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Executive summary 
This report presents comprehensive estimates of the energy impacts of nationwide 
commercial building window upgrades in the United States, using a conservative approach. 

Windows play a substantial role in determining building energy use and occupant 
experience. Estimates point to commercial building windows impacting loads that represent 
more than 6 quads (approximately 6%) of annual primary energy use in the U.S. (Harris, 2022). 
Beyond heating and cooling loads, windows also have effects on lighting and occupant comfort. 

The fastest route to improving the energy efficiency of windows in U.S. buildings is 
upgrading or replacing windows in existing buildings. This is due to poor performance of 
windows in older existing buildings compared to most new construction, low levels of window 
replacement, and long window service life compared to energy-using building components. 

Nationwide window upgrades were considered using the following technologies: 
• Secondary glazing systems
• Double pane (clear and tinted)
• Triple pane (clear and tinted)
• Electrochromic glazing

Nationwide upgrades provide on the order of 4%–6% site energy savings in typical 
buildings, or up to 26% in buildings with the highest savings potential. Electrochromic 
windows, with their ability to adapt dynamically to environmental conditions, can provide 
additional benefits, ranging from median savings of 7.2% in buildings with window to wall ratio 
(WWR) greater than 10% and up to 28% for some buildings. Savings increase substantially for 
buildings with higher WWR. 

This study’s approach focused on isolating the direct energy benefits from improvement in 
window performance, and does not take into account the following additional benefits from 
window retrofits, which are likely to be substantial: 

• Managing peak demand and enabling HVAC equipment downsizing.
• Energy savings from customizing upgrades to building type and climate.
• Energy savings and comfort improvements resulting from post-retrofit reductions

in air leakage.

https://www.zotero.org/google-docs/?T6SOvU


 

• Non-energy benefits, such as occupant comfort and resilience during extreme 
weather. 
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1. Introduction 
Windows, as a key mediator of heat, light, and air exchange between buildings and the exterior 
environment, play a significant role in determining building energy use. Estimates point to 
windows impacting loads that represent more than 6 quads (approximately 6%) of annual 
primary energy use from U.S. commercial buildings (Harris, 2022). While some newer buildings 
can be very energy efficient and even reach net-zero energy use, most building energy 
consumption happens in older, less energy efficient buildings. This is partly due to relatively low 
levels of building construction and replacement as well as the poor performance of windows in 
older buildings. The fastest route to improving the energy efficiency of windows in U.S. buildings 
stock is, therefore, the replacement of windows in existing buildings with windows that are more 
efficient. 
  
In order to better understand the types of window replacements that are more likely to result in 
substantial energy savings, it is necessary to evaluate the energy performance of these 
replacements against the status quo. In this type of evaluation, the accuracy of results depends 
critically on the quality of the information that is available for the physical characteristics of 
existing buildings. Ultimately, this would require comprehensive surveys of existing buildings. 
One way around this is extrapolating from window sales data, which is available from market 
analysts (Ducker Research Company, Inc., 2016). For residential buildings, a sales-based 
approach can provide a reasonable picture of what is installed in buildings, primarily because 
residential windows are factory-built, and therefore sales data are a reasonably good 
representation of what ultimately is installed. For commercial buildings, however, there is the 
additional complication that a significant proportion of windows are built at the construction site 
from more basic components, and therefore it is challenging to rely chiefly on sales to construct 
estimates of the current building stock. 
  
A number of sources have been available that provide some fenestration-related information on 
the non-residential building stock. In 2009, KEMA (KEMA, Inc., 2009) surveyed recent 
commercial buildings in Vermont and reported high-level data for number of panes, clear 
windows and presence of low-e coatings. The U.S. Department of Energy 2011 Buildings Data 
Book (D&R International, Ltd, 2012) provides nationwide data on envelope-related building 
loads, regional sales data, market penetration of several types of glass and some limited 
information on building stock. This information was gathered from previously existing 
documents. The Cadmus Group (The Cadmus Group, Inc. et al., 2011) conducted a building 
stock assessment in Michigan, based on onsite visits and telephone surveys, and gathered 
information on number of panes and other aspects of the windows (gas-filled, glass tint, 
presence of low-e coating, frame material). Some data is available for building sub-types. The 
U.S. Energy Information Administration (EIA) conducts the periodic Commercial Buildings 
Energy Consumption Survey (CBECS). The latest data available is for the 2018 survey (U.S. 
Energy Information Administration, 2020). These surveys are based on interviews with building 
owners, managers or tenants, augmented by data from energy providers. Window-related data 
includes the number of buildings with multi-pane, tinted or reflective glazing, and 

https://www.zotero.org/google-docs/?T6SOvU
https://www.zotero.org/google-docs/?BN1n7B
https://www.zotero.org/google-docs/?9VxU9S
https://www.zotero.org/google-docs/?ZC58rh
https://www.zotero.org/google-docs/?NWtuWr
https://www.zotero.org/google-docs/?tqjml2
https://www.zotero.org/google-docs/?tqjml2
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overhangs/awnings. The predominant wall material is also noted, and includes window glass. 
Information on whether there have been window replacement renovations since the building 
was originally built is also recorded. In 2014, the Northwest Energy Efficiency Alliance (Navigant 
Consulting, Inc., 2014) published a commercial building stock assessment of the Pacific 
Northwest (Idaho, Oregon, western Montana, and Washington states). Based on onsite visits by 
surveyors, it contains information on the area of single, double, and triple pane window, clear 
tinted or reflective glass, frame material. Data is subdivided by type of commercial building. 
While these sources provide basic information nationwide, and some more details for a few 
particular regions, on the whole, the available data did not permit detailed evaluations of the 
effectiveness of window upgrades at large scale. 
  
To address this limitation, a study was recently completed by Guidehouse (Rebecca Ciraulo et 
al., 2021), using surveys of a variety of stakeholders as well as statistical methods to 
supplement the information provided by existing sources. The results from this study are more 
detailed and wide ranging than previously available sources and represent an important 
advancement in the understanding of the existing window stock in commercial buildings in the 
U.S. 
  
This report describes the development of improved estimates of the energy impact of several 
upgrade options for windows in the U.S. commercial building stock. The following section 
(Section 2) summarizes relevant information and findings from the Guidehouse study. Section 3 
details this study’s methodology, including the window retrofit scenarios considered, and 
presents results from the evaluation of the energy impact of those retrofits. The subsequent 
section (Section 4) includes a discussion of the results, including limitations and implications for 
policy. The final section (Section 5) draws some overarching conclusions from the study. 

2. Building stock characterization 
This section very briefly summarizes the methodology and results of the Guidehouse study that 
provided the updated building stock data on which the work presented in this report was based. 
For additional details, the readers of this report are referred to the original report (Rebecca 
Ciraulo et al., 2021). 
  
The Guidehouse study relied on two main sources of information: 1) building stock and sales 
data from existing sources (such as those mentioned in the previous section) and 2) surveys 
and interviews of stakeholders including experts, code officials, utility program managers and 
regional energy efficiency organization representatives, fenestration (including glass, windows, 
frames and films) manufacturers and their representatives, and architects and engineers. A total 
of 50 stakeholders were interviewed, and the survey provided fenestration data on 800 
buildings. The types of data collected in the survey are shown in Table 1. Together with the data 
from existing sources and the information gathered from the interviews, this allowed the 
characterization of the fenestration in the building stock in a variety of ways, including building 
vintage. A few representative results are shown in Figures 1-5. 
  

https://www.zotero.org/google-docs/?5LlcJ9
https://www.zotero.org/google-docs/?5LlcJ9
https://www.zotero.org/google-docs/?8YXVDS
https://www.zotero.org/google-docs/?8YXVDS
https://www.zotero.org/google-docs/?KfCOJJ
https://www.zotero.org/google-docs/?KfCOJJ
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Table 1: Types of data collected in the survey and completion rates (table data from (Rebecca 
Ciraulo et al., 2021)) 
Data category Response completion rate 

State 100% 

City 100% 

Building Floor space 100% 

Building Floors 100% 

Project Year 100% 

Building Type 100% 

Percent Fenestration 100% 

Total Fenestration Area 85% 

Fenestration Area- North 39% 

Fenestration Area- East 42% 

Fenestration Area- South 43% 

Fenestration Area- West 41% 

Number of Glass Panes 100% 

Fenestration Type 100% 

Fenestration Installed (new construction or retrofit) 100% 

Fenestration Built 100% 

U-Factor 90% 

SHGC 88% 

Visible Transmittance 89% 

Solar Transmittance 88% 

Low-e Coating 100% 

Low-e Surface number (if glass has low-e coating) 100% 

Low-e Spectral Selectivity (if glass has low-e coating) 100%t 

Dynamic Glazing 100% 

Gas Fill 78% 

Gas-Fill Seal Material 100% 

Window Frame 100% 

Thermal Break 100% 

NFRC Certification 100% 

Tint 100% 

Tint Color (if glass tinted) 100% 

Glass Manufacturer 89% 

Glass Product # 84% 

https://www.zotero.org/google-docs/?7C0fov
https://www.zotero.org/google-docs/?7C0fov
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Frame Manufacturer 55% 

Frame Product #  51% 
  

 
 
Figure 1: Glazing types in commercial building stock (reproduced from (Rebecca Ciraulo et al., 
2021), with permission) 

   
Figure 2: Low-e coatings in commercial building stocks (reproduced from (Rebecca Ciraulo et 
al., 2021) , with permission) 

https://www.zotero.org/google-docs/?erfcU8
https://www.zotero.org/google-docs/?erfcU8
https://www.zotero.org/google-docs/?KNGL0T
https://www.zotero.org/google-docs/?KNGL0T
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Figure 3: Glazing types in commercial building stock, by building vintage (reproduced from 
(Rebecca Ciraulo et al., 2021) , with permission) 

 
Figure 4: Window pane number in commercial building stock (reproduced from (Rebecca 
Ciraulo et al., 2021) , with permission) 

 
Figure 5: Location of fenestration assembly in commercial buildings (reproduced from (Rebecca 
Ciraulo et al., 2021) , with permission ) 

https://www.zotero.org/google-docs/?2P8W44
https://www.zotero.org/google-docs/?3As4UE
https://www.zotero.org/google-docs/?3As4UE
https://www.zotero.org/google-docs/?3As4UE
https://www.zotero.org/google-docs/?3As4UE
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3. Impact of window upgrades 
In this study, ComStock™ (Parker et al., 2023) was used to assess the impact of a range of 
window energy efficiency upgrades on energy use in the commercial building stock. ComStock 
is a highly granular, bottom-up model that combines multiple data sources that describe the 
characteristics of existing commercial buildings using statistical sampling methods to define 
physics-based building energy models that compose a statistically-representative sample of the 
current commercial building stock. These models can be used to estimate the annual energy 
use of commercial buildings across the United States and to explore, as in this work, the effect 
of energy efficiency upgrades on both sub-hourly and annual building energy use and CO2 
emissions. Section 3.3.1 describes ComStock in further detail. 
 
It should be noted here that this study focused on determining the energy use and CO2 
emission reductions solely from improving the thermal and optical performance of windows, thus 
providing a conservative estimate of the benefits of upgrading windows in U.S. commercial 
buildings, which are likely to include reductions in peak demand, reduced HVAC sizing and cost 
requirements, and reduced air leakage through the building envelope. 

3.1. Baseline definition 
A prerequisite of this analysis was converting the commercial window stock data from 
Guidehouse into baseline window technology distributions for the ComStock model. ComStock 
uses conditional probability distributions for each modeled building characteristic to generate the 
baseline building stock sample. The distribution for a particular model input can be a function of 
(conditioned on) any number of other building characteristics, e.g., building type, climate zone, 
building vintage, and building size. The Guidehouse database contained approximately 16,000 
building samples from several sources representing all regions in the United States. The data 
contained approximately 30 window characteristics. However, coverage was sparse for many 
categories due to survey recipients not knowing or completing all of the information. We 
selected five characteristics to focus on: window-to-wall ratio, number of panes, presence of 
low-e coating, glazing type, and frame material. We chose these five characteristics strategically 
based on their coverage in the database, their ability to be integrated into ComStock, and our 
confidence in the survey respondents’ ability to provide accurate information.  
 
Window-to-wall ratio (WWR) is defined as the fraction of above-grade wall area that is covered 
by fenestration. Previously, ComStock used the WWR from the DOE prototype building models 
(U.S. Department of Energy, 2022). While each building prototype had a different WWR, there 
was no diversity within each building type, which is not representative of the building stock. 
From the Guidehouse data, we developed a WWR distribution as a function of building type, 
floor area, and vintage. We first analyzed the WWRs separately by building type, floor area, 
geographic location, and vintage to determine which characteristics are drivers of WWR. 
Geographic location did not have a significant impact on WWR, so it was left out of the final 
distribution. Figure 6a shows a noticeable change in the WWR in buildings built after 2014, 
indicating that new buildings are trending toward larger window area. Similarly, Figure 6b shows 

https://www.zotero.org/google-docs/?jTShr3
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a distinct trend in the WWR as a function of floor area, where larger buildings have a greater 
proportion of glazed area on their facades. While the previous methodology only varied WWR 
by building type, these new distributions introduce more WWR diversity through the 
consideration of vintage and floor area. 
 

 
Figure 6: WWR distributions derived from the Guidehouse survey data disaggregated by vintage 

(a), rentable floor area (b), and building type (c) 
 
The before and after WWR distributions are shown in Figure 7. The distinct percentage bins in 
the plots are based on the WWR bins used in the 2012 CBECS.1 The updated distributions 
capture the population of buildings with very small WWRs as well as buildings with very large 
WWRs, which were not previously represented in the distribution.2 In addition, the updated 
distributions have added more realistic variability within building types; Figure 7b shows that, 
previously, all large offices had the same WWR of 15%, whereas using the revised distribution, 
large office WWRs vary from 0%–1% to 76%–100%. 

                                                
1 Window area bins in the 2012 CBECS are illustrated on Showcard A6 in the survey instrument 
reference: https://www.eia.gov/consumption/commercial/data/2012/pdf/show_cards.pdf. 
2 The WWR bins are modeled with specific fixed WWRs. The WWR bins <1%, 2–10%, 11–25%, 26–50%, 
51–75%, and 76–100% are represented by 0.01, 0.06, 0.18, 0.38, 0.63, and 0.88 WWR, respectively. 

https://www.eia.gov/consumption/commercial/data/2012/pdf/show_cards.pdf
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Figure 7: Comparison of WWR distributions in ComStock before and after implementing the 
Guidehouse survey data-derived distributions for all buildings (a) and for large offices (b) 
 
In addition to WWR, we used the Guidehouse data to modify the baseline window constructions 
based on four characteristics: number of panes, glazing type, frame material, and presence of a 
low-e coating. The options selected for these four characteristics are shown in Table 2. 
 
Table 2: Key characteristics selected to define commercial window properties 
Characteristic Options 

Number of Panes Single, Double, Triple 

Glazing Type Clear, Tinted/Reflective 

Frame Material Wood, Aluminum, Thermally-broken Aluminum 

Low-e Coating No, Yes 

 
If every combination of these four properties was modeled, it would result in 36 different window 
configurations, which would add significant complexity to the building characteristics sampling 
process in ComStock. Instead, 12 combinations were selected to be modeled, based on which 
combinations are the most common and most realistic. There are 4 single pane, 6 double pane, 
and 2 triple pane configurations. The unrealistic/uncommon combinations that were eliminated 
include:  

● Single pane with thermally broken aluminum frame  
● Single pane with low-e coating  
● Double pane with wood frame  
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● Triple pane with no low-e coating  
● Triple pane without thermally broken aluminum frame  
● Double or triple pane without low-e coating and with thermally broken aluminum frame  

The 12 remaining window configurations and their properties are shown in Table 3. 
 
Sampling distributions for the window configurations in Table 3 were created by census division; 
an analysis of several building characteristics, including building type, building size, and 
geographic location showed that geographic location has the most influence on the window 
installed. We selected census division as the geographic resolution as opposed to climate zone 
because there are far more climate zones, and we wanted to have enough data points from the 
Guidehouse data set in each region to generate a representative distribution.   
 
In order to determine the thermal and solar optical performance properties—U-value, solar heat 
gain coefficient (SHGC), and visible light transmittance (VLT)—of each of the window 
configurations, they were modeled—using typical window components—in the WINDOW 
software (Mitchell et al., 2019). These properties, shown in Table 3, were then used as inputs to 
ComStock.  
 
Table 3: Thermal and solar optical performance properties of the window configurations 
selected to model the existing stock of windows in commercial buildings 
Number 
of Panes 

Glazing 
Type 

Frame Material Low-e 
Coating 

U-Value IP 
(Btu/h-ft2-F) 

U-Value SI 
(W/m2-K) 

SHGC VLT 

Single Clear Aluminum No 1.178 6.689 0.744 0.754 

Single Tinted/ 
Reflective 

Aluminum No 1.178 6.689 0.579 0.455 

Single Clear Wood No 0.910 5.167 0.683 0.723 

Single Tinted/ 
Reflective 

Wood No 0.910 5.167 0.525 0.436 

Double Clear Aluminum No 0.746 4.236 0.646 0.671 

Double Tinted/ 
Reflective 

Aluminum No 0.749 4.253 0.484 0.411 

Double Clear Aluminum Yes 0.559 3.174 0.386 0.591 

Double Clear Aluminum with Thermal Break Yes 0.499 2.833 0.378 0.591 

Double Tinted/ 
Reflective 

Aluminum Yes 0.557 3.163 0.274 0.359 

Double Tinted/ 
Reflective 

Aluminum with Thermal Break Yes 0.496 2.816 0.266 0.359 

Triple Clear Aluminum with Thermal Break Yes 0.300 1.703 0.328 0.527 

Triple Tinted/ 
Reflective 

Aluminum with Thermal Break Yes 0.299 1.698 0.224 0.320 

 

https://www.zotero.org/google-docs/?pjS6Hw
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3.2. Window upgrade options 
We modeled window upgrades at a range of performance levels, including both prime window 
replacements and secondary glazing systems (SGS) applied to the existing window. These 
windows represent above code minimum performance commercially available units, but do not 
correspond to specific SKUs or manufacturer product lines, and at the upper end of the 
performance range do not necessarily match the state-of-the-art or highest performance 
products currently available. In all prime window replacement cases, we assume both the 
glazing and frame are replaced when the upgrade/retrofit is performed. 
 
In all cases, the upgrades are configured to only apply to buildings where the upgrade 
represents a window performance improvement compared to the existing windows in that 
building. No buildings were modeled receiving a retrofit that would downgrade window 
performance. Subject to this constraint, each prime window upgrade was modeled 
independently and applied to the entire stock. We did not consider cases where a mix of window 
performance levels were combined into a single upgrade package with different performance 
levels applied to different buildings.  
 
Table 4 summarizes the prime window upgrades and their U factor (whole window), SHGC, and 
VT. The performance values for these windows were obtained from models in WINDOW 7.8 
using glazing data from IGDB 81.0. All windows were modeled with thermally-broken aluminum 
frames. Triple-pane windows were modeled with higher-insulating frames than double-pane 
windows. All windows were modeled with the dimensions 1200x1500 mm (47.24x59.06 in). 
Each insulated glass unit (IGU) was modeled with a gap width of 12.7 mm (0.5 in) and an air or 
90% argon gas fill. Low-e coatings were applied to surface 2 in both double- and triple-pane 
IGUs. 
 
Table 4. Prime window upgrades with corresponding U factor, SHGC, and VT 
Upgrade IGU1 Solar Control Glazing/State U Factor (IP) U Factor (SI) SHGC VT 

Double Pane Clear Double Low-e Clear 0.394 2.239 0.361 0.591 

Double Pane Tinted Double Low-e Tinted 0.353 2.002 0.247 0.359 

Triple Pane Clear1 
Triple Low-e Clear 0.265 1.502 0.312 0.506 

Triple Pane Tinted1 Triple Low-e Tinted 0.263 1.493 0.212 0.307 

EC Optimal Double EC 
Bleached 

0.3942 2.2372 
0.4 0.52 

Tinted 0.09 0.01 
1 Modeled with a 90% argon, 10% air gas fill. 
2 WINDOW models of electrochromic windows show that whole-window U factor varies slightly (<0.03 W/m2-K) 
between the bleached and tinted states. For simplicity, we assume a constant U factor equal to the clear state value 
throughout the operational range of the glazing. 
 
Electrochromic windows were modeled with four tint states—bleached, tinted, and two 
intermediate states. The SHGC and VT for the clear and bleached state are representative of 
currently commercially available electrochromic windows. For the sake of simplicity, the SHGC 
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and VT for the intermediate states are linearly interpolated to be equally spaced between the 
bleached and tinted states. The tint states are selected based on glare, incident solar radiation, 
and outdoor temperature using an approach based loosely on (Dutta, 2018). The control 
thresholds are set to a glare index of 24, incident solar radiation of 63 W/m2, and outdoor 
temperature of 50ºF. Control priority is set such that if the outdoor temperature is below the 
threshold, the window remains in the clear state; otherwise, if the glare index is above the 
threshold, switch to the darkest state; and otherwise, if solar radiation is above the threshold, 
switch to the next darker tint state until transmitted solar radiation is attenuated to below the 
threshold. The control thresholds and the prioritization of the control variables were adjusted to 
balance occupant visual comfort, which would generally favor darker tint states, with beneficial 
solar heat gain in the winter months, which is greatest in the clear state. 
 
For the SGS upgrade, we represented the upgrade as modifying the performance of the prime 
window where the performance improvement is a function of the performance and configuration 
of the existing window. As a result, Table 5 shows percent reductions in U factor, SHGC, VT 
when applied on top of each of the prime window configurations included in the baseline 
(detailed in Section 3.1). In general, the model of the SGS in WINDOW included reductions in 
heat transfer from the prime window glazing and frame; the reduction in thermal loss from the 
prime window frame was not included in the model for the wood-framed existing windows since 
wood frames have much better thermal performance than typical currently-installed aluminum 
frames. We did not apply a SGS upgrade to triple-pane windows in the existing stock (less than 
1% of the stock). The SGS is modeled as an interior-mounted fixed (non-operable) glass pane 
with a high solar gain low-e coating on surface 3. This additional glass pane will convert an 
existing single glazing to a double glazing, and a double glazing to a triple glazing. SGS 
systems do not allow for gas fills such as argon between the SGS and the existing glass, since 
the additional glass pane is not as tightly sealed to the existing glass as in an IGU. 
 
Table 5: Secondary glazing systems reduce the U factor, SHGC, and VT of the corresponding 
existing window on which they are installed; the upgrade is specified as a percent reduction of those 
performance parameters relative to the existing window 

Existing Window Percent Reduction Values after reduction 

IGU Solar 
Control 

Frame Glazing U 
Factor 

SHGC VT U Factor 
(IP) 

U Factor 
(SI) 

SHGC VT 

Single None Aluminum Clear 55 30 27 0.648 2.007 0.201 0.005 

Single None Aluminum Tinted 55 38 28 0.648 2.542 0.162 0.003 

Single None Wood Clear 55 23 25 0.501 1.188 0.171 0.004 

Single None Wood Tinted 51 30 25 0.464 1.550 0.131 0.002 

Double None Aluminum Clear 43 23 24 0.321 0.974 0.155 0.002 

Double None Aluminum Tinted 43 34 27 0.322 1.446 0.131 0.001 

Double Low-e Aluminum Clear 36 27 24 0.201 0.857 0.093 0.001 

https://www.zotero.org/google-docs/?2p3AwN
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Double Low-e Thermally-
broken 
Aluminum 

Clear 37 26 24 0.185 0.737 0.091 0.001 

Double Low-e Aluminum Tinted 36 16 24 0.201 0.506 0.066 0.001 

Double Low-e Thermally-
broken 
Aluminum 

Tinted 36 17 24 0.179 0.479 0.064 0.001 

 

3.3. Simulation methodology 
The upgrade scenario analysis was performed using ComStock, a physics-based3 simulation 
model developed to represent the energy use and energy savings potential of the commercial 
building stock with high granularity. ComStock was developed and has been maintained by 
NREL since 2016. ComStock simulations are run using NREL’s high performance computer.  

3.3.1. ComStock 
The goal of ComStock4 is to accurately represent the U.S. commercial building stock with high 
fidelity. ComStock does not model each individual building in the stock, but rather uses tens to 
hundreds of thousands of statistically sampled models to represent the building stock with 
realistic diversity of building characteristics. Based on CBECS principal building activities, 
ComStock models roughly two-thirds of the commercial building energy use and half of 
commercial building floor area in the U.S.; the remaining energy use emanates from university 
buildings, religious worship buildings, mixed-use offices, and grocery stores, with a multitude of 
other building types composing about one-fifth of commercial building energy use. 
 
ComStock results can be used to answer two questions: how much energy is used in the U.S. 
commercial building stock, and what are the impacts of energy saving technologies. Specifically, 
ComStock identifies where energy is being used geographically, in what building types and end 
uses, and at what times of day. Simultaneously, it identifies the impact of efficiency measures: 
how much energy do efficiency measures save; where, or in what use cases do measures save 
energy; when, or at what time of day do savings occur; and which building stock segments have 
the biggest savings potential. 
 
ComStock operates in three primary steps. First, it creates modeling archetypes based on data 
in the building stock characteristics database. Then, it translates the modeling archetypes into 
physics-based models so the baseline case as well as future energy efficiency measures can be 
defined. Finally, it runs energy simulations using high performance computing to evaluate each 
model. To validate accuracy, the models are calibrated against historical ground truth data on 
total building energy use and time-series electricity use. 

                                                
3 ComStock uses EnergyPlus (https://energyplus.net/) to model the physical behavior of buildings. 
4 For more information about ComStock, see https://comstock.nrel.gov/page/about. 

https://energyplus.net/
https://comstock.nrel.gov/page/about
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3.3.2. Window upgrade configuration in ComStock 
For this analysis, custom ComStock measures were developed and incorporated into the 
simulation workflow. The measures were written such that the measure arguments could be 
altered to represent different variations of the same upgrade. For example, we ran two upgrade 
scenarios for the standard window replacement measure—double pane and triple pane—where 
each scenario has their own set of window performance characteristics that are applied to all 
models that fit the upgrade criteria. The performance characteristics used to model the window 
performance upgrades are specified in Tables 4 and 5. 
 
Each of the upgrades were applied across the entire commercial building stock. For a given 
building model, a particular upgrade would not be applied only if it would represent a window 
downgrade for that building. The upgrades do not take into account building stock turnover, 
building upgrade cycles, or typical window lifetimes. The results in this analysis thus represent a 
present day “technical potential” estimate of energy savings for each upgrade if it was 
simultaneously applied to all commercial buildings. 

3.4. Results 
This study explores the stock-wide energy savings potential of three types of upgrades: prime 
window replacement with static or dynamic glazing and SGS installed on top of the existing 
window. The results are presented separately for static and dynamic systems. Except when 
figures or tables show WWR bins explicitly, results are shown only for buildings with >10% 
WWR since buildings with low WWR are likely to see minimal energy savings from a window 
upgrade. All of the simulations used 2018 Annual Meteorological Year weather data. 

3.4.1. Static Prime Window and SGS Upgrades 
The prime window and SGS upgrades modeled in ComStock are listed in Tables 4 and 5 along 
with their performance levels. Tables 6 and 7 summarize median annual site energy percent 
savings and EUI savings for each static window upgrade, amongst all buildings modeled 
nationally. SGS shows somewhat lower energy savings than prime window replacement, 10% 
lower than double-pane replacement windows and 30% lower than triple-pane replacement 
windows. Comparing otherwise equivalent upgrades with clear versus tinted glazing, the latter 
yields higher median savings. The tinted glazing has 32% lower SHGC and 39% lower VT than 
the clear glazing, but any increases in lighting requirements from the reduction in VT are offset 
by the cooling energy savings from the reduced SHGC. Tinted glazing is not necessarily 
preferable for all buildings in all climate zones; Figures 8–11 illustrate the wide variation in 
energy savings in the commercial building stock and some of the factors contributing to that 
variation. 
 
Table 6: Prime window upgrades (for buildings with WWR >10%) yield higher median site 
energy savings than SGS 
Upgrade Median Annual Site 

Energy Savings (%) 
Median Annual EUI 
Savings (kBtu/ft2) 
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Storm Window Retrofit 4.3 3.1 

Double Pane Clear 4.7 3.4 

Double Pane Tinted 5.3 3.9 

Triple Pane  Clear 6.2 4.4 

Triple Pane Tinted 6.5 4.7 

 
Table 7: Results in Table 6 include some buildings that do not have a cooling system; median 
savings increase when considering only buildings that have cooling systems 
Upgrade Annual Site Energy 

Savings (%) 
Annual EUI Savings 
(kBtu/ft2) 

Storm Window Retrofit 4.4 3.3 

Double Pane Clear 4.9 3.7 

Double Pane Tinted 5.5 4.1 

Triple Pane Clear 6.3 4.6 

Triple Pane Tinted 6.7 5.0 
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Figure 8: Site energy savings percentages (for buildings with WWR >10%) from each upgrade 
vary widely among individual buildings, though half of buildings are within 5–6% of the median; 
here and in the other box plots in this document, the box shows the 25th percentile, median and 
75th percentile; whiskers can extend up to 1.5 times the interquartile range, beyond which 
points are considered outliers 
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Figure 9: Examining site energy savings percentages like in Figure 8, but excluding buildings 
that do not have a mechanical cooling system, shows that for some buildings with no cooling, 
there are no significant energy use benefits from the SHGC reductions in upgraded windows 
 
Figure 8 shows the range of site energy savings percentages for each upgrade, reflecting the 
diversity within the commercial building stock. The majority of buildings see savings of at least 
2% with the SGS upgrade, and up to 12% with the triple pane tinted glazing upgrade. For all 
upgrades, some buildings show increased energy use. Most of these buildings do not have a 
mechanical cooling system. Figure 9 shows site energy savings for including only buildings with 
mechanical cooling; there is a clear reduction in negative savings for tinted window upgrades, 
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suggesting that the reduction in SHGC from those upgrades was not resulting in significant 
energy consumption benefits for buildings without cooling. Several other building characteristics 
contribute to the variability in energy savings within the stock; these characteristics are explored 
in part in Figures 10–12. 
 

 
Figure 10: Percent site energy use savings (among buildings with WWR >10%) for any given 
window upgrade vary widely by building type because the variation in building properties among 
building types inform the extent to which total building energy use is affected by window 
performance 
 
Many building characteristics relevant to the energy savings potential of a window upgrade are 
correlated to building type. Figure 10 illustrates energy savings percentages for the triple pane 
tinted glazing upgrade by building type. (Figures A1-A5 in Appendix A show the same results for 
the other upgrades.) Between building types, variations exist in the distributions of perimeter-
floor area ratios, window wall ratios, vintage (year of construction), and occupancy and usage 
characteristics. This last factor is particularly important when considering the limited energy 
savings observed for some building types, such as restaurants and hospitals; total energy use 
for these building types is dominated by end uses, performance requirements, and/or usage 
patterns that are not significantly influenced by window performance. In addition, restaurants 
have only two space types (kitchen and dining), and thus the diversity of characteristics within 
each simulated restaurant will be much more limited than in, for example, a hospital, which 
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might have dozens of different space types. Results from buildings with relatively low energy 
use intensity can also yield large percentage savings. For example, warehouses are modeled 
as having relatively limited conditioned floor area in “offices;” the remainder of the space is 
generally only heated for freeze protection. As a result, even small absolute changes in energy 
use translate to significant percent savings. These building types can also have large variance 
in savings due to their low absolute energy use. 
 
To explore the influence of various factors on site energy savings, Figure 11 illustrates percent 
site energy savings distributions from the triple pane tinted upgrade for each building type with 
an overlay of the distribution of results by WWR bin. (Figures A6-A10 in Appendix A show the 
same results for the other upgrades.) Each point shown for a building type corresponds to an 
individual building simulated. In general, buildings with higher WWRs have higher site energy 
use and also higher savings. The variation in savings also increases with increasing WWR; 
while the potential for greater savings increases as the influence of windows on heating and 
cooling energy use increases. Other building characteristics relevant to heating and cooling 
energy use, such as occupancy and usage patterns and HVAC equipment configuration and 
efficiency, also have a larger effect on the relative contribution of windows to total building 
energy use. For example, for a high WWR building, HVAC efficiency will have a far larger effect 
on the energy savings potential of a window upgrade compared to a low WWR building. In 
addition, with increasing WWR, the share of building envelope heat transfer from windows 
increases, and thus weather conditions (climate zone) will exert an increasing effect on building 
energy use associated with windows. Because ComStock includes approximately 75 sampled 
building characteristics, across 350,000 simulated buildings, many combinations of 
characteristics will occur. A small fraction of these combinations could represent rare and 
relatively unusual building configurations. The range over which these characteristics will vary is 
also a function of building type; some building types have far more variation (e.g., offices) than 
others (e.g., hospitals), especially in some of the key drivers identified in this study, namely 
WWR and HVAC system configuration. 
 
While Figure 11 explores the influence of WWR within building types, Figure 12 shows percent 
site energy savings for the same upgrade as Figure 10—triple pane tinted—divided by WWR 
bin, with separate points plotted for individual buildings, colored by building type. (Figures A11-
A15 in Appendix A show the same results for the other upgrades.) Again, for low WWRs, the 
influence of windows on total building energy use is limited, and as a result, the savings 
potential and the variability in the savings between buildings is also limited. As WWRs increase, 
the potential for savings increases. At high WWRs, variability is higher, due not only to the 
aforementioned influence of other building loads and characteristics on total energy use before 
upgrading the windows, but also because building types that are present in high WWR bins 
generally represent buildings with particularly unusual configurations, for example, warehouses 
with 76–100% WWR, and they represent an extremely small share of the buildings modeled. 
Table A1 in Appendix A shows the breakdown of WWR by building type. 
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Figure 11: Within a given building type, as shown for the triple pane tinted upgrade, percent site 
energy savings are highest for buildings with higher WWRs 
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Figure 12: Illustrated with the triple pane tinted glazing upgrade, within a given WWR bin, 
percent site energy savings vary by building type as a result of the range of building 
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characteristics across building types; even within building types, variations in energy savings 
from individual simulated buildings can be significant 

3.4.2. Dynamic Window Upgrade 
Site energy savings percentages by building type for the dynamic window upgrade described in 
Table 4 are shown in Figure 13. EC glazing, with SHGC varying from 0.09 to 0.4, delivers higher 
median annual energy savings than window upgrades with comparable frames and static 
properties set to an SHGC of either 0.4 or 0.25 and no deployment of manual shading by 
occupants. When looking at whole-building energy savings for individual buildings, the 
additional savings from EC glazing compared to static glazing depends on the characteristics of 
the buildings; in general, buildings with higher WWRs, higher perimeter to floor area ratios 
(higher share of the floor area is at the perimeter), and where building energy use is dominated 
by HVAC energy for heating and cooling benefit more from EC glazing. Building types that have 
significant interior volumes, e.g., hospitals, or where other end uses contribute substantially to 
total building energy use, e.g., cooking and refrigeration in restaurants, generally have whole-
building lower percentage savings from EC glazing compared to other building types. 
 
The EC glazing upgrade modeled corresponds to a double-pane EC IGU. A triple-pane EC IGU 
would deliver somewhat higher energy savings, with the additional savings generally being 
highest in buildings that already benefit the most from a window performance improvement. The 
results in Table 6 for double-pane and triple-pane windows provide a point of reference for the 
additional savings possible from triple-pane EC windows. 
 
EC window energy savings are somewhat dependent on the controls applied to the window, 
including both the control variables, e.g. incident radiation, glare, outdoor air temperature, and 
their tinting/untinting threshold values. The controls approach used to obtain the results in 
Figure 13 is described in Section 3.2. This approach was selected after testing a wide range of 
controls configurations, including the priority order of the control parameters and the particular 
control thresholds used, because it was found to deliver a good balance of heating and cooling 
energy savings, while maintaining a glare control threshold. Because the baseline conditions 
used here do not consider glare control (e.g., through manually operated shades), we chose to 
reduce glare control priority to maintain windows in a less tinted state and capture additional 
beneficial perimeter zone heating in the winter months. Additional data and results illustrating 
the effect of controls on energy savings are in Appendix B. 
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Figure 13: EC windows deliver greater median annual site energy savings (for buildings with 
WWR >10%) compared to an upgrade with a comparable frame and glazing with static SHGC 
of either 0.4 or 0.25; some building types show a larger benefit from EC glazing compared to 
static glazing, generally building types with higher WWR and a greater portion of their energy 
use related to managing heat and light transfer at the transparent facade 

4. Discussion 

4.1 Major findings 
Overall, results show a significant total building energy savings potential in U.S. commercial 
buildings with windows (i.e., WWR > 10%), with median savings between 4.3% and 6.5% for 
static window retrofits and 7.2% for electrochromic windows. Maximum savings were 17% to 
26% for static retrofits and 28% for EC. It should be noted, however, that minimum savings were 
negative—i.e., in some cases, retrofits resulted in an overall increase in energy use. An 
increase in energy use can happen for some buildings through increased heating energy use 
(due to reduced daytime solar heat gains) and/or increased cooling energy use (due to reduced 
nighttime conduction heat losses); the former case seems to have predominated in this study 
since most buildings with negative savings were found to have no cooling system. Nevertheless, 
the overall picture is encouraging, with, for static windows, a minimum 25th percentile savings of 
2.1% to 3.1% and maximum 75th percentile savings of 8.1% to 12.4%. The corresponding 
values for EC windows are 25th percentile savings of 3.6% and 75th percentile savings of 
13.4%. The national impact of window upgrades in the commercial building types modeled by 
ComStock is 0.1–0.17 quads site energy savings, 0.3–0.48 quads estimated primary energy 
savings, and 11–18 Mt avoided CO2 emissions. These savings results cannot be readily 
extrapolated to all commercial building types, but national site energy savings would likely 
exceed 0.2 quads. EC windows offer additional savings, 0.2 quads site energy in the 
commercial buildings modeled by ComStock, 0.52 quads estimated primary energy savings, 
and 20 Mt avoided CO2 emissions; national site energy savings for EC windows could exceed 
0.25 quads. These results are summarized in Tables 8 and 9. 
 
Table 8: Individual building savings summary. 
Individual building savings 
percentile 

Type of window upgrade 

Static Electrochromic 

25th percentile 2.1%-3.1 % 3.60% 

Median (50th percentile) 4.3%-6.5% 7.20% 

75th percentile 8.1%-12.4% 13.40% 

 
Table 9: Nationwide energy savings summary. 
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Building stock Type of window 
upgrade 

Site energy 
savings 
(quads) 

Source energy 
savings (quads) 

Avoided CO2 
emissions (Mt) 

ComStock set (~ 2/3 of US 
commercial building stock) 

Static 0.1-0.17 0.3-0.48 11-18 

Electrochromic 0.2 0.52 20 

US commercial building stock 
(estimated) 

Static > 0.2 quads 
  

Electrochromic > 0.25 quads 
  

 

4.2 Limitations and future work 
When considering these savings figures, several additional factors need to be taken into 
consideration. Simulations conducted for this study assumed that all buildings with WWR 
greater than 10% would be upgraded with the same window, irrespective of other relevant 
factors such as climate and façade orientation. A more granular approach, in which retrofits 
were selected based on what’s most suitable for each building’s characteristics and location, 
was not within the scope of this study, and would certainly yield higher median savings. 
Additionally, a window replacement will almost always result in a reduction in air infiltration. This 
improvement, which in most cases would be expected to result in substantial additional energy 
savings5, was not included in this study’s modeling. Heat conduction due to thermal bridging 
around the window-wall interface, either due to poor design or misalignment between the 
opaque envelope insulation and the window frame thermal break, is not reflected in the whole 
building simulation models used in this study; addressing this phenomenon is a challenge for 
whole building simulation more generally and would almost certainly increase higher energy 
savings than those stated in this report. 
 
Window upgrades yield a range of other benefits that aren’t reflected in direct energy savings. 
Reductions in peak building thermal loads can be taken advantage of by reducing the size of 
HVAC equipment, reducing capital along with operational costs. This reduction in peak loads 
can yield additional economic savings in utility territories with time-of-use rates. Resilience to 
extreme weather events can also be substantially improved with appropriate window upgrades. 
Reduced energy transfer through windows also improves comfort for building occupants, which 
can also translate to positive impacts on productivity, space utilization, and value. Quantifying 
these benefits was not in the scope of this study, but they are likely to substantially add to the 
positive impact of window retrofits. These considerations point to the results of this study 
providing a rather conservative estimate, more indicative of a lower bound for the energy and 
GHG impacts of upgrading windows in commercial buildings and add to an even more 
compelling economic rationale for pursuing policies to implement these outcomes. 
 

                                                
5 Unpublished LBNL estimates show that infiltration is responsible for 14% of the nationwide energy use 
that can be attributable to windows. 
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An additional important factor to consider is that building simulations in this study use climate 
information that is based on recent weather data. Mounting evidence strongly indicates that 
climates will experience changes in the coming decades, and therefore the energy and GHG 
impacts shown here may under or overestimate actual impacts. It is tempting to infer that 
heating energy use will tend to decrease and cooling energy will tend to increase. While that 
might turn out to be true on average, climate change impacts for particular buildings in particular 
locations may be highly variable and are a research topic of their own. Regardless of the 
particular ways that climate change impacts weather conditions in any given location, upgraded 
windows in commercial buildings that reduce air leakage and unwanted heat transfer will 
improve occupant comfort and reduce energy use and GHG emissions. 
 
It should also be noted that, while this study focuses on nationwide energy savings and relative 
(i.e., percent) energy savings, it glosses over the fact that, for relatively large buildings, small 
relative total building energy savings may still represent substantial absolute energy savings, 
and may be cost-effective with respect to the area of upgraded windows involved. 

5. Conclusions 
Upgrading windows by reducing heat loss and controlling solar heat gain in U.S. commercial 
buildings can lead to significant energy savings, on the order of 4%–6% for the median building 
or up to 26% in buildings with the highest savings potential, according to the conservative 
methodology used in this study. Electrochromic windows, or functionally similar automated 
shading solutions, with their ability to dynamically manage solar gain and daylight in response to 
environmental conditions, can provide larger energy benefits, ranging from a median savings of 
7.2% in buildings with WWR >10% and up to 28% for some buildings based on climate and 
WWR. 
  
If windows are upgraded throughout the existing commercial building stock, these upgrades 
present an opportunity for, conservatively, at least 0.2–0.25 quads site energy savings in the 
United States, without considering additional benefits such as managing peak demand and 
enabling HVAC equipment downsizing, and without taking into account energy savings from 
reduced air infiltration. Realizing these savings will require mechanisms that are able to achieve 
the replacement of existing windows at national scale. Energy codes, in tandem with state, 
local, and utility programs have had some success in driving a moderate amount of 
improvement in the window stock. On their own, these existing market drivers are unlikely to 
achieve the required transformation in a reasonable time scale. Larger-scale federal initiatives, 
with local, regional and national public/private partnerships, may be needed in order to reach 
the goal of rapidly upgrading existing windows in commercial buildings throughout the U.S. 
  
The objective of this study was to develop a conservative understanding of the technical 
potential of upgrading windows in U.S. commercial buildings. Notwithstanding the usefulness of 
the results presented here, it would be possible to introduce in future studies several 
refinements that were outside the present scope. First, retrofits were assumed to occur in all 
buildings irrespective of their characteristics, façade orientation, and climate in their location. A 
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more nuanced and realistic approach would be to select retrofits that are the most appropriate 
for each building and climate. This customization could also include the algorithms that are used 
to control electrochromic windows, as well as adding operable shading to the baseline condition. 
Including the effect of reductions in air leakage from retrofits would also increase the magnitude 
of savings and improve the accuracy of any estimates of the energy impact of window 
upgrades. Another limitation of the present study is that it relies on past weather data, which is 
more and more likely to not accurately reflect future conditions. Repeating this study with 
projected future weather data might provide a more realistic picture of future energy savings 
from window upgrades. Finally, this study also did not include economic benefits beyond 
absolute energy savings, such as reductions in peak electricity demand and their implications 
for the downsizing of HVAC systems. These benefits are likely to provide additional market 
drivers, such as improved cost-effectiveness, for upgrading windows in commercial windows. 
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Appendices 

Appendix A: Additional Results 
 
Table A1: Buildings modeled varied widely in number across building types and WWRs 
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Figure A1: Percent site energy use savings (among buildings with WWR >10%) for double pane 
clear upgrade 
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Figure A2: Percent site energy use savings (among buildings with WWR >10%) for double pane 
tinted upgrade 
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Figure A3: Percent site energy use savings (among buildings with WWR >10%) for triple pane 
clear upgrade 
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Figure A4: Percent site energy use savings (among buildings with WWR >10%) for triple pane 
tinted upgrade 
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Figure A5: Percent site energy use savings (among buildings with WWR >10%) for SGS 
upgrade 
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Figure A6: Percent site energy use savings by building type with each simulated building shown 
as an individual point, colored by WWR, for double pane clear upgrade 
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Figure A7: Percent site energy use savings by building type with each simulated building shown 
as an individual point, colored by WWR, for double pane tinted upgrade 
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Figure A8: Percent site energy use savings by building type with each simulated building shown 
as an individual point, colored by WWR, for SGS upgrade 
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Figure A9: Percent site energy use savings by building type with each simulated building shown 
as an individual point, colored by WWR, for triple pane clear upgrade 
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Figure A10: Percent site energy use savings by building type with each simulated building 
shown as an individual point, colored by WWR, for triple pane tinted upgrade 
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Figure A11: Percent site energy use savings by WWR with each simulated building shown as an 
individual point, colored by building type, for double pane clear upgrade 
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Figure A12: Percent site energy use savings by WWR with each simulated building shown as an 
individual point, colored by building type, for double pane tinted upgrade 
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Figure A13: Percent site energy use savings by WWR with each simulated building shown as an 
individual point, colored by building type, for SGS upgrade

 
Figure A14: Percent site energy use savings by WWR with each simulated building shown as an 
individual point, colored by building type, for triple pane clear upgrade 
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Figure A15: Percent site energy use savings by WWR with each simulated building shown as an 
individual point, colored by building type, for double pane tinted upgrade 
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Appendix B: EC Window Controls Configuration 
 

 

 
Figure B1: Tint state share by facade orientation in daylight hours (Tint 1 is the clear state, Tint 
4 is full tint, Tint 2 and Tint 3 are intermediate states). 
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Figure B2: Heating and cooling energy comparison among EC control strategies 

 
Figure B3: Time series illustration of EC window control operation 
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