATION STANDARDS FOR WALK-IN COOLERS AND WALK-IN FREEZERS

Class descriptor Class Standardlevel

Refrigeration Systems Minimum AWEF (Btu/W-h)

Dedicated Condensing, Medium Temperature, Indoor System, <9,000 Btu/h Capacity ......... DC.M.1,<9,000...5.61

Dedicated Condensing, Medium Temperature, Indoor System, >9,000 Btu/h Capacity ......... DC.M.I,>9,000...5.61
Dedicated Condensing, Medium Temperature, Outdoor System, <9,000 Btu/h Capacity ...... DC.M.0O, <9,000 ...7.60
Dedicated Condensing, Medium Temperature, Outdoor System, >9,000 Btu/h Capacity ...... DC.M.0,>9,000 ...7.60

Dedicated Condensing, Low Temperature, Indoor System, <9,000 Btu/h Capacity ............... DC.L.I,<9,000..... 5.93-10s»-Q+ 2.33
Dedicated Condensing, Low Temperature, Indoor System, >9,000 Btu/h Capacity ............... DC.L.I,>9,000....3.10

Dedicated Condensing, Low Temperature, Outdoor System, <9,000 Btu/h Capacity ............. DC.L.0,<9,000..2.30-10%-Q+ 2.73
Dedicated Condensing, Low Temperature, Outdoor System, >9,000 Btu/h Capacity ............. DC.L.0,>9,000..4.79

Multiplex Condensing, Medium TemPerature ............couiiiiiinee it MCM ... 10.89

Multiplex Condensing, LOW TemPErature ..........c...iiiiiiiiiiii ettt MC.L...oii 6.57

Panels Minimum R-v alue (h-ft2-°F/Btu)

Structural Panel,Medium Temperature ........ ..ottt SP.M .. 25
Structural Panel,Low Temperature
FloorPanel, LOW TEMPEIALUIE ......c.coiuiiiie ettt ittt e et e e se e e e e

Non-Display Doors Maximum energy consumption
(kwh/day) **

Passage Door, Medium TeMPEIAtUIE .........ccouiiuuiie et er e e et e e e PD.M ... 0.05-Ana+1.7
Passage Door, LOW TemMPErature ...........uoi oottt PD.L oo 0.14-Anat+4.8
Freight Door, Medium TemPerature ...........oou it sr e e eeeees FD.M ... 0.04 -Anat+1.9

Freight Door, LOW TE@MPEratUure .......coouuuiioiiiiii ettt ettt sr e e e FD.L .o, 0.12-Ana+ 5.6

Display Doors Maximum Energy Consumption (kWh/day) t
Display Door, Medium TemMPEratUre .........oooiiioiiie e DDM ..o, 0.04-Aw+0.41
Display Door, LOW TeMPETratUre ..........cooiioiiioiieeee e DD.L .o, 0.15-Aw+0.29
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Performance and Cost Characteristics » Commercial Walk-In Freezers

DATA In;ttglllfd Insftt:illfd Low  Typical  High “SX8SY  Typical  High  Typical  High  Typical  High
Average  Average

Cooling Capacity (Btu/h) 22114 23500 23500 23500 23,500 N/A 23500 23,500 23500 23500 23500 23,500
Size (f?) " 172 161 161 161 161 N/A 161 161 161 161 161 161
Annual Energy Use (kWh/y)? 22,862 22,000 22,000 20460 19,028 N/A 20460 19,028 20460 19,028 20,460 19,028
Annual Energy Use / Area (kWh/ft/y) 133 124 124 115 107 N/A 115 107 115 107 115 107
Indexed Annual Efficiency® 1.00 1.04 1.04 112 1.20 N/A 112 1.20 112 1.20 112 1.20
Insulated Box Average Life (years) 12 12 12 12 12 N/A 12 12 12 12 12 12
Compressor Average Life (years) 10 10 10 10 10 N/A 10 10 10 10 10 10
Retail Equipment Cost (20229) $22,008  $21,950  $21,950  $22,850  $23,750 N/A $22850  $23,750  $22,850  $23,750  $22,850  $23,750
Total Installed Cost (2022$)° $24,058  $23950  $23950  $24,850  $25,750 N/A  $24850  $25750  $24850  $25750  $24,850  $25,750
Total Installed Cost (2022$/kBtu/h) $1,088  $1,019  $1,019  $1,057  $1,096 N/A $1,057  $1,096  $1,057  $1,096  $1,057  $1,09
Annual Maintenance Cost (2022$)° $741 $741 $741 $741 $741 N/A $741 $741 $741 $741 $741 $741
B $3351  $3153  $3153  $3153  $31.53 N/A $31.53  $3153  $3153  $3153  $3153  $31.53

(2022%/kBtu/h)
1. Based on DOE's 2014 WICF Final Rule TSDand additional analysis by Guidehouse, the average floor areafor a walk-instorage freezer as 161 ft.
2. EISA 2007 includes prescriptive standards for walk-in freezers that wentinto effect in 2009. All units for 2012and beyond include these prescriptive standards. Units for 2022 andbeyond
are characterized using data from DOE’s 2014 WICF rulemaking. All units for 2022 and beyond are assumed to comply with thisstandard.
3. Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).
4. Installation cost for 2012 andbeyond is based on DOE’s WICF TSDand additional analysisby Guidehouse.

Maintenance cost includes checking and maintaining refrigerant charge levels, checking settings, and cleaning heat exchanger coils.
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Performance and Cost Characteristics » Commercial Walk-In Freezers

e The commercial walk-in freezer characterized in this report is a walk-in storage freezer with an area of 161 ft2.

e Atypical walk-in freezerincludes:
- insulated floor, door, and wall panels
- semi-hermeticreciprocating compressor
- refrigerant (R404A)
- condenser
- evaporator

* Energy consumptionis assumed to scale with the AWEF (Annual Walk-in Energy Factor), defined as the ratio of total
heat removed from the refrigerated volume per year to the total electrical energy input of refrigeration systems over the
same time period.

* The installation cost consists of freight and delivery costs in addition to on-site assembly.
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Performance and Cost Characteristics » Commercial Walk-In Freezers

EISA 2007 included prescriptive standards for walk-in freezers that went into effectin 2009. These prescriptive standards,
which are included in all units for 2011 and beyond, state that all walk-in freezers manufactured after January 1, 2009,
must:

* have automatic door closers
* have strip doors, spring hinged doors, or other method of minimizing infiltration when doors are open
e contain wall, ceiling, and door insulation of at least R-32, except for glazed portions of doors and structural members

e contain floor insulation of at least R-28

* use electronicallycommutated motors or three-phase motors (for evaporator fan motors of under 1 horsepower and
less than 460 volts)

* use electronicallycommutated motors, permanent split capacitor-type motors, or three-phase motors (for condenser
fan motors of under 1 horsepower)

* use light sources with an efficacy of 40 lumens per watt or more, including ballastlosses (if any), except that light
sources with an efficacy of 40 lumens per watt or less, including ballast losses (if any), may be used in conjunction
with a timer or device that turns off the lights within 15 minutes of when the walk-in freezeris not occupied by

people.
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In 2014, DOE updated its energy conservation standards for walk-in coolers and freezers. Minimum AWEF (Annual
Walk-in Energy Factor) was set for refrigeration systems, as well as upper limits on energy consumption attributableto
passage, freight, and display doors. DOE elected not to set new standards for the R-value of Walk-in Panels.

ENERGY CONSERVATION STANDARDS FOR WALK-IN COOLERS AND WALK-IN FREEZERS

Class descriptor Class Standardlevel

Refrigeration Systems Minimum AWEF (Btu/W-h)

Dedicated Condensing, Medium Temperature, Indoor System, <9,000 Btu/h Capacity ......... DC.M.1,<9,000 ... 5.61

Dedicated Condensing, Medium Temperature, Indoor System, >9,000 Btu/h Capacity ......... DC.M.1,>9,000...5.61
Dedicated Condensing, Medium Temperature, Outdoor System, <9,000 Btu/h Capacity ...... DC.M.0O, <9,000 ...7.60
Dedicated Condensing, Medium Temperature, Outdoor System, >9,000 Btu/h Capacity ...... DC.M.0,>9,000 ...7.60

Dedicated Condensing, Low Temperature, Indoor System, <9,000 Btu/h Capacity ............... DC.L.1,<9,000..... 5.93-10%-Q+ 2.33
Dedicated Condensing, Low Temperature, Indoor System, >9,000 Btu/h Capacity ............... DC.L.I,>9,000....3.10

Dedicated Condensing, Low Temperature, Outdoor System, <9,000 Btu/h Capacity ............. DC.L.0,<9,000..2.30-10u-Q+ 2.73
Dedicated Condensing, Low Temperature, Outdoor System, >9,000 Btu/h Capacity ............. DC.L.0,>9,000..4.79

Multiplex Condensing, Medium TemPEerature .............ouiiimiiiiii e MCM ... 10.89

Multiplex Condensing, LOW TE€MPEratUre .........coiioeeiiee oo MC.L...oriinn. 6.57

Panels Minimum R-v alue (h-ft2-°F/Btu)
Structural Panel,Medium Temperature
Structural Panel,Low Temperature ............cccccceeieeeevvicnnineeenns

FloorPanel, LOW TEMPEIAtUIE .....c.uuoiiiiee e e e ee et e e e e e er e ae e e e e et e e ar e ee e e e e ees

Non-Display Doors Maximum energy consumption

(kWh/day) **

Passage Door, Medium TemMPEIAtUIE ..........couiiiuiiioeiieieior et ere et e e PD.M ... 0.05-Ana+1.7
Passage Door, LOW TemMPerature ...........uoiiiuiiiiiii et PD.L.ooiiiiiiiinnnne 0.14-Ana+4.8
Freight Door, Medium TemPerature ............couiiiiioeeiiii ettt e e FD.M ... 0.04 -Ana+1.9
Freight Door, LOW T@MPErature .........oouuiiiiiiiiiie ettt ere e e e e FD.L .o, 0.12-And+ 5.6

Display Doors Maximum Energy Consumption (kWh/day) t
Display Door, Medium TEeMPErature .........ooooiioiiiee e DDM ..o, 0.04-Aw+0.41
Display Door, LOW TE@MPEraAtUIE ......cooouiiiieieiiiii ettt ettt e e e eren e e DD.L.oooiiiieeee. 0.15-Aw+0.29
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Performance and Cost Characteristics » Commercial Ice Machines

2012 2018 2022 2030 2040 2050
Installed Installed
DATA Stock Stock Low Typical High EIS\I_FII:I%Y Typical High Typical High Typical High
Average Average

Output (pounds [Ibs] per day) ! 300 641 700 700 700 700 700 700 700 700 700 700
Cooling Capacity (Btu/h)* 1963 4194 4580 4580 4580 4580 4580 4580 4580 4580 4580 4580
Water Use per Hundred Pounds
(gal/hundredlbs)3 20 25 25 20 15 15 20 15 20 15 20 15
Energy Use per Hundred Pounds
(kWh/hundred Ibs) 7.7 7.5 7.1 5.8 4.8 4.8 5.8 4.8 5.8 4.8 5.8 4.8
Annual Energy Use (kWh/y)4 3,185 2,502 1,675 1,478 1,190 1,190 1,478 1,190 1,478 1,190 1,478 1,190
Indexed Annual Efficiency5 1.00 1.27 1.90 2.15 2.68 2.68 2.15 2.68 2.15 2.68 2.15 2.68
Average Life (years) 8.0 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5
Retail Equipment Cost (2022%) $2,146 $2,616 $2,946 $3,020 $3,368 $3,368 $3,020 $3,368 $3,020 $3,368 $3,020 $3,368
Total Installed Cost (with Bin) $2,441 $3,626 $3,276 $3,350 $3,737 $3,737 $3,350 $3,737 $3,350 $3,737 $3,350 $3,737
Total Installed Cost (2022$/kBtu/h) $1,244 $865 $715 $732 $816 $816 $732 $816 $732 $816 $732 $816
Annual Maintenance Cost (2022$)’ $826 $826 $800 $800 $800 $800 $800 $800 $800 $800 $800 $800
Annual Maintenance Cost (2022$/kBtu/h) $421 $197 $175 $175 $175 $175 $175 $175 $175 $175 $175 $175

1. Basedon the average output from the Compliance Certification Database and values within 2022 Automatic Commercial Ice Maker (ACIM) TSD.

2. Defined as the average heat load to remove the latent and sensible heat required to freeze the daily output capacity ofice.

3. Water use refers to potable water.

4. EPACT 2005 energy standards went into effectin 2010. The 2015 low values are based onthis standard. In 2014, DOE set new standards for commercial ice machines, with compliance required by 2018. The unit

characterized for 2012 and beyonduses data from this rulemaking. All units for 2020 and beyond are assumed to comply with the updated standard.
5. Annual efficiency normalized to the efficiency ofthe 2012 installed base. Indexed Annual Efficiency =(2012 Energy Use) / (Energy Use).

6. The ENERGY STAR category is based on minimum compliance with the ENERGY STARv3.0 standard, which went into effecton January 28,2018. According to this analysis, ENERGY STAR certification is
typical for the small air-cooledice-making head (IMH) unit characterized.

7. Maintenance costisbased onthe average costofequipment within the 700 Ib/day output range and includes cleaning and maintaining refrigerant levels, replacing filters, checking water distribution lines for
leaks, cleaning, sanitizing, and descaling the bin and water system. Maintenance costdecreases as the size of the ice machine (i.e. output) decreases.
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 Commercialice machines are typically integrated with an insulated ice storage bin or mounted on top of a separate
storage bin. The retail equipment cost includes the ice making head and the integrated storage bin. Commercial ice
machine condensers are either air-cooled or water-cooled. Approximately 90% of all units are the air-cooled type.

¢ Commercialice machine maintenance includes periodic cleaning (every 2 to 6 weeks) to remove lime and scale and
sanitizing to kill bacteria. Some ice machines are self-cleaning/sanitizing.

e ENERGY STAR® updated its maximum energy consumption levels, in kilowatt-hours per 100 pounds of ice, for air-
cooled ice machines that went into effect on January 28, 2018. These efficiency levels are based on the harvest rate, in

pounds per 24 hours. (H). Water-cooled ice machines are not eligible for ENERGY STAR certification.

ENERGY STAR Requirements for Air-Cooled Batch-Type Ice Makers
Applicable Ice Energy Potable Water Use
Equipment Type Harvest Rate Range | Consumption Rate |(gal/hundred Ibs
(Ibs ofice/24 hrs) (kWh/100 Ibs ice) ice)
IMH 200<H <1600 <37.72*H 0298 <20.0
* -0.258
400 < H <1600 <2295 THER 0.0
RCU 1.00
1600 < H <4000 <-0.00011 *H +4.60 |<20.0
* -0.326
sCu 50 <H < 450 SOSEOTHTEE o5

ENERGY STAR Requirements for Air-Cooled Continuous-Type Ice Makers

Equipment Type Energy Consumptipn Rate |Potable Water Us.e
(kWh/hundred Ibs ice) (gal/hundred Ibs ice)

IMH <9.18* H 0057 <15.0

RCU <6.00* H 0162 +3.50 <15.0

SCU <59.45* H 0349+ 0.08 <15.0
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EPACT 2005 issued standard levels for commercial ice machines with capacities between 50 pounds and 2500 pounds per
24-hour period that are manufactured or sold in the United States on or after January 1, 2010. The energy consumptionis
based on the harvest rate in pounds per 24 hours (H). In2015, DOE finalized new standards for ACIMs extending
coverage to flake, nugget, and tube-type machines and to capacities up to 4,000 pounds per 24 hours.

Equipment Type

Ice Making Head

Remote Condensing

(but not remote compressor)

Remote Condensing

and Remote Compressor

Self Contained

Ty pe of
Cooling

Water

Air

Air

Air

Water

Air

Harvest Rate

Maximum Energy Use

(Ibs ice/24 hrs) (kWh/hundred 1bs ice)

<500 7.80-0.0055 H
>500 and <1,436  5.58-0.0011 H
>1,436 4.0

<450 10.26-0.0086 H
2450 6.89-0.0011 H
<1,000 8.85-0.0038 H
>1,000 5.10

<934 8.85-0.0038 H
2934 5.3

<200 11.40-0.019H
>200 7.60

<175 18.0-0.0469 H
>175 9.80

Water useis for the condenser only and does notinclude potable water used to makeice.
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Maximum Condenser Water
Use (gal/hundred 1bs ice)

200-0.022H
200-0.022 H
200-0.022 H
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable
191-0.0315 H
191-0.0315 H
Not Applicable
Not Applicable
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2014 DOE Standards

Energy Conservation Standards for Batch-Type Automatic Commercial Ice Makers
Effective January 2018

Equipment Type

Ice-Making Head

Ice-Making Head

Remote Condensing
(but not remote
compressor)

Remote Condensing
and Remote
Compressor

Self-Contained

Self-Contained

Type of Cooling

Water

Air

Air

Air

Water

Air

Harvest Rate
Ib ice/24 hours

<300
300 and <850
850 and <1,500

1500 and <2,500
2500 and <4,000
<300

300 and <800
800 and <1500
1500 and <4,000
50 and <1,000

1,000 and <4,000
<942
942 and <4,000

<200

200 and <2,500
2500 and <4,000
<110

110 and <200
200 and <4,000

Maximum Energy
Use
kWh/100 Ib ice*

6.88-0.0055H
5.80-0.00191H

4.42-0.00028H

4.0
4.0
10-0.01233H
7.05-0.0025H

5.55-0.00063H
4.61
7.97 -0.00342H

4.55

7.97 -0.00342H

4.75

9.5-0.019H

5.7

5.7
14.79 - 0.0469H
12.42-0.02533H
7.35

Maximum
Condenser Water
Use

gal/100 Ib ice**

200-0.022H
200-0.022H
200-0.022H

200-0.022H
145

Not Applicable
Not Applicable
Not Applicable
Not Applicable
Not Applicable

Not Applicable
Not Applicable
Not Applicable

191-0.0315H
191-0.0315H
112

Not Applicable
Not Applicable
Not Applicable

Energy Conservation Standards for Continuous-Type Automatic Commercial Ice Makers
Effective January 2018

Equipment Type Type of Cooling

Ice-Making Head Water
Ice-Making Head Air
Remote

Condensing (but Air
not remote

compressor)

Remote

Condensing and Air
Remote

Compressor
Self-Contained Water
Self-Contained Air

111

Harvest Rate
1b ice/24 hours

<801
801 and <2,500
2,500 and <4,000

<310

310 and <820
820 and <4,000
<800

800 and <4,000
<800
800 and <4,000

<900

900 and <2,500
2500 and <4,000
<200

200 and <700
700 and <4,000

Maxi E Maximum
US&:leum MeI8Y Condenser Water

. Use

*

kWh/1001bice gal/100 Ib ice™*
6.48-0.00267H 180 -0.0198H
4.34 180 - 0.0198H
4.34 130.5
9.19-0.00629H  Not Applicable
8.23-0.0032H Not Applicable
5.61 Not Applicable
9.7-0.0058H Not Applicable
5.06 Not Applicable
9.9 - 0.0058H Not Applicable
5.26 Not Applicable
7.6 -0.00302H 153 - 0.0252H
4.88 153 - 0.0252H
4.88 90
14.22 - 0.03H Not Applicable
9.47-0.00624H  Not Applicable
5.1 Not Applicable



Performance and Cost Characteristics » Commercial Beverage Merchandisers

2012 2018 2022 2030 2040 2050

DATA Installed Installed

Stock Stock Low Typical High ESN]FII:I%Y Typical High Typical High Typical High
Average Average

Cooling Capacity (Btu/h) 4,689 4,700 4,700 4,700 4,700 4,700 4,700 4,700 4,700 4,700 4,700 4,700
Size (ft’) 27 27 27 27 27 27 27 27 27 27 27 27
Annual Energy Use (kWh/y) 1,829 1,635 1,380 1,141 902 902 1,141 902 1,141 902 1,141 902
Annual Energy Use / Volume
(KWh/EE/y)! 68 73 55 35 26 26 35 26 35 26 35 26
Indexed Annual Efficiency’ 1.00 1.12 1.33 1.60 2.03 2.03 1.60 2.03 1.60 2.03 1.60 2.03
Average Life (years) 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0
Retail Equipment Cost (2022$) $2,382 $2,051 $1,710 $2,762 $3,332 $3,332 $2,762 $3,332 $2,762 $3,332 $2,762 $3,332
Total Installed Cost (2022$)* $2,382 $2,051 $1,710 $2,762 $3,332 $3,332 $2,762 $3,332 $2,762 $3,332 $2,762 $3,332
Total Installed Cost
(2022$/KBtu/h) $508 $436 $364 $588 $709 $709 $588 $709 $588 $709 $588 $709
ég;;?)l Maintenance Cost $108 $108 $95 $95 $95 $95 $95 $95 $95 $95 $95 $95
Annual Maintenance Cost
(2022$/kBtu/h) $23.03 $22.98 $20.21 $20.21 $20.11 $20.11 $20.21 $20.11 $20.21 $20.11 $20.21 $20.11

1. EPACT 2005 energy conservationstandards wentinto effect in 2010.In 2015, DOE updateditsenergy conservation standards for commercial refrigeration equipment, including
transparent-dooredrefrigerators with pull-down capability. Compliance with thisstandard is required by 2017. Units characterized for 2018 andbeyond use datareportedin this
rulemaking’s TSD. Unitssold in 2022 andbeyond are assumed to comply with thisupdated standard.

2. The ENERGY STAR category characterizes a unit thatis compliant with ENERGY STAR v4, effective March2017. This standard does not separately define units with pull-down capability.
Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).

4. Beveragemerchandisersareshipped ready tobe pluggedin, soinstallation costsare assumed tobenegligible.
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Performance and Cost Characteristics » Commercial Beverage Merchandisers

e EPACT 2005 sets maximum daily energy consumption levels, in kilowatt-hours per day, for commercial refrigerators with
transparent doors and self-contained condensing unit designed for pull-down temperature applications (i.e., beverage
merchandisers) and went into effect on January 1, 2010.

e In2014, DOE updated its energy consumption standards for commercial refrigeration equipment, including beverage
merchandisers, effective March 27, 2015. Both the DOE and EPCA standards are reported below.

Equipment Type EPCA (2010) DOE Standards (2017)

Beverage Merchandisers 0.126xV +3.51 0.11xV+0.81
(PD.SC.M)

e In2013, EPA updated its ENERGY STAR specifications for glass-doored commercial refrigerators, which can be used as
beverage merchandisers, effective October 1, 2014. These standards are also based on the volume of the unit (V). Note that
ENERGY STAR does not have a separate equipment class for units with pull-down capability.

Beverage
Merchandiser Size 0<V<15 15=V <30 305V <30

Glass Door 0.118*V +1.382 <0.140*V +1.050 <0.088*V +2.625 <0.110*V +1.500
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e The beverage merchandiser characterized in this report, which is the typical unit according to DOE’s 2014 CRE
rulemaking and additional analysis by Guidehouse, is a 27 cubicfoot cooler with a single hinged, transparent door,
brightlighting, and shelving with a nominal compressor size of 4,700 Btu/h.

* The efficiency of beverage merchandisers can be increased through the use of more efficient compressors,
fluorescent lighting with electronicballasts, LED lighting, and improved insulation.

* For the Reference Case, beverage merchandisersare assumed to be mature technologies with few technology
advancements in the coming years that would dramatically improve the efficiency:.
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Performance and Cost Characteristics » Commercial Refrigerated Vending Machines

2012 2018 2022 2030 2040 2050
Installed Installed
DATA Stock Stock Low Typical High E?’FXI({;ZY Typical High Typical High Typical High
Average Average
Cooling Capacity (Btu/h) 1,810 1,707 1,810 1,810 1,810 1,810 1,810 1,810 1,810 1,810 1,810 1,810
Can Capacity 470 500 500 500 500 500 500 500 500 500 500 500
Size (ft*) 26 35 35 35 35 35 35 35 35 35 35 35
Annual Energy Use (kWh/y)! 1,632 1,550 1,550 1,531 1,443 1,443 1,531 1,443 1,531 1,443 1,531 1,443
Annual Energy Use / Volume
(KWh/£Efy) 63 44 44 44 41 41 44 41 44 41 44 41
Indexed Annual Efficiency® 1.00 1.05 1.05 1.07 1.13 1.13 1.07 1.13 1.07 1.13 1.07 1.13
Average Life (years) 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5 13.5
Retail Equipment Cost (2022%) $3,209 $2,553 $3,059 $3,272 $3,520 $3,520 $3,272 $3,520 $3,272 $3,520 $3,272 $3,520
Total Installed Cost (2022$) $3,320 $2,705 $3,276 $3,489 $3,737 $3,737 $3,489 $3,737 $3,489 $3,737 $3,489 $3,737
Total Installed Cost
(2022$/kBtu/h) $1,834 $1,585 $1,810 $1,928 $2,065 $2,065 $1,928 $2,065 $1,928 $2,065 $1,928 $2,065
Annual Maintenance Cost (20228)'  $270 $270 $333 $333 $333 $333 $333 $333 $333 $333 $333 $333

Annual Maintenance Cost
(2022%/kBtu/h)

1. Energy usefor 2018 andbeyond is estimated based on DOE’s 2020 BVM Final Rule and the 2022 Compliance Certification Database.

2. TheENERGY STAR category assumes units are compliant with the ENERGY STAR v4 standard because combination unitsare currently not separately defined by ENERGY STAR. This
standard went into effect on April 29,2020. Our analysis finds ENERGY STAR certified equipment tobe the mostefficient currently available on the market.

$149 $149 $184 $184 $184 $184 $184 $184 $184 $184 $184 $184

Annual efficiency normalized to the efficiency of the 2012 installed base. Indexed Annual Efficiency = (2012 Energy Use) / (Energy Use).

4. Maintenance cost indudes preventative maintenance costs such as checking and maintaining refrigerant charge levels, cleaning heat exchanger coils, and an annualized cost for
refurbishments/remanufacturing.
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Performance and Cost Characteristics » Commercial Refrigerated Vending Machines

* DOE set federal energy efficiencystandards for refrigerated vending machines. These standards set maximum daily energy
consumption levels, in kilowatt-hours per day, for commercial refrigerated vending machines manufactured or sold in the
United States on or after August 31, 2012. The daily energy consumptionis based on the volume of the unit (V).

* InDecember2015, DOE updated its energy conservation standards for beverage vending machines and defined two new
product classes for combination vending machines. The energy conservation standard remains the same in the updated
2022 technical support document for vending machines. Compliance with these standards was required by 2019. For this
analysis, compliance with these updated standards is assumed for equipment sold in 2022 and beyond. The updated
standards and DOE equipment definitions are listed in the table below.

Equipment Type Maximum Daily Energy Consumption

Class A (Transparent-Front) MDEC=0.052 x V +2.43
Class B (Solid-Front) MDEC=0.052 x V +2.20
Combination A MDEC=0.086 x V +2.66

Combination B MDEC=0.111xV +2.04
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Performance and Cost Characteristics » Commercial Refrigerated Vending Machines

ENERGY STAR® updated its maximum daily energy consumption efficiency levels, also in kilowatt-hours per day, for
refrigerated vending machines that went into effect on April 29, 2020. These efficiency levels are based on refrigerated
volume.

Equipment Class Maximum daily energy consumption (kilowatt-hours per day)

Class A - a refrigerated bottled or canned beverage vending machine that is not a
combination vending machine and in which 25% or more of the surface area on the MDEC = 0.04836 x V + 2.2599
front side of the beverage vending machine is transparent

Class B - any refrigerated bottled or canned beverage vending machine that is not

MDEC = 0.04576 x V+1.936
considered to be Class A and is not a combination vending machine X

Combination A — a combination vending machine where 25% or more of the

. : L MDEC = 0.07998 x V + 2.4738
surface area on the front side of the beverage vending machine is transparent

Combination B — a combination vending machine that is not considered to be

MDEC = 0.097 V +1.7952
Combination A C =0.09768 x 95
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Performance and Cost Characteristics » Commercial Constant Air Volume

2012 2018 2022 2030 2040 2050

DATA Installed Installed . e . u» ENERGY e Can e Can e Can
Stock Stock Low Typical™ High™ STAR Typical™ High™ Typical™ High™ Typical™ High™
Average Average®
System Airflow (CFM) 15,000 16,300 16,300 16,300 16,300 N/A 16,300 16,300 16,300 16,300 16,300 16,300
System Fan Power (kW) 1156 11.56 11.56 10.98 10.78 N/A 10.98 10.78 10.98 10.78 10.98 10.78
Specific Fan Power (W/CFM) 0.771 0.709 0.709 0.674 0.661 N/A 0.674 0.661 0.674 0.661 0.674 0.661
1
Annual Fan Energy Use (kWh'y) 43,924 23,038 23,038 21,886 20,792 N/A 21,386 20,792 21,386 20,792 21,886 20,792
Average Life (years) 35 35 35 35 35 N/A 35 35 35 35 35 35
2

Total Installed Cost (2022$) $80288  $83083  $83,083  $86901  $90,651 N/A $86901  $90,651  $86,901  $90651  $86,901  $90,651
Annual Maintenance Cost (20225) $1,054 $1,054 $1,054 $1,054 $1,054 N/A $1,054 $1,054 $1,054 $1,054 $1,054 $1,054
Total Installed Cost (2022%/thousand
cubic feet per minute [CFM]) $5,353 $5,097 $5,097 $5,331 $5,561 N/A $5,331 $5,561 $5,331 $5,561 $5,331 $5,561
Annual Maintenance Cost
(2022$/thousand CFM) $70 $65 $65 $65 $65 N/A $65 $65 $65 $65 $65 $65

1. Based on 3800 0perating hours per year (ADL, 1999) and typical zone air flow requirement profile (ASHRAES45.11-2012)

Total installed costof 16,300 CEM constant air volume (CAV) air handling unit (AHU) and hypothetical supply ductwork layout

Based on ASHRAE90.1-2016 and 2019 fan power limit (Table 6.5.3.1.1-1) withno pressure drop adjustment. Assumed 80% motorload and 91 % motor efficiency
ASHRAE90.1-2016 and 2019 Section 6.5.3.2 require minimum two-speed fan control (no longer always constant volume).

Two-speed variable frequency drive (VFD)

Modulating VFD

N oo wn

Modulating customengineered VFD
119



Performance and Cost Characteristics » Commercial Constant Air Volume

e Constant air volume (CAV) ventilation systems are common, inexpensive, air-side HVAC systems that operate in response to a single control zone. Historically,
these systems provide a constant flow rate of air (typically a mix of recirculated and outside air) and adjust the supply temperature of that air in order to maintain
the space temperature setpoint. Beginning with ASHRAE 90.1-2013 and continued in ASHRAE 90.1-2019, new CAV ventilation systems were mandated to have at
least two fan speed settings with the requirement of a maximum 40% power at 66% flow. Systems with variable speed fans are increasingly popular, making the
term “constant air volume” somewhat of a misnomer for this system type. This analysis examines only the fan energy of the CAV system.

¢ There is movement in the industry and in energy codes to reduce fan power. ASHRAE 90.1 includes fan power limits for CAV systems. Fan power can be
minimized through good design practice (efficient duct layout, low pressure drop ductwork, filters, coils), proper fan selection, and high efficiency type fans.
ASHRAE 90.1-2019 now requires a minimum fan efficiency grade (FEG, based on AMCA 205-12: Energy Efficiency Classification for Fans) of 67 and a design
operating fan efficiency within 15% of the maximum fan total efficiency. There are exceptions to this requirement, including packaged systems such as the CAV
system type considered here. Still the fan power limits are expected to become more stringent, and fan efficiency will become more important throughout the
industry.

¢ The unit characterized in this report is a 16,300 CFM CAYV system. The average commercial building is approximately 16,300 square feet (CBECS 2018). Assuming
1 CFM is needed per square foot of floor area results in a 16,300 CFM air handling unit.

e A16,300 CFM CAV packaged indoor air handling unit with cooling and heating coils can be installed for approximately $71,829 (RS Means 2022). Ductwork
would cost approximately $9,272 additional ($81,101 total). A two-speed motor (estimated $500 incremental cost) and variable frequency drive (estimated $5,800)
add cost. Custom engineered variable frequency drives (estimated $9,550) and premium efficiency motors (estimated additional $1,500) add an additional cost to
the system.

¢ Annual maintenance cost assumes 8 hours worth of labor by a technician to perform the necessary tasks (e.g., filter replacement, draining condenser water, etc.)

e ASHRAE Standard 90.1, which is used as a basis for most state energy codes, limits the fan power (brake HP or nameplate HP) for CAV systems. The 2016 version
of Standard 90.1 was used to represent the 2018 minimum efficiency level (state energy codes typically refer to older versions of Standard 90.1 due to code
revision cycles).

e Fan energy is affected by several factors, including fan type (e.g., centrifugal, axial), fan blade shape (e.g., forward-curved, backward-curved, backward-inclined,
airfoil), drive type (belt or direct), configuration (plenum or housed centrifugal), system effects, duct design, filter and coil pressure drops, motor efficiency, and
speed and flow control.
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Performance and Cost Characteristics » Commercial Variable Air Volume

2012 2018 2022 2030 2040 2050

DATA Installed Installed ENERGY
Stock Stock Low* Typical® High® STAR Typical® High®”  Typical®” High®’  Typical®” High®’
Average Average®
System Airflow (CFM) 15,000 16,300 16,300 16,300 16,300 N/A 16,300 16,300 16,300 16,300 16,300 16,300
System Fan Power (kW) 15.99 15.99 15.99 15.99 15.99 N/A 15.99 15.19 15.99 15.19 15.99 15.19
Specific Fan Power (W/CFM) 1.066 1.066 0981 0.981 0.981 N/A 0.981 0.932 0.981 0.932 0.981 0.932
1

Annual Fan Energy Use (kWh/y) 24 699 24082 24082 22 878 21734 N/A 22 878 21734 22 878 21734 22 878 21734
Average Life (years) 28 28 28 28 28 N/A 28 28 28 28 28 28

2
Total Installed Cost (2022$) $103327 $110,414 $118814 $124495 $124,995 N/A  $124495 $124995 $124495 $124995 $124.495  $124,995

Annual Maintenance Cost (2022$) $1,054 $1,054 $1,054 $1,054 $1,054 N/A $1,054 $1,054 $1,054 $1,054 $1,054 $1,054
Total Installed Cost (2022%/thousand

CFM) $6,888 $6,774 $7,289 $7,638 $7,668 N/A $7,638 $7,668 $7,638 $7,668 $7,638 $7,668
Annual Maintenance Cost

(2022$/thousand CFM) $70 $65 $65 $65 $65 N/A $65 $65 $65 $65 $65 $65

1. Based on 3800operating hoursper year (ADL, 1999) and typical zone air flow requirement profile (ASHRAES45.11-2012)

Totalinstalled costof 16,300 CFM VAV AHU, VFD, (10) VAV boxes, (10) VAV controllers with associated space temperature sensor, and hypothetical supply ductwork layout
Based on ASHRAE90.1-2016 and 2019 fan power limit (Table 6.5.3.1.1-1) withno pressure drop adjustment. Assumed 80%motorload and 91 %motor efficiency
ASHRAE90.1-2016 and 2019 Section 6.5.3.2 minimum power-flow requirement

ASHRAE90.1-2019 fan power limit and typical VAV power-flow relationship for 40%-100% flow

ASHRAE90.1-2019 fan power limit and typical VAV power-flow relationship for 30%-100% flow

NS 9 R w N

High aerodynamic efficiency fan
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Performance and Cost Characteristics » Commercial Variable Air Volume

® Variable air volume (VAV) ventilation systems are the most common multi-zone system type specified today for conditioning commercial buildings. These systems
provide conditioned air to multiple zone terminal units (VAV boxes) that use dampers to modulate the amount of cool air to each zone. An individual zone
thermostat controls the VAV box damper to allow more or less cooling. If a zone requires heating, then the VAV box provides the minimum flow rate and typically
includes a reheat coil to meet the space temperature setpoint. As VAV box dampers close in the system, a variable frequency drive reduces fan speed and flow
continuously to meet current requirements.

e This analysis examines only the fan energy of the VAV system. VAV systems vary fan speed and flow to meet space conditioning requirements; minimum flow
settings apply for DX cooling stages and gas furnace heating stages. Most hours of operation are much lower than full speed, and fan power varies with the cube of
fan speed according to fan affinity laws. The 2012 ASHRAE Handbook: HVAC Systems and Equipment (p. 45.11) provided the typical flow profile used for this
analysis. The unit characterized in this report is a 16,300 CEM VAV system.

¢ There is movement in the industry and in energy codes to reduce fan power. ASHRAE 90.1 includes fan power limits for VAV systems. Fan power can be minimized
through good design practice (efficient duct layout, low pressure drop ductwork, filters, coils), proper fan selection, and high efficiency type fans. ASHRAE 90.1-
2019 now requires a minimum fan efficiency grade (FEG, based on AMCA 205-12: Energy Efficiency Classification for Fans) of 67 and a design operating fan
efficiency within 15% of the maximum fan total efficiency. There are exceptions to this requirement, including packaged systems such as the VAV system type
considered here. Still the fan power limits are expected to become more stringent, and fan efficiency will become more important throughout the industry.

e A16,300 CEM VAV packaged indoor air handling unit with cooling and heating coils can be installed for approximately $82,023 (RS Means 2022). Ductwork and (10)
VAV boxes with reheat would cost approximately an additional $28,272.(10) VAV controllers and the associated space temperature sensor would cost approximately
$8,400 ($118,695 total). A 15 hp variable frequency drive (estimated $5,800) is an additional cost.

e ASHRAE Standard 90.1, which is used as a basis for most state energy codes, limits the fan power for VAV systems (brake HP or nameplate HP). The 2016 version of
Standard 90.1 was used to represent the 2018 minimum efficiency level (state energy codes typically refer to older versions of Standard 90.1 due to code revision
cycles).

* Annual maintenance cost assumes 8 hours worth of labor by a technician to perform the necessary tasks (e.g., filter replacement, draining condenser water, etc.)

e Fan energy is affected by several factors, including fan type (e.g., centrifugal, axial), fan blade shape (e.g., forward-curved, backward-curved, backward-inclined,
airfoil), drive type (belt or direct), configuration (plenum or housed centrifugal), system effects, duct design, filter and coil pressure drops, and motor VFD
efficiency.
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Performance and Cost Characteristics » Commercial Fan Coil Units

2012 2018 2022 2030 2040 2050

DATA Installed Installed
Stock Stock Low® Typical’ High® El;]?igY Typical*® High*”  Typical”” High*® Typical’”®* High*?’
Average Average®

System Airflow (CFM) 800 800 800 800 800 N/A 800 800 800 800 800 800
System Fan Power (kW) 0.241 0.241 0.241 0.148 0.148 N/A 0.141 0.134 0.134 0.136 0.136 0.129
Specific Fan Power (W/CFEM) 0.302 0.302 0.301 0.185 0.185 N/A 0.176 0.167 0.167 0.170 0.170 0.162
Annual Fan Energy Use (kWh/y)' 543 542 542 333 333 N/A 316 301 301 306 306 291
Average Life (years) 37 37 37 37 37 N/A 37 37 37 37 37 37
Total Installed Cost (20225)* $2,845  $2,688  $3,038  $3,521 $3,961 N/A $3,961 $4,161 $3,961 $4,161 $3,961 $4,161
Annual Maintenance Cost (2022$) $117 $117 $117 $117 $117 N/A $117 $117 $117 $117 $117 $117
Total Installed Cost (2022%/thousand
CFM) $3,557 $3,360 $3,798 $4,401 $4,951 N/A $4,951 $5,201 $4,951 $5,201 $4,951 $5,201
Annual Maintenance Cost
(2022$/thousand CFM) $146 $146 $146 $146 $146 N/A $146 $146 $146 $146 $146 $146

1. Based on22500perating hoursper year (ADL, 1999) and typical zone air flow requirement profile (ASHRAES45.11-2012)

Total installed cost of 2-ton horizontal two-pipe fan coilunit, housing, and controls

Based on ASHRAE90.1-2016 and 2019 fan power limit (Table 6.5.3.1.1-1) withno pressure drop adjustment. Assumed 80%motorload and 91 %motor efficiency
Based on ASHRAE90.1-2016and 2019 Section 6.5.3.6 requirement of electronically commutated or 70+% efficient fan motor

Permanent split capacitor fan motor

Electronically commutated fan motor (single speed)

Electronically commutated fan motor (two-speed)

Electronically commutated fan motor (variable speed)

A N R e R o

High aerodynamic efficiency fan
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Performance and Cost Characteristics » Commercial Fan Coil Units

e Commercial fan coil units (FCUs) are self-contained, mass-produced assemblies that provide cooling, heating, or cooling and heating, but they do not include the
source of cooling or heating. The unit characterized in this report is a cooling only (two-pipe), horizontal unit with housing and controls. Fan coil units are
typically installed in or adjacent to the space being served and have no (or very limited) ductwork.

* According to manufacturer literature, the cooling capacity for a nominal 800 CFM fan coil unit is about 2 tons. This analysis examines only the fan energy of
FCUs.

¢ Fan coil unit fan motors can be shaded pole, a single-phase AC motor with offset start winding and no capacitor; PSC, a single-phase AC motor with offset start
winding with capacitor; or ECM, an AC electronically commutated permanent magnet DC motor. PSC motors are currently the most common motor type in
FCUs, but manufacturers also offer single speed, two speed, and ECM motors as an option. ASHRAE 90.1-2019 requires an electronically commutated fan motor
(or minimum motor efficiency of 70%) for this system.

¢ There is movement in the industry and in energy codes to reduce fan power. ASHRAE 90.1 includes fan power limits for FCUs. Fan power can be minimized
through good design practice and high efficiency type fans. ASHRAE 90.1-2019 now requires a minimum fan efficiency grade (FEG, based on AMCA 205-12:
Energy Efficiency Classification for Fans) of 67 and a design operating fan efficiency within 15% of the maximum fan total efficiency. There are exceptions to this
requirement, including small systems such as the FCU considered here. Still the fan power limits are expected to become more stringent, and fan efficiency will
become more important throughout the industry.

¢ Fan coil units have higher maintenance costs than central air systems due to the distributed nature of the system. For each unit, the filters must be changed, and
drain systems must be flushed periodically.

e ASHRAE Standard 90.1, which is used as a basis for most state energy codes, limits the fan power (brake HP or nameplate HP). The 2016 version of Standard 90.1
was used to represent the 2018 minimum efficiency level (state energy codes typically refer to older versions of Standard 90.1 due to code revision cycles).

e Fan energy is affected by several factors, including fan type configuration, filter and coil pressure drops, motor efficiency, and fan speed control.
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Appendix A
Data Sources

A-1

Guidehouse
1200 19th Street, NW, Suite 700
Washington, D.C. 20036
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Residential Lighting



Data Sources» Residential General Service Incandescent Lamps (60 watt)

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
AverageLamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (20229)

Lamp Cost (2022$/klm)

Labor Cost(2022$/h)

Labor Lamp Installation (hours)
TotalInstalled Cost (20229%)

Annual Maintenance Cost (2022%)
TotalInstalled Cost (2022$/klm)

Annual Maintenance Cost (2022%/klm)

2015 2020 2022 2023 2030 2040 2050

Installed Stock Installed Stock
Average Average
2016 EIA Ref. Case
DOE, 2008
2016 EIA Ref. Case
DOE, 2017
Assume Unchanged

2016 EIA Ref. Case

N/A

Calculated

Low

127

Typical

High

ENERGY
STAR

Standard Typical High Typical High Typical High

N/A



Data Sources» Residential General Service Incandescent Lamps (75 watt)

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (l/y)
Lamp Price (2022%)

Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)
Total Installed Cost (2022$)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022%/klm)

Installed Stock
Average

Installed Stock
Average

2016 EIA Ref. Case

DOE, 2008
2016 EIA Ref. Case
DOE, 2017

Assume Unchanged
2016 EIA Ref. Case

N/A

Calculated

Low

128

Typical

High

ENERGY
STAR

Standard Typical High Typical High Typical

N/A

2015 2020 2022 2023 2030 2040 2050

High



Data Sources» Residential General Service Halogen Lamps (60 watt Incandescent Equivalent)

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
CRI

Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (2022$)

Lamp Cost (2022%/klm)

Labor Cost (2022$/h)

Labor Installation (hours)

Total Installed Cost (2022%)
Annual Maintenance Cost (2022$)
Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022$/klm)

Installed Stock
Average

Installed Stock

Average Low

2016 EIA Ref. Case =~ Assume Unchanged

DOE, 2008
2016 EIA Ref. Case =~ Assume Unchanged
DOE, 2017

N/A

2016 EIA Ref. Case Calculated

Calculated

N/A

Calculated
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Typical

Distributor
Websites or
Product
Catalogs

DOE, 2008

Distributor
Websites

DOE, 2017

Distributor
Websites
Calculated

N/A

Calculated

High

ENERGY
STAR

Standard Typical High Typical

N/A

2015 2020 2022 2023 2030 2040 2050

High Typical High



Data Sources» Residential General Service Halogen Lamps (75 watt Incandescent Equivalent)

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
CRI

Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (2022%)

Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Installation (hours)

Total Installed Cost (2022$)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022$/klm)

Installed Stock
Average

Installed Stock

Average LoN

2016 EIA Ref. Case Calculated

DOE, 2008

Distributor Websites

2016 EIA Ref. Case orProduct Catalogs

DOE, 2017

N/A

2016 EIA Ref. Case Calculated

Calculated

N/A

Calculated
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Typical

Distributor
Websites or
Product
Catalogs

DOE, 2008

Distributor
Websites

DOE, 2017

Distributor
Websites
Calculated

N/A

Calculated

High

ENERGY
STAR

2015 2020 2022 2023 2030 2040 2050

Standard Typical High Typical High Typical High

N/A



Data Sources» Residential General Service Compact Fluorescent Lamps (60 watt Incandescent Equivalent)

2015 2020 2022 2023 2030 2040 2050

DATA SOURCES

Installed Stock Installed Stock . : ENERGY . : . ] : ]
Average Average Low Typical High STAR Standard Typical High Typical High Typical High
L Watt
L Distributor Websites or Product
Catal

Lamp Lumens Calculated i DOE, 2022

2016 EIA Ref. Case
Lamp Efficacy (Im/W) Calculated ENERGY NCIL 2016

STAR, 2020

CRI
Correlated Color Temperature (CCT) Product Catalogs Assume Unchanged RSl ‘g;:l?;: il S N/A
Average Lamp Life (thousand hours) 2016 EIA Ref. Case
Annual Operating Hours (h/y) DOE, 2017
Lamp Price (20229) Distributor gi:liltess or Product

2016 EIA Ref. Case Calculated 8 N/A NCI, 2019
Lamp Cost (2022$/klm) Calculated
Labor Cost (2022$/h)

N/A N/A
Labor Installation (hours)
N/A
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022%)
Calculated N/A Calculated

Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022$/klm)
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Data Sources» Residential General Service LED Lamps (60 Watt Equivalent)

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI
Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (2022%)

Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Installation (hours)

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022$)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2015 2020 2022 2023 2030 2040 2050

Installed Stock
Average

Model, Energy Savings
Forecastof Solid-State
Lighting in General 2020 DOE LED Pricing
Nlumination Analysis
Applications
(Navigant, 2019)

Model Reference
Scenario, Energy
Savings Forecastof
Solid-State Lighting in
General lllumination
Applications
(Navigant, 2019)

2020 DOE LED Pricing
Analysis

Low Typical High

Distributor Websites or Product
Catalogs

Calculated

Distributor Websites or Product
Catalogs

DOE, 2017

Distributor Websites or Product
Catalogs

Calculated

N/A

Calculated
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EIS\I]]:ZII:IC{;Y Standard Typical High Typical High Typical High

Calculated

Assume Unchanged
DOE, 2022
Model Reference Scenario, Energy Savings Forecast
of Solid-State Lighting in General lllumination
ENERGY Applications (Navigant, 2019)
STAR, 2020

Assume Unchanged

N/A
Model Reference Scenario, Energy Savings Forecast
of Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

ModelReference Scenario, Energy Savings Forecast
of Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

N/A

N/A Calculated



Data Sources» Residential General Service Filament-LED Lamps (60 Watt Equivalent)

DATA SOURCES

Lamp Wattage

Lamp Lumens
Lamp Efficacy (Im/W)

CRI
Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (20229$)

Lamp Cost (2022$/klm)

Labor Cost (2022%/h)

Labor Lamp Installation (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (2022$)
Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022$/klm)

2015 2020 2022 2023 2030 2040 2050

Installed Stock . . ENERGY
Average Low Typical High STAR
Distributor Websites or Product
Catalogs
DOE, 2022
Model, Energy Savings
Forecastof Solid-State Calculated
Lighting in General 2020 DOE LED Pricing ENERGY
Tllumination Analysis STAR, 2020
Applications
(Navigant, 2019) Distributor Websites or Product
N/A
Catalogs
DOE, 2017
Model Reference
Scenario, Energy
Savings Forecastof .. .. .
SolidState Lighting in 2020 DOE LED Pricing Distributor Websites or Product N/A
- Analysis Catalogs
General [llumination
Applications
(Navigant, 2019)
Calculated
N/A
Calculated N/A
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Standard Typical High Typical High Typical High

Calculated
Assume Unchanged

Model Reference Scenario, Energy Savings
Forecastof Solid-State Lighting in General
Ilumination Applications (Navigant, 2019)

Assume Unchanged

Model Reference Scenario, Energy Savings
Forecastof Solid-State Lighting in General
Ilumination Applications (Navigant, 2019)

Model Reference Scenario, Energy Savings
Forecastof Solid-State Lighting in General
Ilumination Applications (Navigant, 2019)

Calculated



Data Sources» Residential Reflector Lamps (65W BR30 Incandescent)

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
CRI

Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (2022%)

Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)
Total Installed Cost (20225)
Annual Maintenance Cost (2022$)

Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%/klm)

2015 2020 2022 2023 2030 2040 2050

Installed Installed
Stock Stock Low
Average Average
2016 EIA Ref.
Case
DOE, 2012(1)
2016 EIA Ref. Assume
Case Unchanged N/A
DOE, 2017
2016 EIA Ref.
Case

Typical

Distributor
Websites or
Product
Catalogs

DOE, 2017

Distributor
Websites or
Product
Catalogs

Calculated
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High

ENERGY
STAR

N/A

Calculated

Standard

Typical

N/A

High  Typical

High

Typical

High



Data Sources» Residential Reflector Lamps (PAR30 Halogen)

2015 2020 2022 2023 2030 2040 2050

DATA SOURCES
Installed Installed . . ENERGY . . - 7 ] ]
Stock Average Stock Average Low Typical High STAR Standard Typical High  Typical High  Typical High
Assume
Lamp Wattage Unchanged
Lamp Lumens 2016 EIARef.  Calculated
Case
Lamp Efficacy (Im/W) Distributor
CRI Websites or
Product
Assume Catalogs
Correlated Color Temperature (CCT) DOE, 2012(1) Unchanged
N/A N/A
Average Lamp Life (thousand hours) 2016(:}2512 Ref / /
Annual Operating Hours (h/y) DOE, 2017 DOE, 2017
Distributor
Websites or
Lamp Price (2022%)
2016 EIA Ref. Calculated Product
Case Catalogs
Lamp Cost (2022$/klm) Calculated
Labor Cost (2022$/h)
N/A
Labor Lamp Installation (hours)
Total Installed Cost (2022$)
Annual Maintenance Cost (2022%)
Calculated

Total Installed Cost (2022%$/klm)

Annual Maintenance Cost (2022%/klm)
135



Data Sources» Residential Reflector Lamps (PAR30 Halogen Infrared Reflector (HIR)

DATA SOURCES

Lamp Wattage
Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (20229$)

Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)

Total Installed Cost (20225)

Annual Maintenance Cost (2022$)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

Installed Installed Low
Stock Average Stock Average 0
Calculated
2016 EIA Ref.
Case
Assume
DOE, 2012(1) Unchanged
2016 EIA Ref. N/A
Case
DOE, 2017
2016CEIA Ref. Calculated
ase

ENERGY

Typical High STAR

Distributor
Websites or
Product
Catalogs

DOE, 2017

Distributor
Websites or
Product
Catalogs

Calculated

N/A

Calculated

136

Standard

Typical

N/A

High

Typical

High

Typical

2009 2020 2015 2023 2020 2030 2040

High



Data Sources» Residential Reflector Lamps (BR30 CFL)

2015 2020 2022 2023 2030 2040 2050

DATA SOURCES Installed Installed ENERGY
Stock Stock Low Typical High STAR Standard  Typical High Typical High Typical High
Average Average

Lamp Wattage

Lamp Lumens 2016 EIA Ref. Case /

Lamp Efficacy (Im/W) Caleulated
CRI
Correlated Color Temperature (CCT) DOE, 2012(1)
Average Lamp Life (thousand hours) 2016(];:;‘16;512;5%63/
Annual Operating Hours (h/y) DOE, 2017
q N/A
il e 2016 EIA Ref. Case /
Calculated
Lamp Cost (2022$/kIm) e
Labor Cost (2022%/h)
N/A
Labor Lamp Installation (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (2022$)
Calculated

Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022$/klm)
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Data Sources» Residential Reflector LED BR30

DATA SOURCES
Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)

CRI
Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (2022%)

Lamp Cost (2022%/klm)

Labor Cost (2022%/h)

Labor Lamp Installation (hours)
Total Installed Cost (2022$)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022$/klm)

2015 2020 2022 2023 2030 2040 2050

Installed
Stock
Average

Installed
Stock
Average
Model
Reference
Scenario,
Energy
Savings
Forecastof 2020 DOE
Solid-State LED Pricing
Lighting in  Analysis
General
Tllumination
Applications
(Navigant,
2019)

Model

Reference

Scenario,

Energy

Savings
Forecastof 2020 DOE
Solid-State LED Pricing
Lighting in  Analysis

General
Tllumination
Applications

(Navigant,

2019)

Low Typical High

Distributor Websites or Product
Catalogs

Calculated

Distributor Websites or Product
Catalogs

Distributor Websites or Product
Catalogs

Calculated
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ENERGY
STAR

ENERGY
STAR, 2020

DOE, 2017

N/A

Calculated
N/A

Standard Typical High Typical High Typical High

DOE, 2022

N/A

N/A

Calculated
Assume Unchanged
Model Reference Scenario, Energy Savings
Forecastof Solid-State Lighting in General
Nlumination Applications (Navigant, 2019)

Assume Unchanged

Model Reference Scenario, Energy Savings
Forecastof Solid-State Lighting in General
Nlumination Applications (Navigant, 2019)

Model Reference Scenario, Energy Savings
Forecastof Solid-State Lighting in General
Ilumination Applications (Navigant, 2019)

Calculated



Data Sources » Residential Reflector LED PAR38

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI
Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (2022$)

Lamp Cost (2022$/klm)

Labor Cost (2022%/h)

Labor Lamp Installation (hours)

Total Installed Cost (2022%)

Annual Maintenance Cost (2022$)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022%/klm)

2015 2020 2022 2023 2030 2040 2050

Installed Installed
Stock Stock
Average Average

Model Reference Scenario,
Energy Savings Forecastof
Solid-State Lighting in
General llumination
Applications (Navigant,
2019)

Model Reference Scenario,
Energy Savings Forecastof
Solid-State Lighting in
General lllumination
Applications (Navigant,
2019)

Low Typical High

Distributor Websites or Product Catalogs

Calculated

Distributor Websites or Product Catalogs

Distributor Websites or Product Catalogs

Calculated
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ENERGY
STAR

ENERGY
STAR, 2020

DOE, 2017

N/A

Calculated

N/A

Standard  Typical High Typical High Typical High

Calculated

Assume Unchanged

DOE, 2022 . .
Model Reference Scenario, Energy Savings Forecastof

Solid-State Lighting in General lllumination Applications
(Navigant, 2019)

Assume Unchanged

N/A Model Reference Scenario, Energy Savings Forecastof

Solid-State Lighting in General lllumination Applications
(Navigant, 2019)

Model Reference Scenario, Energy Savings Forecastof
Solid-State Lighting in General lllumination Applications
(Navigant, 2019)

N/A Calculated



Data Sources» Residential Linear Fluorescent Lamp T12

DATA SOURCES Installed Stock  Installed Stock . . . . . . . .
Averdze Averdze Low Typical High Typical High Typical High Typical High

L Watt

ampavatage 2016 EIA Ref. Case
Lamp Lumens
Lamp Efficacy (Im/W) Assume
System W Unchanged

ystem Wattage Calculated 2
System Lumens
System Efficacy (Im/W)

Chapter 5; Table
‘e 5.8.16 of GSFL
Ballast Efficiency (BLE) 2016 EIA Ref. Case Ballast Final Rule
TSD (DOE, 2020)
CRI
Correlated Color Temperature (CCT) 2016 EIA Ref. Case
Average Lamp Life (thousand hours) N/A
Annual Operating Hours (h/y) DOE, 2017
Lamp Price (2022%)
Ballast Price (2022$%) 2016 EIA Ref. Case
Fixture Price (20229%)
Lamp Cost (2022$/klm) Calculated Assume
alculate

System (I/b/f) Cost (2022$/klm) Unchanged
Labor Cost (2022$/h)
Labor System Installation (hours) 2016 EIA Ref. Case
LaborLamp Change (hours)
Total Installed Cost (2022$)
A 1 Maint Cost (2022

nnual Maintenance Cost ( $) Caleulated

Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%$/klm)
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Data Sources» Residential Linear Fluorescent Lamp T8

2015 2020 2022 2030 2040 2050

DATA SOURCES Installed Stock Installed Stock . . . . . g . .
- S Low Typical High Typical High Typical High Typical High
Lamp Wattage Calculated L )
Distributor Websites
Lamp Lumens 2016 EIA Ref. Case
Calculated
. 2015 GSFL TSD,
Lamp Efficacy (Im/W) R .54 Calculated
System Wattage
System Lumens Calculated
System Efficacy (Im/W)
Ballast Efficiency (BLE) 2016 EIA Ref. Case Chapter 5; Table5.8.15 of GSFL Ballast Final Rule TSD (DOE, 2020)
CRI
o ) Distributor W ebsites
Correlated Color Temperature (CCT) 2016 EIA Ref. Case Distributor Websites
Average Lamp Life (thousand hours) Calculated
Annual Operating Hours (h/y) DOE, 2017
Lamp Price (20229$) Calculated
Ballast Price (20229%) 2016 EIA Ref. Case N/A Distributor W ebsites Calculated
Fixture Price (2022%) Calculated
Lamp Cost (2022$/klm)
Calculated
System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h) .
. Assume 2022 RS Means Online
Labor System Installation (hours) 2016 EIA Ref. Case
unchanged
LaborLamp Change (hours) N/A
Total Installed Cost (2022%)
Annual Maintenance Cost (2022$)
Calculated

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%$/klm)
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Data Sources» Residential Linear Fluorescent Lamp T5

DATA SOURCES Installed Stock  Installed Stock . . . . : : . .
. . Low Typical High Typical High Typical High Typical High
I]:amp {Vattage 20 12:]2;;:111261 t:i Distributor Websites
amp Lumens STiE GSFE fsgse Assumeunchanged
Lamp Efficacy (Im/W) el Calculated
System Wattage
System Lumens Calculated
System Efficacy (Im/W)
Chapter 5; Table
. . 5.3.32 of GSFL IRL .
Ballast Efficiency (BLE) Final Rule TSD Chapter 5; Table5.8.6 of GSFL Ballast Final Rule TSD (DOE, 2020)
(DOE, 2015)

CRI
Correlated Color Temperature (CCT) 2016 EIA Ref. Case Distributor Websites
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y) DOE, 2017
Lamp Price (20229$) Calculated
Ballast Price (2022$) 2016 EIA Ref. Case N/A Distributor Websites Calculated
Fixture Price (2022%) Calculated
Lamp Cost (2022%/klm)

Calculated
System (Ub/f) Cost (2022$/klm) Feate
Labor Cost (2022$/h) .

2022R 1

Labor System Installation (hours) 2016 EIA Ref. Case 0 5Means Online
LaborLamp Change (hours) N/A
Total Installed Cost (2022%)
Annual Maintenance Cost (20225)

Calculated

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%/klm)
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Data Sources» Residential Linear LED Replacement Lamp 2-Lamp System

DATA SOURCES Insf:‘l,l:ligS:o ck Insf:‘l,l:igS:o ck Low Typical High Typical High Typical High Typical High

Lamp Wattage Calculated
Lamp Lumens Assumesame as 2022 Typical and High

LE[])DZ\{EEZSZape DOEDZ\{:E:Sc;ape Distributor websites Model Reference Scenario, Energy Savings
Lamp Efficacy (Im/W) Forecast of Solid-State Lighting in General

[llumination Applications (Navigant, 2019)
System Wattage
System Lumens Calculated
System Efficacy (Im/W)
Ballast Efficiency (BLE) N/A
CRI 2016 EIA Ref. Case 201 EIA Ref.
Case
Distributor

Correlated Color Temperature (CCT) 2016 EIA Ref. Case Websites Distributor Websites Distributor Websites

Average Lamp Life (thousand hours) LED Webscrape = DOE Web Scrape

Database Database

Annual Operating Hours (h/y) DOE, 2017

Model, Energy Savings Forecast of Solid-State
Lamp Price (2022$) ey DOF})Z\J[/:ESSC;ape Lightingin (%Zneral .I](clgumination Applications

. Database Distributor W ebsites (Navigant,2019)

Ballast Price (2022%) N/A N/A
Fixture Price (2022$) N/A
Lamp Cost (2022$/klm)
System (I/b/f) Cost (2022$/kIm) Calculated
Labor Cost (2022%/h)
Labor System Installation (hours) N/A
LaborLamp Change (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (2022$) Calculated

Total Installed Cost (2022%$/klm)
Annual Maintenance Cost (2022%/klm)
143



Data Sources» Residential Linear LED Luminaire

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens

System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp or Luminaire Price (20225)

Ballast Price (2022%)

Fixture Price (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%/h)

Labor System Installation (hours)
LaborLamp Change (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (20229%)
Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%/klm)

Installed Stock
Average

LED Webscrape
Database

LED Webscrape
Database

LED Webscrape
Database

Installed Stock
Average

DOE Web Scrape
Database

DOE Web Scrape
Database

DOE Web Scrape
Database

2016 EIA Ref. Case
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2015 2020 2022 2030 2040 2050

Low Typical High Typical High Typical High Typical High

N/A

Distributor Websites

N/A

Distributor W ebsites

DOE, 2017

Distributor W ebsites

N/A

Calculated

Calculated
Assumesame as 2022 Typical and High

Model Reference Scenario, Energy Savings Forecast
of Solid-State Lightingin General llumination
Applications (Navigant, 2019)

Distributor W ebsites

Model, Energy Savings Forecast of Solid-State
Lightingin General lllumination Applications
(Navigant,2019)

2022 RS Means Online

N/A



Data Sources» Residential Outdoor Lamps (Security: BR30 Incandescent)

2009 2020 2015 2023 2020 2030 2040

Installed Installed ENERGY

DATA SOURCES

Low Typical High Standard Typical = High  Typical High  Typical High

Stock Average Stock Average STAR

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022$) Same as indoor Residential Incandescent Reflector
Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)
Total Installed Cost (20225)

Annual Maintenance Cost (2022$)
Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%/klm)
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Data Sources» Residential Outdoor Lamps (Security: PAR38 Halogen)

2015 2020 2022 2023 2030 2040 2050

DATA SOURCES Installed Installed ENERGY
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Interpolation Based on

Leuiup Phatits (UL Commercial PAR38

Same as Commercial PAR38 Halogen
Lamp Cost (2022%/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)

Total Installed Cost (2022$)

Annual Maintenance Cost (2022%)

Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022$/klm)
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Data Sources» Residential Outdoor Lamps (Security: PAR38 HIR)

2015 2020 2022 2023 2030 2040 2050

DATA SOURCES Installed Installed ENERGY
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Interpolated from

Commercial PAR38 HIR Same as Commercial PAR38 HIR

Lamp Price (2022$)

Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)
Total Installed Cost (2022$)
Annual Maintenance Cost (2022$)

Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022$/klm)
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Data Sources» Residential Outdoor Lamps (Security: CFL PAR38)

2015 2020 2022 2023 2030 2040 2050

Installed Installed ENERGY

DATA SOURCES

Low Typical High Standard Typical High  Typical High  Typical High

Stock Average Stock Average STAR

Lamp Wattage

Lamp Lumens 2016 EIA Ref. Case /

Lamp Efficacy (Im/W) Calculated
CRI
Correlated Color Temperature (CCT) DOE, 2012(1)

Average Lamp Life (thousand hours) AUDIIERSE (S0

Calculated

Annual Operating Hours (h/y) DOE, 2017
. N/A
revp 1o PP 2016 EIA Ref. Case /
Lamp Cost (2022$/klm) Calculated
Labor Cost (2022%/h)
N/A

Labor Lamp Installation (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (2022%)

Calculated

Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%/klm)
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Data Sources» Residential Outdoor Lamps (Security: LED PAR38)

2015 2020 2022 2023 2030 2040 2050

Installed Installed ENERGY

DATA SOURCES

Low Typical High Standard Typical  High  Typical High  Typical High

Stock Average Stock Average STAR

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (20228$) Same as Residential LED PAR38
Lamp Cost (2022$/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)
Total Installed Cost (20225)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022%$/klm)
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Data Sources» Residential Outdoor Lamps (Porch: A19 Incandescent)

2015 2020 2022 2023 2030 2040 2050

DATA SOURCES Installed  Installed ENERGY
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average
Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)
CRI

Correlated Color Temperature (CCT)

AverageLamp Life (thousand hours)

Annual Operating Hours (h/y)

Same as Residential General Service 75W Incandescent
Lamp Price (2022$)

Lamp Cost (2022$/klm)

Labor Cost(2022$/h)

Labor Lamp Installation (hours)
TotalInstalled Cost (2022$)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022%/klm)
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Data Sources» Residential Outdoor Lamps (Porch: Halogen A-Type)

2015 2020 2022 2023 2030 2040 2050

DATA SOURCES Installed  Installed
Stock Stock Low Typical High
Average Average

ENERGY

STAR Standard Typical High Typical High Typical High

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

CRI

Correlated Color Temperature (CCT)
AverageLamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022$) Same as Residential General Service 75W Equivalent Halogen
Lamp Cost(2022$/klm)

Labor Cost (2022$/h)

LaborLamp Installation (hours)
Total Installed Cost (20225)

Annual Maintenance Cost (20229%)
TotalInstalled Cost (2022$/klm)

Annual Maintenance Cost (2022%/klm)
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Data Sources» Residential Outdoor Lamps (Porch: CFL Bare Spiral)

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
CRI

Correlated Color Temperature (CCT)

AverageLamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (20229)

Lamp Cost (2022$/klm)

Labor Cost(2022%/h)

LaborLamp Installation (hours)
TotalInstalled Cost(20229)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%/klm)

2015 2020 2022 2023 2030 2040 2050

Installed  Installed ENERGY
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average
Distributor Websites or Product Catalogs
2016 EIA Ref. Calculated DOE, 2022
Case Calculated
ENERGY
STAR, 2020 NC1,2019
Product P
Caralams ssume . . . .
8 Unchanged Distributor Websites or Product Catalogs N/A
2016 EIA Ref.
Case
DOE, 2017
Distributor Websites or Product Catalogs
2016CEIA Ref: Caleulated N/A NCI, 2019
ase
Calculated
N/A N/A N/A
Calculated N/A Calculated
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Data Sources» Residential Outdoor Lamps (Porch: LED A-Type)

DATA SOURCES

Lamp Wattage
Lamp Lumens

Lamp Efficacy (Im/W)

CRI
Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (/y)

Lamp Price (2022%)

Lamp Cost (2022%/klm)

Labor Cost (2022$/h)

Labor Lamp Installation (hours)

Total Installed Cost (2022%)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

Installed Installed ENERGY
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average
Ri\;[eorgleqi @ Distributor Websites or Product Catalogs ___
. Assume Unchanged
Sz DOE, 2022 Model Reference Scenario, Energy Savings Forecastof
SEne.rgy Calculated Solid-State Lighting in General lllumination
Fo?evclzsgti)f 9020 DOE Applications (Navigant, 2019)
) .. ENERGY
Solid-State LED Prlcmg STAR. 2020 Assume Unchanged
Lighting in  Analysis ’
General
TisiEasten Distributor Websites or Product Catalogs N/A
Applications Model Reference Scenario, Energy Savings Forecastof
(Navigant, Solid-State Lighting in General lllumination
2019) Applications (Navigant, 2019)
DOE, 2017
Model
Reference
Scenario,
Energy
Savings
Forecastof 2020 DOE Model Reference Scenario, Energy Savings Forecastof
Solid-State LED Pricing Distributor Websites or Product Catalogs N/A Solid-State Lighting in General lllumination
Lighting in  Analysis Applications (Navigant, 2019)
General
MNumination
Applications
(Navigant,
2019)
Calculated
N/A
Calculated
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Commercial Lighting



Data Sources» Commercial General Service 100W Incandescent Lamp in Recessed Can Fixture

2012 2018 2022 2023 2030 2040 2050

DATASOURCES Insf:‘llleerc:l:’;o ck Insf:‘l,lgiz? ck Low Typical High El;?igY Standard Typical High Typical High Typical High
Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)
System Wattage 2016 EIA Reference Case
System Lumens
System Efficacy (Im/W)
Ballast Efficiency (BLE)
CRI
Correlated Color Temperature (CCT) DOE, 2008
AverageLamp Life (thousand hours) 2016 EIA Reference Case
Annual Operating Hours (h/y) DOE, 2017
Lamp Price (2022%) N/A
Ballast Price (2022%$)
Fixture Price (20229%) e Eléaliflflel;i:;e Case;
Lamp Cost(2022$/klm)
System (I/b/f) Cost (2022$/klm)
Labor Cost(2022$/h)
Labor System Installation (hours) 2016 EIA Reference Case
Labor Lamp Change (hours)
TotalInstalled Cost (2022$)
Annual Maintenance Cost (20225) Calculated

Total Installed Cost (2022%$/klm)
Annual Maintenance Cost (2022%$/klm)
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Data Sources» Commercial General Service Halogen Lamp (100W Incandescent Equivalent) in

Recessed Can Fixture

2012 2018 2022 2023 2030 2040
DATA SOURCES Installed StockInstalled Stock . . ENERGY Typica ,. , Typica ;. , Typica ..
Average Average Low Typical High STAR Standard 1 High 1 High 1 High
Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)
System Wattage 2016 EIA Assume
System Lumens Reference Case Unchanged
System Efficacy (Im/W) el
BallastEfficiency (BLE) Catalogs
CRI
Correlated Color Temperature (CCT) DOE, 2008
: 2016 EIA Assume
AverageLamp Life (thousand hours) Reference CaseUnchanged
Annual Operating Hours (h/y) DOE, 2017 N/A DOE, 2017 N/A
Lamp Price (2022%)
Ballast Price (2022%) Distributor
Websit
Fixture Price (2022$) 2016 EIA pop 5019 EOSTES
Reference Case

Lamp Cost(2022$/klm)

lculated
System (I/b/f) Cost (2022$/klm) Calculate
Labor Cost(2022$/h) 2022RS
Labor System Installation (hours) 2016 EIA Reference Case Means
Labor Lamp Change (hours) Online
TotalInstalled Cost (2022$)
Annual Maintenance Cost (20225) Caleulated Caleulated

Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%/klm)
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Data Sources» Commercial General Service100W Equivalent CFL Bare Spiralin Recessed Can Fixture

DAT A SOURCES

Lamp Wattage
Lamp Lumens

Lamp Efficacy (Im/W)

System Wattage

System Lumens

System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI

Correlated Color T emperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022$)

Ballast Price (2022%$)

Fixture Price (2022$)

Disposal Cost (2022$)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022$)

Annual Maintenance Cost (2022%)

T otal Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 2023 2030 2040 2050

Installed Stock
Average

Installed Stock
Average

2016 EIA Reference  Calculated/
Case Guidehouse

2016 EIA Reference Case

Low

DOE, 2017

2016 EIA Reference Case; Calculated

EPA, 2022

Calculated

2016 EIA Reference Case

Calculated

Typical

Product Catalogs

Distributor Websites

NCI, 2019

2022 RS Means Online
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High

ENERGY

STAR Standard
DOE, 2022
ENERGY
STAR, 2020
N/A
N/A
N/A

Typical

High Typical High Typical

Calculated
Assume Unchanged

NCI, 2019

Same as lamp wattage

Calculated

Assume Unchanged

DOE, 2017

NCI, 2019

EPA, 2022

NCI, 2019

2022 RS Means Online

Calculated

High



Final

Data Sources» Commercial General Service 100W Equivalent LED Replacement Lamp in Recessed Can Fixture

DAT A SOURCES
Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)

System Wattage
System Lumens
System Efficacy (Im/W)
Ballast Efficiency (BLE)

CRI
Correlated Color T emperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)

Lamp Price (2022%)

Ballast Price (2022%)

Fixture Price (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022%)
Annual Maintenance Cost (2022$)
T otal Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

Installed Stock Installed Stock . . ENERGY . . . . . .
Average Average Low Typical High STAR Standard  Typical High Typical High Typical High
Model Re ference Calcula tﬁd d
Scenario, Energy Assume Unchange
Savings Fore cast of
Solid-State Lighti .. . ENERGY
ot in C?eene i‘ga}; "8 Distributor Websites or Product Ca talogs STAR. 2020 DOE, 2022 Model Re ference Scenario, Energy Savings Forecast of
Nlumina tion ! Solid-State Lighting in General lllumination Applications
Applications (Navigant, 2019)
(Navigant, 2019)
2016 EIA Reference Calculated
Case
ENERGY
Model Re ference STAR, 2020 Assume Unchanged
Scenario, Energy N/A
Savings Fore cast of
Sollciftgée;l;illmng Distributor Websites or Product Catalogs N/A Model Re ference Scenario, Energy
Mumina tion ENERGY Savings Fore cast of Solid-State Lighting
Applications STAR, 2020 in General lllumination Applications
N PP (Navigant, 2019) Assume
(Navigant, 2019) Unchanged
DOE, 2017
Model Reference
Scenario, Energy
Ssgl‘ill (;gfa}z:ﬁ;s;?f Model Re ference Scenario, Energy Savings Forecast of
in General &  Distributor Websites or Product Ca talogs Solid-State Lighting in General lllumination Applications
.. (Navigant, 2019)
Mllumination
Applications
(Navigant, 2019)
2016 EIA Reference N/A N/A N/A
Case
Calculated Calculated
N/A N/A
Pl EléaIZeefe rence 2022 RS Means Online 2022 RS Means Online
Calculated Calculated
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Data Sources» Commercial Halogen Reflector Lamp (PAR38) in Recessed Can Fixture

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

System Wattage

System Lumens

System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022%)

Ballast Price (2022%)

Fixture Price (2022%)

Lamp Cost (2022%/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

Total Installed Cost (2022$)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 2023 2030 2040 2050

Installed Installed
Stock Stock
Average Average

2016 EIA
2016 EIA Reference
Reference Case /
Case Calculated,
NCI, 2019
DOE, 2017
2016 EIA Reference Case;
Calculated
2016 EIA Reference Case
Calculated

Low

N/A

Typical

Distributor
Websites or
Product
Catalogs

DOE, 2017

Distributor
Websites or
Product
Catalogs

Calculated

2022 RS Means

Online

Calculated
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High

ENERGY
STAR

Standard

Typical

N/A

High Typical

High Typical

High



Data Sources» Commercial Halogen Infrared Reflector Lamp (PAR38) in Recessed Can Fixture

2012 2018 2022 2023 2030 2040 2050

DATA SOURCES e ) . ENERGY : : : : : :
Stock Stock Low Typical High STAR Standard Typical High Typical High Typical High
Average Average

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage

S— Distributor
em Lumens 3
» . 2016 EIA Reference Case Websites or
System Efficacy (Im/W) Product
Ballast Efficiency (BLE) Catalogs
CRI
Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y) DOE, 2017 DOE, 2017
Pri
Lamp Price (2022%) N/A Distributor N/A
Websit
Ballast Price (20225) If s(ljestor
2016 EIA Reference Case; C;?alcl)lcs
Fixture Price (20225) Calculated 8
Lamp Cost (2022$/klm)
Calculated
System (I/b/f) Cost (2022%/klm)
Labor Cost (2022$/h)
. 2022 RS Means
Labor System Installation (hours) 2016 EIA Reference Case Online
Labor Lamp Change (hours)
Total Installed Cost (2022$)
Annual Maintenance Cost (2022$)
Calculated Calculated

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022$/klm)
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Data Sources» Commercial LED Reflector Lighting (PAR38)

DATA SOURCES Insf:‘llleerc;gSZOCk Ins:‘l}:igSZOCk Low Typical High ENERGY STAR Standard Typical High Typical High Typical High
Lamp Wattage Calculated
Lamp Lumens Model Reference Assume Unchanged
Scenario, Energy
Savings Fore cast
of Solid-State
Lighting in Distributor Websites or Product Catalogs EINEIRCW SIDAR, DOE, 2022 Model Ref S ‘0. E SavingsF £Solid-S
Lamp Efficacy (Im/W) General 2020 odel Reference Scenario, Energy Savings Forecast of Solid-State
Hlumination Lighting in General Illumination Applications (Navigant, 2019)
Applications
(Navigant, 2019)
System Wattage
System Lumens 2016 EIA
System Efficacy (Im/W) Reference Case Calculated
Ballast Efficiency (BLE)
CRI ENERGY STAR,
Model Reference 2020 Assume Unchanged
Correlated Color Temperature (CCT) Scenario, Energy N/A
Savings Fore cast
of Solid-State
Lghhnilm Distributor Websites or Product Catalogs ENERGY STAR N/A Model Reference Scenario, Energy Savings
Average Lamp Life (thousand hours) enera ’ Forecast of Solid-State Lighting in General
Illumination 2020 L N :
e Illumination Applications (Navigant, 2019)
(Navigant, 2019)
Assume Unchanged
Annual Operating Hours (h/y) DOE, 2017
Model Reference
Scenario, Energy
Savings Fore cast
alfslesizie Model Reference Scenario, Energy Savings Forecast of Solid-State
Lamp P rice (2022$) Lighting in Distributor Websites or Product Catalogs S s EDCIBY N .
Generl Lighting in General Illumination Applications (Navigant, 2019)
Illumination
Applications
(Navigant, 2019)
Ballast P rice (20225) e C. IS
allast Price Ref C
Fixture Price (2022%) clerence tase Vs e
Lamp Cost (2022$/klm) Calculated Calculated
System (I/b/f) Cost (2022$/kIm) N/A N/A
Labor Cost (2022%/h) 2016 EIA
Labor System Installation (hours) Ref 2022 RS Means Online 2022 RS Means Online
Labor Lamp Change (hours) eterence
Total Installed Cost (2022$)
Annual Maintenance Cost (2022%) Calculated Calculated

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022$/kIm)
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Data Sources» Commercial 4-ft T8 F32 Commodity in 2-Lamp System

2012 2018 2022 2030 2040 2050

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (20229$)

Ballast Price (2022$%)

Fixture Price (2022$%)

Disposal Costs (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h)

Labor System Installation (hours)
LaborLamp Change (hours)

Total Installed Cost (2022$)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022%/klm)

Installed Installed
Stock Stock
Average Average

Calculated
Assume same
as residential
T8
SSL Forecast
for 2018
2016 EIA Ref.
Case
Assume
unchanged
SSL Forecast
for 2018
2016 EIA Ref.
2016 EIA Ref. Case
Case

Low Typical

High Typical

High Typical

High Typical

Assumesame asresidential T8

Calculated

Chapter 5;Table5.8.1 of GSFL Ballast Final Rule TSD (DOE, 2020)

Assumesame as residential T8

Assumesame as residential T8

EPA, 2

162

DOE, 2017

022
Calculated

2022 RS Means Online

Calculated

Calculated

High



Data Sources» Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Stock Installed Stock Tvpical Tvpical Tvpical Tvpical
Average Average yP yp yp yPp
Lamp Wattage
Lamp Lumens 2016(];1;2 Ref: Distributor Websites
Lamp Efficacy (Im/W)
System Wattage
System Lumens Calculated
System Efficacy (Im/W)
Ballast Efficiency (BLE) Chapter 5; Table 5.8.1 of GSFL Ballast Final Rule TSD (DOE, 2020)
CRI
Correlated Color Temperature (CCT) Distributor Websites
Average Lamp Life (thousand hours) 2016 EIA Ref.
Annual Operating Hours (h/y) Case DOE, 2017
Lamp Price (2022%) Distribut
Ballast Price (2022%) Calculated \t\slel‘;)lsiltles(,)r Calculated
Fixture Price (20229$)
Disposal Costs (2022$) EPA, 2022
Lamp Cost (2022$/klm) Calculated

System (I/b/f) Cost (2022$/klm)

Labor Cost (2022%/h)

Labor System Installation (hours) 2016 EIA Ref. Case 2022 RS Means Online
Labor Lamp Change (hours)

Total Installed Cost (2022%)

Annual Maintenance Cost (20225)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/k1m)

Calculated
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Data Sources» Commercial 4-ft T5 F28 in 2-Lamp System

DATA SOURCES
Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)

System Wattage
System Lumens
System Efficacy (Im/W)
Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022%)

Ballast Price (2022$%)

Fixture Price (2022%)

Disposal Costs (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h)

Labor System Installation (hours)

LaborLamp Change (hours)
Total Installed Cost (2022$)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022%/klm)

Installed Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average
Calculated
Assume
sameas
2016CE:sAe Rl residential Assume same as residential T5
T5,2022
SSL Forecast
for 2018

Calculated

Chapter 5; Table5.8.6 of GSFL Ballast Final Rule TSD (DOE, 2020)

Assumesame as residential T5

2016 EIA Ref.
Case DOE, 2017
Sl IRprase sl Assumesame asresidential T5 Calculated
for 2018
EPA, 2022
Calculated
2016 EIA Ref, 20 10 FIA Ref 2022 RS Means Online
Case
Case
Calculated
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Data Sources» Commercial 4-ft Linear LED Replacement Lamp in 2-Lamp System

DATA SOURCES

Lamp Wattage

Lamp Lumens
Lamp Efficacy (Im/W)

System Wattage
System Lumens
System Efficacy (Im/W)
Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (20229)

Ballast Price (2022$%)

Fixture Price (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%/h)

Labor System Installation (hours)
LaborLamp Change (hours)
Total Installed Cost (2022$)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)

Annual Maintenance Cost (2022%$/klm)

Installed Installed
Stock Stock
Average Average

2012 2018 2022 2030 2040 2050
Low Typical High Typical High Typical High Typical High
Calculated

LED

Webscrape
Database

2016 EIA Ref.

Case LED

Webscrape
Database

Assume
unchanged

Assumesame as 2022 Typical and High
Model Reference Scenario, Energy Savings Forecast of
Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

Distributor websites

Calculated Calculated

N/A N/A

Distributor websites

DOE, 2017
Model, Energy Savings Forecast of Solid-State Lighting

Distributor Websites in General lllumination Applications (Navigant, 2019)
N/A N/A
Calculated
2022 RS Means Online
Calculated
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Data Sources» Commercial 4-ft Linear LED Luminaire to Replace 2-Lamp Systems

DATA SOURCES
Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency (BLE)
CRI

Correlated Color Temperature (CCT)
Average Lifetime (thousand hours)
Annual Operating Hours (h/y)

Lamp or Luminaire Price (2022%)

Ballast Price (2022$%)

Fixture Price (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%/h)

Labor System Installation (hours)

Labor Lamp Change (hours)

Total Installed Cost (2022%)

Annual Maintenance Cost (20229%)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022%/klm)

2012 2018 2022 2030 2040 2050

Installed

Stock AverageStock Average

2016 EIA Ref.
Case

Installed

LED

Webscrape
Database

LED

Webscrape
Database

Assume
unchanged

Low Typical High Typical High Typical High Typical High
N/A N/A
Calculated
Assumesame as 2022 Typical and High
Distributor websites Model Reference Scenario, Energy Savings Forecast of Solid-
StateLightingin General lllumination Applications
(Navigant,2019)
N/A N/A
Distributor websites
DOE, 2017

Distributor Websites Model, Energy Savings Forecast of Solid-State Lighting in

General lllumination Applications (Navigant,2019)

N/A

Calculated

2022 RS Means Online

Calculated
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Data Sources» Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System with
Occupancy Sensor

2012 2018 2022 2030 2040 2050

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022%)

Ballast Price (2022%)
Fixture Price (2022%)

Occupancy Sensor Price (2022$)
Disposal Costs (2022$)
Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022%/klm)

Labor Cost (2022%/h)

Labor System Installation (hours)
LaborLamp Change (hours)

Total Installed Cost (2022%)

Annual Maintenance Cost (2022%)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022%/klm)

Installed Stock  Installed Stock

Average Average Typical Typical Typical Typical

Distributor W ebsites

Calculated

Chapter 5;Table5.8.1 of GSFL Ballast Final Rule TSD (DOE, 2020)
2016 EIA Ref. Case

Distributor W ebsites
DOE, 2017
Distributor
Calculated Websites Calculated
N/A
Calculated Distributor Calculated
N/A Websites Distributor Websites
EPA, 2022
Calculated
LSRN 2022 RS Means Online
2016 EIA Ref. Case ~ unchanged

Calculated
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Data Sources» Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System with

Specular Reflector

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Stock Installed Stock

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (20229$)

Ballast Price (2022$%)

Fixture Price (2022%)

Reflector Price (2022%)

Disposal Costs (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%/h)

Labor System Installation (hours)
LaborLamp Change (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (2022%)
Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%/klm)

Average Average

2016 EIA Ref.
Case

Calculated

Calculated
N/A

Assume
2016 EIA Ref. unchanged
Case
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Typical Typical Typical Typical

Distributor Websites

Calculated

Chapter 5; Table5.8.1 of GSFL Ballast Final Rule TSD (DOE, 2020)

Distributor W ebsites

DOE, 2017

Distributor

Websites Calculated

N/A
Distributor Calculated
Websites Distributor Websites
EPA, 2022

Calculated

2022 RS Means Online

Calculated



Data Sources» Commercial 4-ft T8 F28 High-efficiency and High-output in 2-Lamp System with

Occupancy Sensor and Specular Reflector

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Stock Installed Stock Tvpical Tvpical Tvpical Tvpical
Average Average yp yp yp yp
Lamp Wattage Sl Distributor Distributor Distributor Distributor
Lamp Lumens Distributor Websites Websites Websites Websites
Lamp Efficacy (Im/W) Websites
System Wattage
System Lumens Calculated
System Efficacy (Im/W)
Ballast Efficiency (BLE) Chapter 5;Table5.8.1 of GSFL Ballast Final Rule TSD (DOE, 2020)
CRI 2016 EIA Ref.
Correlated Color Temperature (CCT) Case Distributor Websites
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y) DOE, 2017
Lamp Price (20229)
Ballast Price (20229) Calculated Calculated Calculated Calculated
Fixture Price (2022%) Distributor
- Websites
Reflector Price (20223) N/A Distributor Websites
Occupancy Sensor Price (2022%)
Disposal Costs (2022%) EPA, 2022
Lamp Cost (2022$/klm)
System (Ub/f) Cost (2022$/kIm) Calculated
Labor Cost (2022%/h) Assume
Labor System Installation (hours) 2016 EIA Ref. e 2022 RS Means Online
LaborLamp Change (hours) Case
Total Installed Cost (2022$)
Annual Maintenance Cost (2022%)
Calculated

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%/klm)
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Data Sources» Commercial 8-ft T8 F59 Typical Efficiency in a 2-Lamp System

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed StockInstalled Stock . . . . . . . -
J—— J—— Low Typical High  Typical High Typical High Typical High
Lamp Wattage —_ .
Lamp Lumens Calculated Distributor Websites Assumesame as 2022
Lamp Efficacy (Im/W)
System Wattage 2016 EIA Ref.
System Lumens Case Calculated Calculated Calculated
System Efficacy (Im/W)
Ballast Efficiency (BLE) Assume Chapter 5; Table5.8.1 of GSFL Ballast Final Rule TSD (DOE, 2020)
unchanged
CRI
Correlated Color Temperature (CCT) Distributor Websites Assumesame as 2022
Average Lamp Life (thousand hours) 2016 EIA Ref.
Annual Operating Hours (h/y) Case DOE, 2017
Lamp Price (20229$)
Ballast Price (2022$) Calculated Distributor Websites Calculated
Fixture Price (2022$%)
Disposal Costs (2022%) EPA, 2022
Lamp Cost (2022%/klm) 2016 EIA Ref Calculated
System (I/b/f) Cost (2022$/klm) -
ass Assume
Labor Cost (2022$/h)
unchanged
Chapter 8;Table8.2.4 of GSFL 2022 RSMeans Online
Labor System Installation (hours) IRL Preliminary Analysis TSD
(DOE, 2013)
Labor Lamp Change (hours) Chapter 8;Table8.2.4 of GSFL IRL Preliminary Analysis TSD (DOE, 2013)
Total Installed Cost (2022$)
Annual Maintenance Cost (2022$) 2016(:]:;];6; B Calculated

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%$/klm)
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Data Sources» Commercial 8-ft T8 F96 High-Output in a 2-Lamp System

DATA SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)
Ballast Efficiency (BLE)

CRI

Correlated Color Temperature (CCT)
Average Lamp Life (thousand hours)
Annual Operating Hours (h/y)

Lamp Price (2022%)

Ballast Price (20229%)

Fixture Price (2022%)

Disposal Costs (20225)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022%/klm)

Labor Cost (2022%/h)

Labor System Installation (hours)

LaborLamp Change (hours)
Total Installed Cost (2022%)
Annual Maintenance Cost (20229%)
Total Installed Cost (2022%/klm)

Annual Maintenance Cost (2022%/klm)

2012 2018 2022 2030 2040
Installed Installed
Stock Stock Low Typical High Typical High Typical High Typical High
Average Average
Assume same .. .
a5 2022 typical Distributor Websites Assumesame as 2022
Calculated
2016 EIA Ref. Chapter 5; Table5.3.26 GSFL IRL Final Rule TSD (DOE, 2014)
Case
Distributor Websites
DOE, 2017
Calculated Distributor Websites Calculated
EPA, 2022
2016 EIA Ref. Calculated Calculated
Case 2016 EIA Ref.
Case
Chapter 8; Table8.2.4 of 2022 RS Means Online

GSFL IRL Preliminary
Analysis TSD (DOE, 2013)

Chapter 8; Table8.2.4 of GSFL IRL Preliminary Analysis TSD(DOE, 2013)

2016 EIA Ref.

Calculated Calculated
Case
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Data Sources» Commercial 8-ft Linear LED Replacement Lamp for a2 Lamp System

2012 2018 2022 2030 2040
DATA SOURCES Installed Stock Installed Stock . . . . . . . .
- S —— Low Typical High  Typical High  Typical High  Typical High
Lamp Wattage —_— . Calculated
Distributor W ebsit
Lamp Lumens 2016 EIA Ref. SHHDULOT YV ebsites Assumesame as 2022 Typical and High
Case,'2015 Model Reference Scenario, Energy Savings Forecast of Solid-
Lamp Efficacy (Im/W) typical StateLightingin General lllumination Applications (Navigant,
2019)
Calculated
System Wattage aeriate
System Lumens Calculated Calculated
System Efficacy (Im/W)
Ballast Efficiency (BLE) N/A
CRI 2016 EIA Ref.
Correlated Color Temperature (CCT) Case, 2015 Distributor Websites Assumesame as 2022
Average Lamp Life (thousand hours) typical
Annual Operating Hours (h/y) N/A DOE, 2017
Lamp Price (2022%) Distributor Websites Calculated
Ballast Price (2022$) 2016 EIA Ref. N/A
Fixture Price (2022$) Case, 2015
Lamp Cost (2022$/klm) typical el
alculate
System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h) 20165123 Ref. 2022 RS Means Online
Labor System Installation (hours) N/A

Labor Lamp Change (hours)

Total Installed Cost (2022%)

Annual Maintenance Cost (2022$)
Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022$/klm)

Chapter 8; Table8.2.4 of GSFL IRL Preliminary Analysis TSD(DOE, 2013)

Calculated Calculated
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Data Sources» Commercial 8-ft Linear LED Luminaire Replacement for a 2-Lamp System

DATA SOURCES Installed Installed . . . . . . . .
e A e ol A Low Typical High Typical High Typical High Typical High
Lamp Wattage
Lamp Lumens N/A
Lamp Efficacy (Im/W)
System Wattage Calculated
System Lumens 2016 EIA Ref. Assumesame as 2022 Typical and High
Case, 2015 Distributor Websites Model Reference Scenario, Energy Savings Forecast of
System Efficacy (Im/W) typical Solid-State Lighting in General lllumination Applications
(Navigant,2019)
Ballast Efficiency (BLE) N/A
CRI 2016 EIA Ref.
Case, 2015 Distributor Websit
Correlated Color Temperature (CCT) i}SI;ical SHHDUEOT THEDSTES
Average Lifetime (thousand hours)
Annual Operating Hours (h/y) N/A DOE, 2017
Lamp or Luminaire Price (20225) Distributor Websites
Ballast Price (20229) 2OTOELA et
Fixture Price (2022$) typ’ical N/A
Lamp Cost (2022$/klm)
System (I/b/f) Cost (2022$/klm) Calculated
Labor Cost (2022$/h) 2016 EIA Ref. .
Labor System Installation (hours) Case 2022 RSMeans Online
Labor Lamp Change (hours) N/A
Total Installed Cost (2022%)
Annual Maintenance Cost (2022$) 2016CE§;A; Ref Calculated

Total Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%$/klm)
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Data Sources» Commercial Mercury Vapor Low-bay

DAT A SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency

CRI
Correlated Color T emperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)
Lamp Price (2022%)

Ballast Price (2022$)

Fixture Price (2022%)

Disposal Cost (2022$)
Lamp Cost (2022$/klm)
System (I/b/f) Cost (2022$/klm)

Labor Cost (2022$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022$)

Annual Maintenance Cost (2022%)

T otal Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 2030 2040 2050

Installed Stock Average

2016 EIA Reference Case

Installed Stock Average

Assume Unchanged

DOE, 2017

2016 EIA Reference Case; Calculated

EPA, 2022
Calculated

2016 EIA Reference Case

Calculated
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Typical

Distributor Websites or
ProductCatalogs

Chapter5; Table 5.7.24 of
HID Final De termination
TSD (DOE, 2015)

Distributor Websites or
Product Catalogs

Chapter 3; Section3.4.2 of
HID Final De te rmination
TSD (DOE, 2015)

Distributor Websites or
ProductCatalogs

Chapter 7 & Appendix 6A;

Table 6A.3.4 of HID Final

Determination TSD (DOE,
2015), Calculated

Chapter9; Section9.2.2.1 of
HID Final De te rmination
TSD (DOE, 2015)

2022 RS Means Online

Calculated

Typical

Typical

N/A

Typical



Data Sources» Commercial Metal Halide Low-bay

DATA SOURCES Installed Stock Average  Installed Stock Average Typical Typical Typical Typical
Lamp Wattage Assume Unchanged Calculated
t:rmng Iélflfr:;ea:; (Am/W) Distributor Websites or Product Catalogs; Calculated LsEmellhchane=d
System Wattage Distributor W ebsites or . . - -
ProductCatalogs Model, Energy Savings Fore cast of Solid-State Lighting in General lllumination
System Lumens Applications (Navigant, 2019)
System Efficacy (Im/W)
Chapter 5; Table 5.7.24 of
Ballast Efficiency 2016 EIA Reference Case Assume Unchanged HID Final Dete rmination
TSD (DOE, 2015) Assume Unchanged
CRI Distributor W ebsites or
Correlated Color T emperature (CCT) ProductCatalogs
Chapter 3; Section3.4.2 of
Average Lamp Life (thousand hours) HID Final De termination
TSD (DOE, 2015)
Annual Operating Hours (h/y) DOE, 2017 DOE, 2017
Lamp Price (20225) Distributor W ebsites or Product Catalogs ; Calculated
Distributor Websites or . . NP s
Ballast Price (20225) Product Catalogs Model, Energy Savings Fore c.ast gf Sohd-Sté te Lightingin General lllumination
Applications (Navigant, 2019)
2016 EIA Reference Case; Calculated Chapter 7 & Appendix 6A;
. : Table 6A.3.4 of HID Final
IO UA2L) De termination TSD (DOE,
2015), Calculated
Disposal Cost (2022$) EPA, 2022
Lamp Cost (20224/klm) 2016 EIA Reference Case; Calculated Calculated
System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%/h) Chapter 9; Section9.2.2.1 of HID Final De termination TSD (DOE, 2015)

2016 EIA Reference Case

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022%)

Annual Maintenance Cost (2022$)

T otal Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%$/klm)

2022 RS Means Online

Calculated
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Data Sources» Commercial Sodium Vapor Low-bay

D OLECES Installed Stock Average Installed Stock Average Typical Typical Typical Typical
Lamp Wattage Calculated
Lamp Lumens Assume Unchanged
Lamp Efficacy (Im/W) Distributor Websites or
System Wattage Product Catalogs Model, Energy Savings Fore cast of Solid-State Lighting in General Illumination Applications
System Lumens (Navigant, 2019)
System Efficacy (Im/W)
Chapter 5; Table 5.7.24 of HID
Ballast Efficiency Final Determination TSD
2016 EIA Reference Case Assume Unchanged (DOE, 2015)
Assume Unchanged
CRI S .
Distributor Websites or
Correlated Color Temperature (CCT) Product Catalogs
Chapter 3; Section 3.4.2 of HID
Average Lamp Life (thousand hours) Final Determination TSD
(DOE, 2015)
Annual Operating Hours (h/y) DOE, 2017 DOE, 2017
Lamp Price (2022$) Distributor Websites or
Product Catalogs Model, Energy Savings Forecast of Solid-State Lighting in General Illumination Applications
Ballast P rice (20225) (Navigant, 2019)
2016 EIA Reference Case; Calculated
Chapter 7 & Appendix6A;
q q Table 6A.3.4 of HID Final
G I a) Determination TSD (DOE,
2015), Calculated
Disposal Cost (2022%) EPA, 2022
Lamp Cost (2022$/klm) 2016 EIA Reference Case; Calculated Calculated Model, Energy Savings Forecast of Solid-State Lighting in General Illumination Applications
(Navigant, 2019)
System (1/b/f) Cost (2022$/kIm)
Labor Cost (2022$/h) Chapter 9; Section 9.2.2.1 of HID Final Determination TSD (DOE, 2015)

2016 EIA Reference Case

Labor System Installation (hours)
Labor Lamp Change (hours)

Total Installed Cost (2022%)

Annual Maintenance Cost (2022$)
Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/kIm)

2022 RS Means Online

Calculated
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Data Sources» Commercial LED Low-bay Luminaire

DAT A SOURCES
Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)

System Wattage
System Lumens

System Efficacy (Im/W)

Ballast Efficiency
CRI
Correlated Color T emperature (CCT)

Average Lifetime (thousand hours)

Annual Operating Hours (h/y)

Lamp or Luminaire Price (2022$)

Ballast Price (2022$)

Fixture Price (2022%)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022%$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022%)
Annual Maintenance Cost (2022$)
T otal Installed Cost (2022%/klm)
Annual Maintenance Cost (2022%$/klm)

plvi 2018 2022 2030 2040 2050

Installed Stock  Installed Stock
Average Average

Model, Energy
Savings Fore cast of
Solid-State
Lighting in General
Nlumination
Applications
(Navigant, 2019)
N/A

Model, Energy
Savings Fore cast of
Solid-State
Lighting in General
Mumination
Applications
(Navigant, 2019)

DOE, 2017

Model, Energy
Savings Fore cast of
Solid-State
Lighting in General
Tlumination
Applications

2016 EIA Reference (Navigant, 2019)
Case

2016 EIA Reference
Case

N/A

Calculated

2016 EIA Reference
Case

Calculated

Low Typical High
N/A
Distributor W ebsites or Product
Catalogs
N/A
Distributor W ebsites or Product
Catalogs
N/A

Distributor W ebsites or Product
Catalogs

Calculated

2022 RS Means Online

Typical High Typical High T ypical High

Model, Energy Savings Fore cast of Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

N/A

Assume Unchanged

Model, Energy Savings Fore cast of Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

DOE, 2017

Model, Energy Savings Fore cast of Solid-State Lightingin General llumination
Applications (Navigant, 2019)

N/A

Model, Energy Savings Fore cast of Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

Calculated
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Data Sources» Commercial Mercury Vapor High-Bay

DAT A SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency

CRI
Correlated Color T emperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)
Lamp Price (2022$)

Ballast Price (2022$)

Fixture Price (2022%)

Disposal Cost (2022$)
Lamp Cost (2022$/klm)
System (I/b/f) Cost (2022$/klm)

Labor Cost (2022%$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022$)

Annual Maintenance Cost (2022$)

T otal Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 2030 pY 2050
Installed Stock Average Installed Stock Average Typical Typical Typical Typical

Distributor W ebsites or
Product Catalogs

Chapter 5; Table 5.7.24 of

HID Final De termination
2016 EIA Reference Case ~ Assume Unchanged TSD (DOE, 2015)

Distributor Websites or
Product Catalogs

Chapter 3; Section3.4.2 of
HID Final De termination
TSD (DOE, 2015)

DOE, 2017 DOE, 2017

Distributor Websites or
Product Catalogs N/A

2016 EIA Reference Case; Calculated Chapter 7 & Appendix 6A;
Table 6A.3.4 of HID Final
Determination TSD (DOE,

2015), Calculated

EPA, 2022
2016 EIA Reference Case; Calculated Calculated

Chapter9; Section9.2.2.1
of HID Final
Determination TSD (DOE,

2016 EIA Reference Case 2015)

2022 RS Means Online
Calculated Calculated
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Data Sources» Commercial Metal Halide High-Bay

DAT A SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage

System Lumens
System Efficacy (Im/W)

Ballast Efficiency

CRI
Correlated Color T emperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)
Lamp Price (2022%)

Ballast Price (2022$)

Fixture Price (2022%)

Disposal Cost (2022%)
Lamp Cost (2022$/klm)
System (I/b/f) Cost (2022$/klm)

Labor Cost (2022%/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022$)

Annual Maintenance Cost (2022$)

T otal Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 2030 2040 2050

Installed Stock Average Installed Stock Average
Assume Unchanged

2016 EIA Reference Case;
Calculated

2016 EIA Reference Case

Assume Unchanged

DOE, 2017

2016 EIA Reference Case; Calculated

2016 EIA Reference Case; Calculated

2016 EIA Reference Case
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Typical

Distributor W ebsites or
Product Catalogs

Chapter 5; Table 5.7.24 of
HID Final De termination
TSD (DOE, 2015)

Distributor W ebsites or
Product Catalogs

Chapter 3; Section3.4.2 of
HID Final De termination
TSD (DOE, 2015)

DOE, 2017

Distributor W ebsites or
Product Catalogs

Chapter 7 & Appendix 6A;

Table 6A.3.4 of HID Final

Determination TSD (DOE,
2015), Calculated

Typical Typical Typical
Calculated

Assume Unchanged

Model, Energy Savings Fore cast of Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

Assume Unchanged

Model, Energy Savings Fore cast of Solid-State Lighting in General lllumination
Applications (Navigant, 2019)

EPA, 2022

Calculated

Chapter9; Section9.2.2.1 of

HID Final De te rmination
TSD (DOE, 2015)

Model, Energy Savings Forecast of Solid-State Lighting in General Illumination
Applications (Navigant, 2019)

2022 RS Means Online

Calculated



Data Sources» Commercial Sodium Vapor High-Bay

DAT A SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency

CRI
Correlated Color T emperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)
Lamp Price (20229)

Ballast Price (2022%)

Fixture Price (2022%)

Disposal Cost (2022%)
Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022$)

Annual Maintenance Cost (2022$)

T otal Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 2030 2040 2050
Typical Typical

Installed Stock Average

2016 EIA Reference Case

Installed Stock Average

Assume Unchanged

DOE, 2017

2016 EIA Reference Case; Calculated

2016 EIA Reference Case; Calculated

2016 EIA Reference Case
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Typical

Distributor Websites or
Product Catalogs

Chapter 5; Table 5.7.24 of
HID Final De te rmination
TSD (DOE, 2015)

Distributor W ebsites or
Product Catalogs

Chapter 3; Section3.4.2 of
HID Final De termination
TSD (DOE, 2015)

DOE, 2017

Distributor Websites or
Product Catalogs

Chapter 7 & Appendix 6A;

Table 6A.3.4 of HID Final

Determination TSD (DOE,
2015), Calculated

EPA, 2022

Calculated

Chapter9; Section9.2.2.1 of HID Final De termination TSD (DOE, 2015)

Calculated

Calculated
Assume Unchanged

Applications (Navigant, 2019)

Assume Unchanged

Applications (Navigant, 2019)

Applications (Navigant, 2019)

2022 RS Means Online

Typical

Model, Energy Savings Fore cast of Solid-State Lightingin General lllumination

Model, Energy Savings Fore cast of Solid-State Lightingin General lllumination

Model, Energy Savings Fore cast of Solid-State Lightingin General lllumination



Data Sources» Commercial T5 4xF54 HO High-bay

DATA SOURCES

Lamp Wattage
Lamp Lumens
Lamp Efficacy (Im/W)
System Wattage
System Lumens
System Efficacy (Im/W)

Ballast Efficiency (BLE)

CRI
Correlated Color Temperature (CCT)

Average Lamp Life (thousand hours)

Annual Operating Hours (h/y)
Lamp Price (2022$)
Ballast P rice (2022%)

Fixture Price (2022$)

Disposal Cost (20225)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)
Total Installed Cost (2022$)

Annual Maintenance Cost (2022$)

Total Installed Cost (2022$/klm)
Annual Maintenance Cost (2022%/kIm)

2012 2018 2022 2030 2040 2050

Installed Stock Average Installed Stock Average Typical High Typical High Typical High Typical High

Calculated

Assume Unchanged

Distributor Websites or Product Catalogs

Model, Energy Savings Forecast of Solid-State Lighting in General Illumination Applications
(Navigant, 2019)

2016 EIA Reference Case  Assume Unchanged
GSFL Ballast Final Rule TSD (DOE, 2020)

Assume Unchanged
Distributor Websites or Product Catalogs
Distributor Websites or Product Catalogs

DOE, 2017 DOE, 2017

Distributor Websites or Product Catalogs Model, Energy Savings Forecast of Solid-State Lighting in General Illumination Applications
(Navigant, 2019)

2016 EIA Reference Case; Calculated Chapter 7 & Appendix 6A; Table 6A3.4 of

HID Final Determination TSD (DOE,
2015), Calculated

EPA, 2022

2016 EIA Reference Case; Calculated Calculated
Model, Energy Savings Forecast of Solid-State Lighting in General Illumination Applications
(Navigant, 2019)

2016 EIA Reference Case 2022 RS Means Online

Calculated
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Data Sources» Commercial LED High-bay Luminaire

DAT A SOURCES

Lamp Wattage

Lamp Lumens

Lamp Efficacy (Im/W)
System Wattage
System Lumens

System Efficacy (Im/W)

Ballast Efficiency
CRI
Correlated Color T emperature (CCT)

Average Lifetime (thousand hours)

Annual Operating Hours (h/y)

Lamp or Luminaire Price (2022$)

Ballast Price (2022%)

Fixture Price (2022%$)

Lamp Cost (2022$/klm)

System (I/b/f) Cost (2022$/klm)
Labor Cost (2022$/h)

Labor System Installation (hours)
Labor Lamp Change (hours)

T otal Installed Cost (2022$)
Annual Maintenance Cost (2022%$)
T otal Installed Cost (2022$/klm)
Annual Maintenance Cost (2022$/klm)

2012 2018 2022 2030 2040
Installed Stock Installed Stock ] ] ] ] c : c :
Average Average Low Typical High Typical High Typical High Typical High
N/A
Model, Energy

Savings Fore cast of
Solid-State Lighting in
General [llumination

Applications
(Navigant, 2019)
2016 EIA Reference N/A
Case
Model, Energy

Savings Forecast of
Solid-State Lighting in
General [llumination
Applications
(Navigant, 2019)

DOE, 2017

Model, Energy
Savings Fore cast of
Solid-State Lighting in
General [llumination
Applications
(Navigant, 2019)
2016 EIA Reference
Case
N/A

Calculated

2016 EIA Reference
Case

Calculated

Distributor Websites or Product Model, Energy Savings Fore cast of Solid-State Lighting in General lllumina tion
Catalogs Applications (Navigant, 2019)

N/A

Assume Unchanged

Distributor W ebsites or Product

Catalogs Model, Energy Savings Fore cast of Solid-State Lighting in General lllumina tion
Applications (Navigant, 2019)

DOE, 2017
N/A
Distributor Websites or Product Model, Energy Savings Fore cast of Solid-State Lighting in General lllumination
Catalogs Applications (Navigant, 2019)
N/A
Calculated

Model, Energy Savings Fore cast of Solid-State Lightingin General lllumination

2022 RS Means Online Applications (Navigant, 2019)

Calculated
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Refrigeration
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Data Sources» Commercial Compressor Rack Systems

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Installed ENERGY
Stock Stock Low Typical High STAR Typical High Typical High Typical High
Average Average

Total Capacity (kBtu/h) ADL, 1996 DOE, 2014:CRE Report/ Guidehouse Analysis 2022

Food
. c 2 Marketing

Median Store Size (ft°) Institute CBECS 2018
(FMI), 2012

PowerInput (kW) gg (1)9 8e land, DOE, 2014:CRE Report/ Guidehouse Analysis 2022
ADL, 1996/

Annual Energy Use (MMWh/y) ilr(glysis DOE, 2014:CRE Report / Guidehouse Analysis 2022
2015

Indexed Annual Efficiency Calculated

Average Life (years) e DOE, 2014:CRE Report/ Guidehouse Analysis 2022
Warren, 2008 ! ;
NCI, 2009/

Total Installed Cost (20225) ir(l:a{lysis DOE, 2014:CRE Report/ Guidehouse Analysis 2022
2012

Total Installed Cost

(2022$/kBtu/h) Calculated
ADL, 1996/

Annual Maintenance Cost NCI . .

(20228) Analysis, DOE, 2014:CRE Report/ Guidehouse Analysis 2022
2008

Annual Maintenance Cost

(2022%/kBtu/h) Calculated
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Data Sources» Commercial Condensers

Installed
DATA SOURCES Installed Stock . . ENERGY . . . . . .
Average AStock Low Typical High STAR Typical High Typical High Typical High
verage
NCI Analysis,
Total Capacity (kBtu/h) 2008 /Heatcraft, DOE, 2014: CREReport/Guidehouse Analysis2022
2008 /ADL, 1996
Food Marketing
Median Store Size (ft’) Institute (FMI), CBECS 2018
2012
NCI Analysis,
Power Input (kW) 2008 /Heatcraft, DOE, 2014: CREReport/Guidehouse Analysis 2022
2008 /ADL, 1996
Annual Energy Use NCI Analysis, . . .
(MMWh/y) 2008/ ADL, 1996 DOE, 2014: CREReport/Guidehouse Analysis 2022
Indexed Annual Efficiency Calculated

ADL, 1996 /NCI

AverageLife (years) Analysis, 2008 DOE, 2014: CREReport/Guidehouse Analysis 2022
NCI Analysis,
2008 /Heatcratft, . . .
Total Installed Cost (2022%) 2008 /RS Means, DOE, 2014: CREReport/Guidehouse Analysis2022
2007
TotalInstalled Cost
(2022$/KBtu/h) Calculated
Annual Maintenance Cost NCI Analysis, . . .
20229) 2008 DOE, 2014: CREReport/Guidehouse Analysis2022
Annual Maintenance Cost Calculated
(2022$/kBtu/h)
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Data Sources» Commercial Supermarket Display Cases

2012 2018 2022 2030 2040
Installed
DATA SOURCES Installed Stock . ENERGY . . . . . . .
Average ASto ck Typical STAR High Typical High Typical High Typical High
verage
. . DOE, 2007 /NCI ) . .
Cooling Capacity (Btu/h) Analysis, 2008 DOE, 2014: CREReport/Guidehouse Analysis2022
Food Marketing
Median Store Size (f)  Institute (FMI), CBECS 2018
2012
Case Length (ft) DOE, 2016: CREReport/Guidehouse Analysis2022
Annual Energy Use DOE, 2007 /NCI . . .
(kWh/y)? Analysis, 2008 DOE, 2014: CREReport/Guidehouse Analysis2022
Annual Energy Use / Case
Length (kWh/ft) Calculated
Ind.ef(ed A3n nual Calculated
Efficiency
AverageLife (years) D012, 2007 INE DOE, 2016: CREReport/Guidehouse Analysis2022

Analysis, 2008

Retail EquipmentCost  DOE, 2007 /NCI

DOE, 2014: CREReport/Guidehouse Analysis2022/ The Restaurant Store

(20229) Analysis, 2008

TotalInstalled Cost DOE, 2007 /NCI ) . .
(20229) Analysis, 2008 DOE, 2014: CREReport/Guidehouse Analysis 2022
TotalInstalled Cost

(2022%/kBtu/h) Calculated

Annual Maintenance CostDOE, 2007 /NCI ) . .
20229)* Analysis, 2008 DOE, 2014: CREReport/Guidehouse Analysis2022

Annual Maintenance Cost
(2022%/kBtu/h)

Calculated
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Data Sources» Commercial Reach-In Refrigerators

DATA SOURCES

Cooling Capacity (Btu/h)

Size (ft})

Annual Energy Use
(kWh/y)

Annual Energy Use /
Volume (kWh/y/ft})

Indexed Annual
Efficiency
AveragelLife (years)
Retail Equipment Cost
(20229%)

Total Installed Cost
(20229)

TotalInstalled Cost
(2022%/kBtu/h)

Annual Maintenance
Cost(2022$)

Annual Maintenance
Cost (2022%/kBtu/h)
Annual Maintenance
Cost (2022$%/kBtu/h)

2012 2018 2022 2030 2040 2050
Installed
Installed Stock . . ENERGY . . . . : .
Average Aiteor (;l;e Low Typical High STAR Typical High Typical High  Typical High

ADL, 1996 /NCI
Analysis, 2008

ADL, 1996/
Distributor Web
Sites

ADL, 1996 /NCI
Analysis, 2008

NCI Analysis,
2012

ACEEE, 2002

ADL, 1996/
Distributor Web
Sites /NCI
Analysis, 2008

Distributor Web
Sites /NCI
Analysis, 2008

NCI Analysis,
2008

DOE, 2014: CREReport

DOE, 2014: CREReport

DOE, 2014: CREReport/Guidehouse Analysis2022/ENERGY STAR 2022

Calculated

Calculated
Calculated
DOE, 2014: CRETSD

DOE, 2014: CREReport/Guidehouse Analysis2022/ENERGY STAR 2022 / The Restaurant Store

DOE, 2014: CREReport/Guidehouse Analysis2022

Calculated
DOE, 2014: CREReport/Guidehouse Analysis2022

Calculated
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Data Sources» Commercial Reach-In Freezers

2012 2018 2022 2030 2040 2050
Installed
DATA SOURCES Installed Stock . . ENERGY . . . . . .
Average ASto ck Low Typical High STAR Typical High Typical High Typical High
verage
Cooling Capacity  ADL, 1996 /NCI .
(Btu/h) Analysis, 2008 DOE, 2016: CREReport
ADL, 1996/
Size (ft)) Distributor Web DOE, 2016: CREReport
Sites
Annual Energy Use ADL, 1996 /NCI : . .
(kWh/y) Analysis, 2008 DOE, 2016: CREReport/Guidehouse Analysis2022
Annual Energy Use/ NCI Analysis,
Volume (KWh/y/£€) 2012 ColatEles
Ind.efced Annual Calculated
Efficiency
AveragelLife (years) ACEEE, 2002 DOE, 2016: CREReport/Guidehouse Analysis2022
ADL, 1996/
RetailEquipment  Distributor Web . . .
Cost (2022$) Sites /NCI DOE, 2016: CREReport/Guidehouse Analysis2022/ENERGY STAR 2022 / The Restaurant Store
Analysis, 2008
Distributor Web
TotalInstalled Cost o;; . /Ny DOE, 2016: CREReport/Guidehouse Analysis 2022
(20229) )
Analysis, 2008
TotalInstalled Cost
(2022$/kBtu/h) Calculated
Annual MaintenanceNCI Analysis, ) . .
Cost (20229$) 2008 DOE, 2016: CREReport/Guidehouse Analysis 2022
Annual Maintenance
Cost (20228/kBtu/h) Caleulated
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Data Sources» Commercial Walk-In Refrigerators

2012 2018 2022 2030 2040
Installed
RS CE S Rt S o Stock Low Typical High EANERCH Typical High Typical High Typical High
Average A STAR
verage
g’tﬁ}ﬁ;g Capacity DOE CRE Report 2016/ CCMS 2022 / Guidehouse Analysis 2022
Size (ft) DOE 2014 WICF TSD/ Guidehouse Analysis 2022
A 1E U ADL, 1996/
manal ENergy US€  pG&E, 2004 /NCI DOE CRE Report 2016/ Guidehouse Analysis 2022
(kWh/y) :
Analysis, 2008
Annual Energy Use /
Area (KWh/£]y) Calculated
Indexed Annual Calculated
Efficiency
Insulated Box ADL, 1996/ . .
AverageLife (years) PG&E, 2004 DOE CRE Report 2016/ Guidehouse Analysis 2022
Compressor Average ADL, 1996 / . .
Life (years) PG&E, 2004 DOE CRE Report 2016/ Guidehouse Analysis 2022
ADL, 1996/
Retail Equipment  Distributor Web . .
Cost (20229) Sites /NCI DOE CRE Report 2016/ W ebstaurant 2022 / Guidehouse Analysis 2022
Analysis, 2008
ADL, 1996/
TotalInstalled Cost Distributor Web . .
(20229) Sites /NCI DOE CRE Report 2016/ W ebstaurant 2022 / Guidehouse Analysis 2023
Analysis, 2008
Total Installed Cost
(2022$/kBtu/h) Calculated
Annual Maintenance DL, 10966 AL,
2005 /NCI DOE CRE Report 2016/ Guidehouse Analysis 2022
Cost(20229%) )
Analysis, 2008
Annual Maintenance
Cost (20228/kBtu/h) Callouliizd!
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Data Sources» Commercial Walk-In Freezers

Installed
DATA SOURCES Installed Stock . . ENERGY . . . . . .
Average ASto ck Low Typical High STAR Typical High Typical High Typical High
verage
Cooling Capacity ADL, 1996 /NCI . .
(Btu/h) Analysis, 2008 DOE CRE Report 2016/ CCMS 2022 / Guidehouse Analysis 2022
. ADL, 1996 /NCI . .
Size (ft)) Analysis, 2008 Guidehouse Analysis2022
ADL, 1996/
AnnualEnergyUse PG&E, 2004/ .
(kWh/y) NCI Analysis, Guidehouse CREReport2016
2008
Annual Energy Use /
Area (KWh/£ty) Calculated
Indexed Annual Calculated
Efficiency
Insulated Box Average ADL, 1996 / . .
Life (years) PG&E, 2004 DOE CRE Report 2016/ Guidehouse Analysis 2022
Compressor Average ADL, 1996/ . .
Life (years) PG&E, 2004 DOE CRE Report 2016/ Guidehouse Analysis 2022
ADL, 1996/
Retail Equipment CostDistributor Web . .
20229) Sites /NCI DOE CRE Report 2016/ Webstaurant 2022 / Guidehouse Analysis 2022
Analysis, 2008
ADL, 1996/
TotalInstalled Cost Distributor Web . .
20229) Sites /NCI DOE CRE Report 2016/ W ebstaurant 2022 / Guidehouse Analysis 2023
Analysis, 2008
Total Installed Cost Calculated
(2022%/kBtu/h)
Annual Maintenance . .
Cost (2022$) DOE CRE Report 2016/ Guidehouse Analysis 2022
Annual Maintenance Calculated
Cost (2022%/kBtu/h)
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Data Sources» Commercial Ice Machines

Installed
DATA SOURCES Installed Stock . . ENERGY . . . . . .
Average Stock Low Typical High STAR Typical High Typical High Typical High
Average
Quiput(pounds[lbslper ADL, 1996/ MCI DOE, 2022: ACIMTSD / Guidehouse Analysis, 2022/ CCMS Database 2022
ay) Analysis, 2008
Water Use per Hundred I D)
Distributor Web DOE, 2022: ACIMTSD / Guidehouse Analysis, 2022/ CCMS Database 2022
Pounds (gal/hundred 1bs) Sites
Energy Use per Hundred
Pounds (kWh/hundred -7 1926/ NC1 DOE, 2022: ACIMTSD / Guidehouse Analysis, 2022
1bs) Analysis, 2008
Annual Energy Use ACEEE, 2002/
NCI Analysis, DOE, 2022: ACIMTSD / Guidehouse Analysis, 2022/ ENERGY STAR
Indexed Annual EfficiencyCalculated
ADL, 1996/
AverageLife (years) gfg}?gr s DOE, 2022: ACIMTSD / Guidehouse Analysis, 2022
Analysis, 2008
Retail Equipment Cost S
T qup Sites /NCI DOF, 2022: ACIM TSD / Guidehouse Analysis, 2022

Analysis, 2008

TotalInstalled Cost (with NCI Analysis,
Bin) 2008

Total Installed Cost

(2022%$/kBtu/h)

Annual Maintenance Cost ADL, 1996 / NCI
(20229%) Analysis, 2008
Annual Maintenance Cost

(2022%/kBtu/h)

DOE, 2022: ACIMTSD / Guidehouse Analysis, 2022
Calculated
DOE, 2022: ACIMTSD / Guidehouse Analysis, 2022

Calculated
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Data Sources» Commercial Beverage Merchandisers

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Installed . . ENERGY . ' . . . .
Stock Stock Low Typical High STAR Typical High Typical High Typical High
Average Average

Cooling Capacity (Btu/h) DOE, 2014:CRE Report/ Guidehouse Analysis 2022
ADL, 1996/

Size (ft’) Distributor DOE, 2014:CRE Report/Guidehouse Analysis 2022
Web Sites
ADL, 1996/

Annual Energy Use (kWh/y) I:r?;lysis DOE, 2014:CRE Report/ Guidehouse Analysis 2022 /ENERGY STAR 2022
2008

Annual Energy Use / Volume

(KWh/E Iy) Calculated

Indexed Annual Efficiency Calculated

Average Life (years) ACEEE, 2002 DOE, 2014:CRE Report / Guidehouse Analysis 2022
ADL, 1996/

Retail Equipment Cost (2022$)  Distributor DOE, 2014:CRE Report/Guidehouse Analysis 2022 /KaTom Restaurant Supply
Web Sites

Total Installed Cost (2022$) DOE, 2014:CRE Report/Guidehouse Analysis 2022

Total Installed Cost

(20228/kBtu/h) Calculated

Annual Maintenance Cost (2022$) DOE, 2014: CRE Report/ Guidehouse Analysis 2022

Annual Maintenance Cost Calculated

(2022$/kBtu/h)
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Data Sources» Commercial Refrigerated Vending Machines

Installed Installed
DT EOINRCIES Stock Stock Low Typical High ALV Typical High Typical High
STAR
Average  Average
DOE, 2015:
BVMTSD/
Cooling Capacity (Btu/h) Guidehouse DOE, 2022:BVM TSD/ Guidehouse Analysis, 2022
Analysis,
2015
Can Capacity BD\?II\E/I %2155 : DOE, 2022: BVM TSD
Size (ft) DOE, 2022:BVM TSD/ Guidehouse Analysis, 2022
Annual Energy Use (kWh/y) BD\Cl)ll\E/I[ %gllj& DOE, 2022:BVMTSD
Annual Energy Use/ Volume
(KWh/£E/y) Calculated
Indexed Annual Efficiency Calculated
AverageLife (years) BD\%]\E/’I ']2f211)5: DOE, 2022:BVM TSD
Retail Equipment Cost (20225 D\(?I]\E/’I %gIIDS: DOE, 2022:BVMTSD
DOE, 2015: )
TotalInstalled Cost (2022$) BVMTSD DOE, 2022:BVM TSD
Total Installed Cost
(2022$/kBtu/h) Calculated
DOE, 2015:
. BVMTSD/
23121; ;)1 R Guidehouse DOE, 2022:BVM TSD/ Guidehouse Analysis, 2022
Analysis,
2015

Annual Maintenance Cost
(2022%/kBtu/h)

DOE, 2022:BVMTSD/Guidehouse Analysis, 2022
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Commercial Ventilation
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Data Sources» Commercial Constant Air Volume Ventilation

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Installed . . ENERGY . . . . . .
Stock AverageStock Average Low Typical High STAR Typical High Typical High Typical High
. CBECS 2003 &
System Airflow (CFM) BED 2007 CBECS 2018
System Fan Power (kW)
Specific Fan Power (W/CFM) ASHI;éAoggo'1_ASPﬂ§(ﬁ1290'1_ASI_H§(ﬁ};90'1_ ASHRAE90.12019 / Guidehouse Analysis2022
Annual Fan Energy Use (kWh/y)
AveragelLife (years) ASHRAE: Service Life Database
TotalInstalled Cost (2022$) 2022 RS Means Online
Annual Maintenance Cost (2022%) 2022 RS Means Online / Guidehouse
Total Installed Cost (2022%/thousand CFM) Calculated
Annual Maintenance Cost (2022%/thousand CFM) Calculated
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Data Sources» Commercial Variable Air Volume Ventilation

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Installed ENERGY
Stock Stock Low Typical High STAR Typical High Typical High Typical High
Average Average
. CBECS 2003
System Airflow (CFM) & BED 2007 CBECS 2018
System Fan Power (kW)
ops ASHRAE ASHRAE ASHRAE . .
Specific Fan Power(W/CFM) 90.1-2007 90.1-2016 90.1-2019 ASHRAE90.12019 /Guidehouse Analysis 2022

Annual Fan Energy Use (kWh/y)

AveragelLife (years) ASHRAE: Service Life Database
Total Installed Cost (2022%) 2022 RS Means Online
Annual Maintenance Cost (2022%) 2022 RS Means Online / Guidehouse
Total Installed Cost (2022%/thousand CFM) Calculated

2;111\1;;11 Maintenance Cost (2022%/thousand Calculated
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Data Sources» Commercial Fan Coil Unit

2012 2018 2022 2030 2040 2050

DATA SOURCES Installed Installed ENERGY
Stock Stock Low Typical High STAR Typical High Typical High Typical High
Average Average
System Airflow (CFM) Product Literature
System Fan Power (kW)

ASHRAE90.1-ASHRAE90.1-ASHRAE90.1-

Specific Fan Power(W/CFM) ASHRAE90.12019/Guidehouse Analysis 2022

2007 2016 2019
Annual Fan Energy Use (kWh/y)
AveragelLife (years) ASHRAE: Service Life Database
Total Installed Cost (2022$) 2022 RS Means Online
Annual Maintenance Cost (2022$) 2022 RS Means Online / Guidehouse
Total Installed Cost (2022$/thousand CFM) Calculated
Annual Maintenance Cost (2022$/thousand CFM) Calculated
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Appendix B
References
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