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

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

ResStock™ is a highly granular, physics-based, bottom-up model that uses multiple data 
sources, statistical sampling methods, and advanced building energy simulations to estimate the 
annual subhourly energy consumption of the residential building stock across the United States. 
The baseline model intends to represent the U.S. residential building stock as it existed in 2018. 
Technical documentation for the inputs and assumptions in the baseline building stock model is 
available in (Reyna, et al., 2025). Calibration and validation of the baseline model results are 
available in the final technical report of the End-Use Load Profiles project (Wilson, et al. 2022). 

This documentation focuses on a single end-use savings shape measure—ENERGY STAR® 
Version 7.0 Window Upgrade. 

The ENERGY STAR Version 7.0 Window Upgrade demonstrated 7% total site energy savings 
(0.25 TWh) for the U.S. residential building stock (Figure 6). These savings are primarily 
attributed to: 

• 12% stock electricity heating savings (1.3E11 kWh) 
• 12% stock natural gas heating savings (3.2E10 kWh) 
• 10% stock electricity cooling savings (4.0E10 kWh) 
• 11% stock cooling fan and pump electricity savings (7.11E9 kWh). 
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ResStock Measure Documentation: ENERGY STAR 
Windows 
Accessing Results 
This documentation covers the “ENERGY STAR® Version 7.0 Window” measure upgrade 
methodology and briefly discusses key results. All results can be accessed on the ResStock™ 
Open Energy Data Initiative “End-Use Load Profiles for the U.S. Building Stock” data lake and 
on the Data Viewer at resstock.nlr.gov. 

Measure Summary 
Measure 
Title 

ENERGY STAR Version 7.0 Window Upgrade 

Measure 
Definition 

This upgrade measure replaces any existing windows with less than the performance 
level specified by ENERGY STAR Version 7.0 (V7) with windows meeting this 
performance level. The technology applied in this measure upgrade package is denoted 
in the ResStock options_lookup.tsv as the following, depending on the climate zone: 
• Windows “EnergyStar, Northern” 
• Windows “EnergyStar, North-Central” 
• Windows “EnergyStar, South-Central” 
• Windows “EnergyStar, Southern”. 

Applicability This measure applies to all dwellings with: 
• Windows less than the performance level specified by ENERGY STAR V7. This 

performance level varies by climate zone. 
With these applicability constraints, the measure upgrade applies to 100% of the existing 
dwelling units. 

Not 
Applicable 

This measure does not apply to dwelling units with the following: 
• Windows that already meet or exceed the performance level specified by 

ENERGY STAR V7. 
These constraints exclude 0% of the dwelling units from receiving this measure upgrade. 

Original 
Release 

2025 Release 1: 2025/resstock_amy2018_release_1; 
2025/resstock_amy2012_release_1 

Project 
Configuratio
n File(s) 

https://github.com/NatLabRockies/resstock/blob/2025_Release_1/project_national/sdr_u
pgrades_tmy3.yml 

https://resstock.nlr.gov/
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1 Technology Summary 
Windows are an important part of the building envelope. They allow light and heat to pass, allow 
views of the outside world, and separate the interior conditions of the dwelling from the 
outdoors. This section will review how windows work and include details about the specific 
window characteristics included in this measure upgrade.  

1.1 Introduction to Technology 
As commonly understood, a window is an area of transparent or translucent material in the wall 
of a building. The National Fenestration Rating Council (NFRC) is an independent, 501(c)(3) 
nonprofit certification body for the energy performance of windows, doors, and skylights 
(National Fenestration Rating Council (NFRC), n.d.). NFRC’s technical definition of a window 
is “An assembled unit consisting of a frame/sash component holding one or more pieces of 
glazing functioning to admit light and/or air into an enclosure and designed for a vertical 
installation in an external wall of a residential building. Includes transoms.” (U.S. Environmental 
Protection Agency, 2022). 

Window glazing and window frames and sashes can be made of a variety of materials. 
Historically, in the U.S., residential windows were made with wood frames supporting a single 
pane of clear glass. Today, window frames and sashes can be made from wood, aluminum, 
composite materials, fiberglass, or vinyl (U.S. Department of Energy, 2025). Windows today can 
have multiple panes of glass separated by gaps, which can be filled with special gases to reduce 
the heat transfer through the window. The glass can have special coatings on the surface to limit 
how much visible or infrared light is allowed through (U.S. Department of Energy, 2025). Figure 
1 shows cross sections illustrating several different window glazing configurations. Windows 
with more panes generally allow lower amounts of heat and radiation to come through the 
window. 

 
Figure 1. Cross sections of single, double, and triple pane windows 

From (Window Glazing, n.d.) 
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1.2 Technical Measure Details 
The appropriate choice of windows for a building depends on many factors. Some of the major 
energy-related factors include the climate, the orientation of the windows relative to the sun, and 
the architectural or landscape features surrounding the window. Non-energy-related factors such 
as material durability, aesthetics, and physical operation (opening and closing) are also important 
to consider. 

1.2.1 ENERGY STAR Version 7.0 Residential Window Specification 
Because of the wide variety of windows available, the U.S. Environmental Protection Agency 
(EPA) created the ENERGY STAR Program Requirements for Residential Windows, Doors, and 
Skylights to define energy-related performance characteristics for windows. Rather than 
specifying the materials, frame designs, fill gases, or coatings, the program specifies the 
performance metrics that a product must achieve. These performance metrics are: 

• “U-Factor: The heat transfer per time per area and per degree of temperature difference 
(Btu/h ft2∙˚F). The U-factor multiplied by the interior-exterior temperature difference and 
by the projected fenestration product area yields the total heat transfer through the 
fenestration product due to conduction, convection, and long-wave infra-red radiation. 
The lower the U-factor, the better the window insulates. 

• “Solar Heat Gain Coefficient (SHGC): The ratio of the solar heat gain entering the 
space through the fenestration product to the incident solar radiation.   

• “Air Leakage: The volume of air flowing per unit time per unit area (cfm/ft2) through a 
fenestration system due to air pressure or temperature difference between the outdoor and 
indoor environment.” (U.S. Environmental Protection Agency, 2022). 

The minimum performance metrics that a window must achieve to meet the ENERGY STAR 
Certification Criteria for Residential Windows, Version 7.0 (V7) (published in 2022) is 
summarized in Table 1. Figure 2 shows a map of the climate zones referenced in the table. 

Table 1. ENERGY STAR Certification Criteria for Residential Windows, V7 

Climate Zone 
U-Factor 
(Btu/h ft2∙˚F) 

SHGC 
Air Leakage 
(cfm/ft2) 

Northern* ≤ 0.22 ≥ 0.17 ≤ 0.30 

 = 0.23 ≥ 0.35 ≤ 0.30 

 = 0.24 ≥ 0.40 ≤ 0.30 

 = 0.25 ≥ 0.40 ≤ 0.30 

 = 0.26 ≥ 0.35 ≤ 0.30 

North-Central ≤ 0.25 ≤ 0.40 ≤ 0.30 

South-Central ≤ 0.28 ≤ 0.23 ≤ 0.30 

Southern ≤ 0.32 ≤ 0.23 ≤ 0.30 

* For the Northern climate zone, there are multiple compliance pathways to allow certification of windows with 
equivalent performance criteria. 
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Figure 2. Map of climate zones for ENERGY STAR certification for residential windows, V7 

Map from (U.S. Environmental Protection Agency, 2022) 

1.2.2 Characteristics of Certified Products 
As shown in Table 1, the certification requirements establish a range of performance values 
rather than a singular value for each climate zone. For this report, NLR performed an assessment 
to understand the range of performance characteristics available in the market as of the time of 
writing. 

The EPA Product Finder is a database of certified products. As of the date of publication, there 
were more than 1,000 certified window product lines, with hundreds or thousands of individual 
products within each line (U.S. Environmental Protection Agency, n.d.). Because of the 
limitations of the Product Finder, it was not possible to extract detailed information for every 
product in every line. Instead, a sample of products was reviewed. According to the websites of 
several of the largest window manufacturers in the U.S., double hung windows are the most 
common type of windows in the residential market. NLR’s review of four lines of double hung 
windows covering 50,000 individual window configurations from four of the ten largest U.S. 
window manufacturers was performed using data available through the NFRC Directory Search 
linked from the EPA Product Finder (National Fenestration Rating Council, n.d.). 

As shown in Table 2, the performance characteristics of just a fraction of all available products 
show that their performance characteristics span the range of values that allow a product to 
achieve certification, rather than all products being at one extreme of the performance band. 
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Table 2. Performance Characteristics of a Sample of Certified Window Products 
 U-Factor (Btu/h ft2∙˚F) SHGC 
Climate Zone Minimum Mean Maximum Minimum Mean Maximum 

Northern 0.17 0.21 0.26 0.17 0.23 0.49 

North-Central 0.17 0.22 0.25 0.12 0.20 0.40 

South-Central 0.17 0.24 0.28 0.12 0.18 0.23 

Southern 0.17 0.27 0.32 0.11 0.19 0.23 

1.2.3 Comparison of ENERGY STAR to Energy Code Requirements 
In most places in the U.S., an energy code sets the minimum performance of new windows. For 
this upgrade, it is important that the modeled windows meet the energy code requirements for the 
locations they are installed. 

To determine the minimum energy code performance by location, the methodology described in 
the 2024 NLR report Residential Facade Retrofits Modeling: Results and Documentation (Elaina 
Present, 2024) was followed. The code adoption status by state was updated as of July 2025, 
accessed from the International Code Council (ICC) website. For each county in the U.S., the 
ENERGY STAR and IECC climate zones were identified, and the required performance 
characteristics were assigned to each based on the IECC or state-specific code for the state where 
that county was located (International Code Council (ICC), 2025). For this exercise, no sub-state 
energy code requirements were considered. 

The unique combinations of energy code minimum performance values, along with the number 
of counties and dwelling units with these requirements, are shown in Table 3. The most stringent 
requirement for each of the ENERGY STAR climate zones that applies to more than 2% of the 
dwelling units is highlighted. This will be used as the benchmark that the modeled ENERGY 
STAR windows must meet or exceed for each climate zone. The judgment not to base energy 
code minimum performance levels for each climate zone on requirements that apply to only a 
tiny percentage of dwellings in a handful of counties was based on the energy code requirement 
analysis not including individual county- or city-level energy code requirements or reviewing all 
individual state codes for custom modifications. 
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Table 3. Estimated Energy Code Minimum Window Performance by Number of Counties, Circa 
July 2025 

* NR = no requirement in the energy code 

ENERGY STAR 
Climate Zone 

Maximum 
Allowable  
U-Factor 

Maximum 
Allowable 

SHGC 
Counties Dwelling Units 

Percent of 
Dwellings in 
Climate Zone 

Northern 

0.3 
0.23 2 76,447  0.2% 
0.4 118 9,212,842  18.7% 
NR* 774 27,985,427  56.7% 

0.32 
0.4 2 396,618  0.8% 
NR 395 11,560,966  23.4% 

0.35 NR 26 134,477  0.3% 

North-Central 

0.3 
0.23 8 366,090  1.2% 
0.4 189 6,552,526  22.0% 
NR 2 16,400  0.1% 

0.32 
0.4 177 15,021,283  50.4% 
NR 5 87,044  0.3% 

0.35 
0.25 1 34,313  0.1% 
0.4 290 4,804,076  16.1% 
NR 30 490,474  1.6% 

0.4 NR 87 2,420,330  8.1% 

South-Central 

0.3 

0.23 25 10,571,943  29.3% 
0.25 77 3,472,175  9.6% 
0.4 1 23,212  0.1% 
NR 14 3,272,352  9.1% 

0.32 0.25 119 2,925,185  8.1% 
0.35 0.25 371 12,680,429  35.1% 
0.4 0.25 1 2,018  0.0% 
0.5 0.3 149 3,162,349  8.8% 

0.65 0.4 2 23,464  0.1% 

Southern 

0.3 0.23 1 59,291  0.3% 
0.35 0.25 1 4,289  0.0% 
0.4 0.25 221 18,435,428  79.5% 

0.5 
0.25 4 2,655,475  11.4% 
0.3 1 55,759  0.2% 

0.65 
0.25 8 432,440 1.9% 
0.3 36 1,551,150  6.7% 
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1.2.4 Modeled ENERGY STAR V7 Window Performance Characteristics 
The modeled performance characteristics by ENERGY STAR climate zone used for this upgrade 
were selected based on a joint analysis of the ENERGY STAR certification requirements, the 
energy code minimum values, and the survey of available products. The selected values are 
shown in Table 4. 

Table 4. Modeled ENERGY STAR V7 Window Performance Characteristics 

Climate Zone 
U-Factor 
(Btu/h ft2∙˚F) 

SHGC 

Northern 0.22 0.17 

North-Central 0.25 0.40 

South-Central 0.28 0.23 

Southern 0.32 0.23 

1.2.5 Infiltration Impacts of Upgraded Windows 
As described in most window manufacturer literature, and as indicated by the presence of an air 
leakage requirement in the ENERGY STAR V7 performance characteristics, air leakage through 
and around windows plays a role in their energy performance. Unfortunately, literature 
quantifying this impact using measured data is limited. A 2003 paper (Ian Ridley, 2003) 
developed a simple model of the reduction that could be expected from replacing windows in the 
UK and concluded: “A review of existing data suggests that replacing old leaky windows with 
modern sealed windows will reduce the background infiltration rate by the order of 0.1 air 
changes per hour (ach) to 0.3 ach. The actual value being dependent on the number of windows 
being replaced, the volume of the house and the leakiness of the old windows.” The values given 
in the paper are at natural pressure. Using the calculations from that paper, this equates to a 
reduction of 2–6 air changes per hour at 50 pascals (ACH50), which is a common way to 
describe infiltration levels. 

In the ResStock baseline models, infiltration is specified as whole-dwelling ACH50. This input 
is dependent on climate zone, floor area, and vintage. The mean infiltration rate is generally 
higher in smaller, older homes in warmer climates. The mean infiltration rate ranges from around 
20 ACH50 in older homes to 10 ACH50 in newer homes. There is no explicit relationship 
between infiltration and window type. However, there is an explicit relationship between 
window type and dwelling vintage. The resulting correlation is that older homes tend to have 
both lower-performance windows and higher infiltration. Table 5 shows the mean infiltration 
rates for dwellings with different window types. 
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Table 5. Baseline Infiltration Rate by Window Type 
M-Gain stands for medium heat gain; L-Gain stands for low heat gain 

Baseline Window Type Mean Infiltration Rate (ACH50) 

Single, Clear, Metal 19.7 

Single, Clear, Non-Metal 20.7 

Single, Clear, Metal, Exterior Clear Storm 19.3 

Single, Clear, Non-Metal, Exterior Clear Storm 20.5 

Double, Clear, Metal, Air 16.9 

Double, Clear, Metal, Air, Exterior Clear Storm 16.8 

Double, Clear, Non-Metal, Air 17.1 

Double, Low-E, Non-Metal, Air, M-Gain 15.7 

Double, Clear, Non-Metal, Air, Exterior Clear Storm 16.7 

Triple, Low-E, Non-Metal, Air, L-Gain 16.3 

Dwellings with single pane windows have a mean infiltration rate of 20 ACH50. Assuming these 
windows are older and leakier, applying the upper end 6 ACH50 reduction results in roughly a 
30% decrease in infiltration from new windows. Dwellings with double or triple pane windows 
have a mean infiltration rate of around 16 ACH 50. Assuming these windows are newer and less 
leaky due to better materials and less exposure to time, home settling, etc., applying the lower 
end 2 ACH50 reduction results in roughly a 13% decrease in infiltration from new windows. 
Given the limited information available in the literature, these percentage reductions are assumed 
to apply to all dwellings with a given window type, as summarized in Table 6.  

Table 6. Infiltration Rate Reduction From ENERGY STAR V7 Windows by Baseline Window Type 

Baseline Window Type Infiltration Rate Reduction (%) 

Single, Clear, Metal 30 

Single, Clear, Non-Metal 30 

Single, Clear, Metal, Exterior Clear Storm 30 

Single, Clear, Non-Metal, Exterior Clear Storm 30 

Double, Clear, Metal, Air 13 

Double, Clear, Metal, Air, Exterior Clear Storm 13 

Double, Clear, Non-Metal, Air 13 

Double, Low-E, Non-Metal, Air, M-Gain 13 

Double, Clear, Non-Metal, Air, Exterior Clear Storm 13 

Triple, Low-E, Non-Metal, Air, L-Gain 13 

A previous analysis (Elaina Present, 2024) came to a similar conclusion of applying a 30% 
reduction in infiltration to dwellings where single pane windows are replaced, and a 10% 
reduction in infiltration to dwellings where double or triple pane windows are replaced. The 
authors of that publication described that the numbers were based primarily on conversations 
with subject matter experts rather than calculations.  
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2 Applicability  
This upgrade is applicable to all dwelling units where the baseline window performance 
characteristics are lower than the ENERGY STAR V7 characteristics shown in Table 4. None of 
the baseline windows meet these requirements, therefore the upgrade is applicable to 100% of 
dwelling units. 

2.1 Baseline Window Characteristics 
In ResStock, the baseline window types come from the U.S. EIA 2020 RECS microdata, and the 
key performance data for each window type comes from NFRC (Reyna, et al., 2025). Window 
types are dependent on climate zone, poverty level, vintage, tenure, and building type. Table 7 
shows the key performance values associated with each of the baseline window types. Notably, 
none of the baseline window types meet the modeled ENERGY STAR V7 performance 
characteristics for any of the climate zones. 

Table 7. ResStock Baseline Window Performance 

Baseline Window Type 
U-Factor 
(Btu/h∙ft2∙˚F) 

SHGC 

Single, Clear, Metal 1.16 0.76 

Single, Clear, Non-Metal 0.84 0.63 

Single, Clear, Metal, Exterior Clear Storm 0.67 0.56 

Single, Clear, Non-Metal, Exterior Clear Storm 0.47 0.54 

Double, Clear, Metal, Air 0.76 0.67 

Double, Clear, Metal, Air, Exterior Clear Storm 0.55 0.51 

Double, Clear, Non-Metal, Air 0.49 0.56 

Double, Low-E, Non-Metal, Air, M-Gain 0.38 0.44 

Double, Clear, Non-Metal, Air, Exterior Clear Storm 0.34 0.49 

Triple, Low-E, Non-Metal, Air, L-Gain 0.29 0.26 
 
Table 8 shows the prevalence of each window type in the baseline as a percentage of the national 
total number of dwelling units. Nationally, the most common window type is Double, Low-E, 
Non-Metal, Air, M-Gain at 22.4%, followed by Double, Clear, Metal, Air at 19%. Looking at the 
South-Central and Southern climates, single pane windows are more common. This is expected 
given the milder weather in those climates. 
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Table 8. ResStock Baseline Window Type Prevalence by ENERGY STAR Climate Zone 
 

ENERGY STAR Climate Zone 2023  

Baseline Window Type Northern North-Central South-
Central Southern Total 

Single, Clear, Metal 2.4% 2.8% 3.9% 5.0% 14.1% 
Single, Clear, Non-Metal 6.4% 4.2% 3.7% 2.4% 16.7% 
Single, Clear, Metal, Exterior 
Clear Storm 0.3% 0.2% 0.3% 0.2% 1.0% 

Single, Clear, Non-Metal, 
Exterior Clear Storm 0.8% 0.3% 0.3% 0.1% 1.4% 

Double, Clear, Metal, Air 4.9% 5.0% 5.4% 3.7% 19.0% 
Double, Clear, Metal, Air, 
Exterior Clear Storm 0.6% 0.3% 0.4% 0.2% 1.5% 

Double, Clear, Non-Metal, Air 8.9% 5.0% 3.5% 1.3% 18.6% 
Double, Low-E, Non-Metal, 
Air, M-Gain 10.0% 6.0% 4.7% 1.7% 22.4% 

Double, Clear, Non-Metal, 
Air, Exterior Clear Storm 2.1% 0.7% 0.5% 0.1% 3.5% 

Triple, Low-E, Non-Metal, Air, 
L-Gain 0.8% 0.4% 0.3% 0.3% 1.8% 

Total 37.2% 24.8% 23.0% 15.0% 100.0% 
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3 Modeling Approach 
3.1 OpenStudio-HPXML Overview 
The ResStock building stock energy model contains conditional probability distributions of 
building characteristics that are representative of the U.S. residential building stock (Reyna, et 
al., 2025). These are sampled to create a synthetic stock where each sampled dwelling unit has 
an assigned option for each characteristic. ResStock utilizes the OpenStudio-HPXML workflow 
to translate these dwelling characteristics into building models ready to be simulated via 
OpenStudio and EnergyPlus through the use of an HPXML file. For reference, the state of the 
OpenStudio-HPXML repository when the ResStock 2025 Release 1 dataset was created can be 
found here (NREL, 2025). Assumptions about the window modeling that are not explicitly 
defined in ResStock are handled by the BuildResidentialHPXML measure.  

3.2 ENERGY STAR V7 Windows 

3.2.1 ResStock Inputs 
The inputs for this upgrade in ResStock are shown in Table 9, and directly map to the 
performance characteristics and values defined in Table 6 and Table 4. The U-factor and SHGC 
describe the window heat transfer characteristics, and the percentage reduction in whole-
dwelling infiltration rate describes the change in leakage due to new window installation. 

Table 9. ResStock Argument Values for ENERGY STAR V7 Windows 

ResStock Argument Northern North-
Central 

South-
Central Southern 

Calculated by 
OpenStudio-
HPXML? 

window_ufactor 0.22 0.25 0.28 0.32 No 

window_shgc 0.17 0.40 0.23 0.23 No 

air_leakage_percent_reduction 13 (single pane), 30 (double and triple pane) No 

3.2.2 Default Inputs From OpenStudio-HPXML 
There are no default values set by OpenStudio-HPMXL for this measure. However, one 
important modeling approach that OpenStudio-HPXML uses is worth mentioning. The windows 
in the model use EnergyPlus’ “WindowMaterial:SimpleGlazingSystem” object. For this object, 
OpenStudio-HPXML only fills in the U-factor and SHGC fields, and leaves the optional visible 
transmittance field blank. According to the EnergyPlus documentation, when this field is left 
blank “the visible transmittance properties are taken from the solar properties.” Table 10 shows 
the visible transmittance values assumed by EnergyPlus based on the input U-factor and SHGC. 

https://github.com/NREL/OpenStudio-HPXML/
https://github.com/NatLabRockies/resstock/tree/v3.2.0-2024.2/resources/hpxml-measures
https://github.com/NREL/resstock/tree/v3.2.0-2024.2/resources/hpxml-measures/BuildResidentialHPXML
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Table 10. Visible Transmittance Values Calculated by EnergyPlus Given U-Factor and SHGC 

Climate Zone 
U-Factor 
(Btu/h ft2∙˚F) 

SHGC Visible 
Transmittance 

Northern 0.22 0.17 0.081 

North-Central 0.25 0.40 0.315 

South-Central 0.28 0.23 0.142 

Southern 0.32 0.23 0.142 

3.3 Limitations and Concerns 
There are two key limitations and concerns for this modeling. First, because the requirements for 
certification allow a range of performance characteristics, this modeling approach inherently 
cannot reflect the performance of all possible certified products. As described in the results, the 
choices of performance characteristics even show negative savings for a tiny segment of the 
stock. In reality, it is likely possible to identify certified products that achieve positive savings 
for this segment. It is also possible to select certified products that achieve better or worse 
performance compared to what was modeled. 

The second concern is the use of the simplified window glazing model in OS-HPXML. A 
detailed investigation of the tradeoffs in that modeling simplification was beyond the scope of 
this effort because changing OS-HPXML was also beyond the scope. However, this 
simplification may have ramifications on the results. 

  



13 
This report is available at no cost from the National Laboratory of the Rockies at www.nlr.gov/publications. 

4 Results 
This section first confirms the intended modeling approach for the upgrade by looking at 
individual dwelling models, then shows the results if the upgrade were applied to the entire 
applicable building stock. 

4.1 Single Dwelling Testing 
To confirm the modeling behavior, the upgrade was applied to four individual dwelling models, 
and the results were inspected in detail. Some of the key baseline building characteristics 
relevant to this upgrade are listed in Table 11. 

Table 11. Characteristics of Four Individual Dwelling Models 

Dwelling ID 1 2 3 4 

Building Type Multi-Family with 5+ 
Units, 1-3 Stories 

Single-Family 
Detached 

Single-Family 
Detached 

Single-Family 
Detached 

Floor Area (ft2) 1,138 5,587 1,228 2,179 

Building America Climate Zone Hot-Humid Hot-Humid Cold Hot-Humid 

ENERGY STAR Climate Zone Southern Southern Northern Southern 

State HI FL MI TX 

Cooling Type None Ducted Heat Pump Central AC Central AC 

Heating Type and Fuel None Electricity Air-Source 
Heat Pump 

Natural Gas Fuel 
Furnace 

Natural Gas 
Fuel Furnace 

Water Heater Type and Fuel 
Standard Efficiency 
Electric Resistance 
with Storage Tank I 
Mechanical Space 

Premium Efficiency 
Electric Resistance 
with Storage Tank in 
Garage 

Standard Efficiency 
Electric Resistance 
with Storage Tank 
in Living Space 

Standard 
Efficiency 
Natural Gas 
with Storage 
Tank in Living 
Space 

Baseline Windows Single, Clear, Metal Single, Clear, Metal Single, Clear, Non-
Metal 

Single, Clear, 
Non-Metal 

4.1.1 Single Dwelling Annual 
Based on the applicability logic, the windows in all four individual dwellings were upgraded. In 
addition to the updated window performance characteristics, all four dwellings received a 30% 
infiltration reduction because they all started with single pane windows. 

Looking at the results on an annual basis, the end uses and fuel types that changed significantly 
because of the upgrade were HVAC-related heating and cooling energy for dwellings with 
HVAC systems. This is expected, because upgrading the windows changes the overall heat 
transfer through the building envelope. Dwelling 1, located in Hawai‘i, had no HVAC, which is 
common in Hawai‘i. In this dwelling, the only impact of upgrading the windows was a tiny (1%) 
reduction in electricity consumption by the refrigerator, presumably because of slightly 
decreased indoor temperatures during parts of the year. The water heater was not impacted 
because it is outside of the living space in a separately conditioned mechanical space. 
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The annual savings for the affected end uses and fuels for each of the individual dwellings are 
shown in Table 12. As expected, there are no savings in HVAC energy for Dwelling 1 because it 
has no heating or cooling. Also as expected, Dwelling 2 shows heating electricity savings, and 
Dwellings 3 and 4 show heating natural gas savings based on their heating system fuels. These 
buildings show savings that are on the higher end of the expected range given their single pane 
baseline windows.  

Table 12. Savings in Annual Energy Consumption and Utility Bills for Four Individual Dwelling 
Test Models 

Dwelling ID 1 2 3 4 

Electricity—Cooling - 29% 13% 19% 

Electricity—Cooling Fans and Pumps - 36% 16% 19% 

Electricity—Heating - 45% - - 

Electricity—Heating Fans and Pumps - 19% 16% 25% 

Electricity—Hot Water 0% 0% 0% - 

Electricity—Refrigerator 1% 0% 0% 0% 

Natural Gas—Heating - - 16% 25% 

Natural Gas—Hot Water - - - 0% 

Site Energy—Total 0% 16% 13% 14% 

Utility Bills—Electricity 0% 15% 2% 11% 

Utility Bills—Natural Gas - - 14% 13% 

4.1.2 Single Dwelling Time Series 
The time series of the individual dwellings shows how the upgrade impacts the load shape.  
Figure 3 and Figure 4 respectively show the impacts of the upgrade on heating energy in January 
and cooling energy in July for Dwelling 2. As expected, heating energy is reduced most 
significantly during the cold nighttime hours, and cooling energy is reduced most significantly 
during the hot afternoon hours.  
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Figure 3. January hourly average heating electricity consumption for Dwelling 2 before and after 

upgrade 

 
Figure 4. July hourly average cooling electricity consumption for Dwelling 2 before and after 

upgrade 

Figure 5 confirms that the observed infiltration rate is reduced by roughly the 30% input into the 
model. Because of the formulation of the infiltration model, the output is not exactly a one-to-
one match with the input single value number.  
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Figure 5. January hourly average infiltration rates for Dwelling 1 before and after upgrade 

Results from the other two heated and cooled dwellings were reviewed, and showed the same 
expected trends as Dwelling 2. The figures are omitted for brevity. 

4.2 Stock Energy Impacts 
Replacing existing windows with those that meet the ENERGY STAR V7 criteria is estimated to 
create 7% (0.25 TWh) annual stock site energy savings for residential buildings nationally (see 
Figure 6). This includes 12% site electricity heating savings (1.3E11 kWh), 12% site natural gas 
heating savings (3.2E10 kWh), 10% site electricity cooling savings (4.0E10 kWh), and 11% site 
fan and pump energy savings (7.11E9 kWh). Heating, cooling, and fan energy savings can be 
partially attributed to the decreased thermal conductance (U-value) of the replacement windows, 
which generally reduces heating and cooling loads. This reduces the energy requirement of the 
heating and cooling system, but can also decrease the amount of time HVAC fans and pumps 
need to run, which explains the energy savings in that category. Similarly, a lower SHGC 
reduces solar gains to the building, which can also reduce cooling load, but it some cases may 
increase heating load due to reduced heat gain when the building is actively heating. Because this 
upgrade is applicable to all dwelling units, the whole-stock impact and applicable segment 
impact results are identical. 
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Figure 6. Comparison of annual site energy consumption between the ResStock baseline and the 
ENERGY STAR V7 Windows upgrade scenario. Energy consumption is categorized by both fuel 

type and end use. 

Diving into the results in more detail, we first segment the savings by the type of window present 
in the baseline building. Looking at natural gas savings in homes with natural gas heating in 
Figure 7, we see that higher savings are found in dwellings upgrading from lower-performing 
single pane windows, while lower savings are found in dwellings that already have higher 
performance windows. Another notable output is that in some dwellings, upgrading the windows 
increases natural gas consumption. This is only seen in homes in warmer climates where overall 
heating energy is low. In these cases, the new windows let in less solar heat than the originals, 
increasing the need for heating energy. Only 1.7% of the building stock saw increases in total 
energy consumption. In Figure 8, we see a similar trend for electricity savings in homes with 
electric heating. In Figure 9, we see a similar trend for electricity used for cooling. In this last 
case, there are negative savings in the north-central climate, likely because the new windows trap 
more internal gains inside the home. Note that ENERGY STAR rating encompasses a range of 
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performance values. With more nuanced product selection, it is likely possible to identify an 
ENERGY STAR window that does not have negative savings in a particular climate. 

 
Figure 7. Average heating natural gas savings in natural gas heated dwellings by baseline window 

type and ENERGY STAR climate zone 

 
Figure 8. Average heating electricity savings in electrically heated dwellings by baseline window 

type and ENERGY STAR climate zone 

 
Figure 9. Average cooling electricity savings in cooled dwellings by baseline window type and 

ENERGY STAR climate zone 

This upgrade changes both window properties and infiltration rates. In buildings with the same 
baseline window type, we would expect to see higher savings in buildings that started with a 
higher infiltration rate. Figure 10 shows savings in natural gas heating energy for natural gas 
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heated homes, which start with single, clear, metal windows. In practice, the trend is visible but 
is not as strong as our intuition might suggest because of the confounding factors that are not 
controlled for, e.g. building size, weather differences, glazed area, orientation, etc. This figure 
also indicates that the bulk of the energy savings from this upgrade do not come from the 
infiltration reduction, because dwellings with infiltration rates ranging from 50 ACH50 down to 
4 ACH50 show little difference in average savings. 

 
Figure 10. Average heating natural gas savings in natural gas heated dwellings with single, clear, 

metal windows by baseline infiltration rate, and ENERGY STAR climate zone 

As seen in Figure 11, examining the distributions behind the averages shows a range of savings. 
This highlights the importance of making decisions for individual buildings based on savings 
results for their peer group. For applications like utility rebate programs where a prescriptive 
savings number is applied, it also highlights the importance of understanding whether the 
population of participants is likely to reflect the total population or be a subset. If it is expected 
to be a subset, savings for this subset should be analyzed. 
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Figure 11. Distribution of natural gas heating savings in natural gas heated dwellings by baseline 

window type. Only values from -10% to +40% are shown. 

4.3 Stock Utility Bill Impacts 
Figure 12 shows a comparison of modeled utility bills with this measure applied. Stock-wide 
total bill savings are 7%, with a reduction of 5% in electricity bills and 7% in natural gas bills. 
This is similar to the magnitude of the overall stock level site energy savings. Propane and fuel 
oil bills also decrease, but these make up a small fraction of the total building stock utility bills. 

 
Figure 12. Comparison of projected annual utility bills between the ResStock baseline and the 

ENERGY STAR V7 Windows upgrade scenario. Utility bills are categorized by fuel type. 
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Figure 13 shows a distribution of utility bill savings, split by baseline window type. As with site 
energy savings, there is a wide distribution of bill savings, with higher average savings from 
buildings with lower-performance baseline windows. 

 
Figure 13. Distribution of total utility bill savings by baseline window type. Only values from -5% 

to +20% are shown. 

4.4 Electrical Panel Impacts 
An electric panel constraint occurs when a unit’s electrical service panel (the breaker box) does 
not have enough capacity (amps) or space (breaker slots) to support new electrical equipment or 
increased electrical load from existing equipment. Upgrading windows does not add additional 
electric equipment to the dwelling. Depending on the existing HVAC equipment, it generally 
reduces either equipment runtime or equipment power draw. Therefore, this upgrade is broadly 
applicable nationwide without concerns related to electrical panel capacity (National 
Fenestration Rating Council (NFRC), n.d.). 
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