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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: Heat Pump Water 
Heater (HPWH) upgrade. This measure installs a high-efficiency 240V HPWH to all dwelling 
units that are not currently using a HPWH or a solar thermal water heater. The HPWH uses the 
refrigerant cycle to extract heat from the surrounding air to produce hot water at an efficiency 
several times higher than conventional electric resistance technology. With 99.5% of the U.S. 
housing stock applicable for this upgrade, this measure demonstrated: 

• A total modeled savings potential of 280 TWh per year in site energy and $19 billion per 
year in energy costs based on 2024 state-average fuel rates.  

• An average modeled savings of 2,210 kWh per year (8.2%) in site energy and $151 per 
year (5.3%) in energy bills for applicable occupied dwellings. 

• 73% of the site energy savings come from natural gas and 19% from electricity. 

• An increase in site energy for 1.5% of applicable dwellings due to an increased runtime 
of their inefficient heating systems (as the HPWH pulls heat from the conditioned space 
when installed in or near it). 

• An increase in energy bills for 5.6% of applicable dwellings due to site energy increase 
and cost ratio between electricity and fuels. 

• Electrical panel constraints affect one in five applicable dwellings; based on modeling, 
17.9% do not have enough space and 2.7% do not have enough capacity for the upgrade. 
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ResStock 2025 Release 1 Measure Documentation: 
Heat Pump Water Heater Upgrade 
Accessing Results 
This documentation covers the “Heat Pump Water Heater” (HPWH) 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 Heat Pump Water Heater 

Measure 
Definition 

This measure installs a 240V HPWH to all dwelling units that are not currently 
using a HPWH or a solar thermal water heater.  

Applicability 

This measure applies to all dwellings with one of the following water heaters: 
• Electric resistance storage or tankless 
• Fuel storage or tankless. 

With these constraints, the measure applies to 99.5% of existing dwelling units. 

Not Applicable 

This measure does not apply to dwelling units with one of the following water 
heaters: 
• Heat pump 
• Solar thermal. 

These constraints exclude 0.5% of dwelling units from receiving this measure 
upgrade. 

Original Release ResStock 2025 Release 1 

Project 
Configuration 
File(s) 

https://github.com/NatLabRockies/resstock/blob/sdr_2025_Release_1/project_n
ational/sdr_upgrades_amy2018.yml 

 

https://resstock.nlr.gov/
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1 Technology Summary 
This measure models installing a high-efficiency 240V HPWH into all U.S. homes that are not 
already using a heat pump or solar thermal for water heating. The equipment has a uniform 
energy factor (UEF) no less than 3.3 and a first hour rating (FHR) no less than 45 gal/h. 

1.1 Introduction to Technology 
A HPWH is a high-efficiency electric storage water heater that uses a refrigerant cycle to extract 
heat from the surrounding air to produce hot water. A 240V HPWH, also known as a hybrid 
water heater, has backup electric resistance elements inside the tank to allow several operation 
modes: heat pump only, electric resistance only, or hybrid (i.e., the high-power electric resistance 
only turns on to supplement the heat pump in high demand situations). The refrigerant cycle 
leverages phase-changing fluid to transfer more heat than the electricity it consumes, resulting in 
an efficiency level several times greater than that of electric resistance heating, which has nearly 
100% efficiency (IEA, 2022). 

 
Figure 1. Schematic of a typical 240V residential HPWH  

Note: 120V units may or may not have electric heating elements. Figure from (Sparn, 2021). 

For electric water heaters, HPWHs are the only technology type that can meet ENERGY STAR® 
Version 7.0 efficiency requirement, which is set to an FHR of 45 gal/h and a UEF of 3.3 for 
240V models (ENERGY STAR, 2025c). Note that 120V HPWHs, characterized by no or low-
power electric backup elements, are also ENERGY STAR qualified, but they are not considered 
in this measure.  
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The FHR indicates how much hot water a water heater can deliver in an hour of operation and is 
often used when sizing for an application. UEF is a metric used to quantify the energy efficiency 
of water heaters under standard test conditions (Jutras, 2024). The UEF test procedure includes a 
draw profile that is intended to reflect realistic hot water usage for that water heater and tank 
size. The FHR for a water heater determines which of four usage levels are used in the UEF test 
procedure. Thus, a UEF has a companion usage bin label and should only be compared with 
other UEF of the same bin. A higher UEF indicates that the water heater is more efficient in 
converting energy into hot water within its specific usage bin. HPWHs generally have an FHR 
between 45 and 87 gal/h and a UEF rating between 3.34 and 4.14. In comparison, an electric 
resistance water heater has a UEF of 0.9 to 0.95. HPWHs account for only 2% of all water 
heaters sold in 2024, but are gaining popularity due to a growing awareness of their efficiency 
and cost savings potential. HPWH sales grew by 35% from 2022 to 2023 (Wachunas, 2024). 

1.2 Technical Measure Details 

1.2.1 Efficiency 
In an electric HPWH, cold water comes in from the bottom of the tank and is heated by the heat 
pump coil or the backup elements. As hot water rises and goes out from the top, it creates a 
temperature gradient or a stratified tank. A tempering valve can be added to the outlet to mix the 
hot water with cold water to prevent scalding at the point of use, typically by keeping the 
temperature of water drawn after the tempering valve below 125°F. This also lets the tank 
temperature to be set higher, allowing for more stored energy and reducing the risk of legionella 
growth in the tank. Table 1 summarizes the range of performance of ENERGY STAR rated 
HPWHs available in the U.S. market according to EPA data retrieved in May 2025 (ENERGY 
STAR, 2025a). 

Table 1. ENERGY STAR 240V HPWH Performance Ratings 

Volume (gal) FHR (gal/h) UEF 

<45 46–66 3.4–3.88 

45–55 65–76 3.35–3.93 

56+ 70–87 3.34–4.14 

1.2.2 Sizing 
Storage water heater sizing depends on the first hour rating (FHR) per Uniform Plumbing Code. 
Right-sizing ensures the water heater is delivering the required hot water demand without 
increasing the equipment upfront cost or operational inefficiencies. Hot water demand is 
primarily driven by the number of occupants but can be influenced by many other factors, 
including the type and behavior of occupants, number and type of hot water appliances and 
fixtures, and length of distribution. Because number of occupants can change over time while 
physical characteristics like number of bedrooms and bathrooms are typically fixed, sizing is 
sometimes done in terms of these characteristics instead. Generally, the larger the household, the 
larger the house, and the larger the water heater. Additionally, because HPWHs recover slower 
than other storage water heaters when operating in heat pump mode, EnergyStar recommends to 
upsize for more storage capacity (ENERGY STAR, 2025b). Table 2 shows the ENERGY STAR 
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NextGen program’s minimum sizing requirement, which depends on the number of bedrooms 
and bathrooms (ENERGY STAR, 2025b). 

Table 2. Tank Sizing Requirement per ENERGY STAR NextGen 

Number of Bathrooms 1 to 1.5 2 to 2.5 3 to 3.5 
Number of Bedrooms 1 2 3 2 3 4 5 3 4 5 6 
FHR per Uniform Plumbing Code (gal/h) 38 49 49 49 62 62 74 62 74 74 74 
ENERGY STAR NextGen Minimum  
Tank Size (gal) 36 45 59 45 59 72 72 59 72 72 72 

 
For modeling purposes, we simplify the efficiency and size of ENERGY STAR HPWH data 
down to the following in Table 3. Note the sizing is slightly larger than the minimum sizing 
requirement in Table 2 and consistent with the recommendation to upsize HPWH to reduce the 
chance of unmet hot water. The efficiency values were averages of models from two major U.S. 
HPWH manufacturers. They were higher than those shown in Table 1 because the ENERGY 
STAR database typically includes older generations of HPWH. See Table 4 for a full breakdown 
of the applicability of the heat pump water heater upgrade. 

Table 3. Sizing and Efficiency of HPWH for the Final Modeling 

Electric HPWH 
Applicable Dwelling units 

Size (Gal) Efficiency (UEF) 

50 3.78 (average of 3.68 and 3.88) Up to 2 bedrooms AND up to 3 occupants 

66 3.95 (average of 3.84 and 4.05) 
3 bedrooms AND up to 4 occupants 

OR 
up to 3 bedrooms AND 4 occupants 

80 3.98 (average of 3.88 and 4.07) 
4 or more bedrooms  

OR 5 or more occupants 

1.2.3 Impact of Flue Vent 
All fuel-based water heaters need to pull in air for combustion and require a way to safely vent 
the exhaust. This additional vent can add to the overall infiltration of the house and needs to be 
balanced to prevent dangerous back-drafting of the flue gas (Moffatt, 1991). Replacing fuel-
based water heaters with HPWHs can improve the airtightness of the house and reduce space 
heating and cooling demand when their flue vent is eliminated. ResStock assumes that the water 
heater and the space heating system share a flue vent when both systems are in the conditioned 
space and require ventilation, as indicated by the parameter “Has Flue or Chimney In 
Conditioned Space” in  

Table 6 in Section 3.1. Therefore, the measure can remove the fuel water heater flue vent and 
reduce infiltration only when the flue vent is standalone and the existing space heating system 
does not require ventilation. 



5 

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

1.2.4 Impact of Location 
The location of a HPWH can be a major consideration when it comes to its performance and 
impact on occupant comfort, and manufacturer guidance varies by climate region (ENERGY 
STAR, 2025b). The HPWH draws heat from the ambient air and exhausts air that is cooler and 
drier to the same space unless ducted. HPWH performance can be boosted in a warm 
environment (e.g., a utility room that offers waste heat from other appliances). In colder 
climates, installation in cold, unconditioned spaces, such as garages and outside, should be 
limited. Unvented small spaces, such as a closet, can also present a challenge, but can be 
mitigated with passive venting or short duct runs to another conditioned location (Larson & 
Larson, 2022). While ResStock models water heater location diversity, it does not model the 
impact of tight closet spaces or ducting options for HPWHs. HPWHs can be slightly larger and 
taller than conventional storage water heaters due to the heat pump and larger tank to account for 
slower recovery, which can limit where they can be installed. They also require a drain for 
condensate or the addition of a condensate pump if a drain is not available. ResStock does not 
account for these limitations and assumes the existing water heaters can be swapped out for the 
HPWH without changing the installation location within the home.  

When located within the conditioned space, the cooling from HPWH can lead to an energy 
increase for space heating and decrease for space cooling. This interactive effect is captured in 
ResStock and its net impact on space heating and cooling can vary by climate region. The 
cooling and dehumidification can also impact occupant comfort. Lower humidity makes it feel 
cooler, potentially allowing for a higher space cooling setpoint to achieve the same comfort. 
ResStock does not currently model indirect humidity impacts, such as that on setpoint, or the use 
of humidifiers or dehumidifiers in the housing stock. ResStock also assumes an “interaction 
factor” of 1, where the HVAC responds to every unit of heat taken from the space and adjusts its 
operation accordingly to maintain setpoint. Actual data from homes shows this interaction can 
vary widely and is often less than 1 depending on where in the home the water heater is installed. 

1.2.5 Electrical Requirement 
The HPWH options considered in this measure require a 208/240V circuit protected by a double-
pole breaker, which typically requires two breaker spaces. The equipment power rating is driven 
by the size of the backup elements, which are typically 4,500 W and require a 30A breaker 
(AOSmith, 2026). This information is used in ResStock to assess whether the home’s electrical 
panel would be constrained in terms of space or capacity due to this upgrade. 

  



6 

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

2 Applicability  
This measure replaces existing water heaters with 240V HPWHs for dwelling units without a 
HPWH or solar thermal. HPWH tank size is determined according to the number of bedrooms 
and number of occupants, as shown in Table 3. The HPWH upgrade is done in place without a 
location change. Based on the above assumption, 99.5% of housing stock receives the HPWH 
upgrade, as shown in Table 4. Note, “other fuel” and “wood” water heaters are mapped to coal 
and wood cord energy consumption in the output, respectively. These fuel types are excluded 
from the published energy results due to low confidence in the estimates, meaning they appear in 
the housing characteristics but not in the reported energy consumption. As a result, homes with 
water heaters of these fuel types will appear to show an increase in site energy consumption that 
does not reflect real energy changes from the upgrade. 

Table 4. Summarized Apply Logic for HPWH Upgrade 

Water Heater Fuel 
Water 
Heater 
Efficiency 

Bedrooms Occupants 
Stock 
Saturation 
(%) 

HPWH Upgrade 
Size and Efficiency 
(gal, UEF) 

Electricity HPWH N/A N/A 0.3 No upgrade 

Electricity Electric 
resistance 1-2 0-3 19.0 50, 3.78 

Electricity Electric 
resistance  1-2 4 1.0 66, 3.95 

Electricity Electric 
resistance  1-2 5+ 0.5 80, 3.98 

Electricity Electric 
resistance 3 0-3 14.0 66, 3.95 

Electricity Electric 
resistance  3 4 2.2 66, 3.95 

Electricity Electric 
resistance  3 5+ 1.5 80, 3.98 

Electricity Electric 
resistance  4-5 0-3 6.3 80, 3.98 

Electricity Electric 
resistance  4-5 4 1.7 80, 3.98 

Electricity Electric 
resistance  4-5 5+ 1.7 80, 3.98 

Solar Thermal All types N/A N/A 0.2 No upgrade 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 1-2 0-3 17.2 50, 3.78 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 1-2 4 1.1 66, 3.95 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 1-2 5+ 0.6 80, 3.98 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 3 0-3 15.9 66, 3.95 
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Water Heater Fuel 
Water 
Heater 
Efficiency 

Bedrooms Occupants 
Stock 
Saturation 
(%) 

HPWH Upgrade 
Size and Efficiency 
(gal, UEF) 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 3 4 2.9 66, 3.95 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 3 5+ 1.9 80, 3.98 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 4-5 0-3 7.5 80, 3.98 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 4-5 4 2.3 80, 3.98 

Gas/Propane/Fuel 
Oil/Wood/Other Fuel 

All types 4-5 5+ 2.3 80, 3.98 

3 Modeling Approach 
ResStock models one water heater for every home and all water heaters as a standalone 
appliance, with diversity in efficiency and installed location informed by Residential Energy 
Consumption Survey (RECS) 2020 microdata (US EIA, 2024). Most water heaters are installed 
in the conditioned space or adjacent to the thermal envelope, with over 40% in the living space 
and 11% in heated basements. ResStock does not model multifamily centralized water heaters in 
buildings, which exist in about 14% of the stock according to the “Water Heater In Unit” 
parameter in ResStock.1 Instead, a portion of the central water heater’s energy consumption is 
approximated for the modeled dwelling unit using a standalone water heater model located in a 
conditioned mechanical space outside the dwelling unit. The out-of-unit location prevents the 
water heater from interacting with any in-unit systems, but the model does not account for any 
realistic hot water distribution and recirculation losses, which can be significantly more 
depending on the location of the dwelling. This means the water heating energy for multifamily 
units with “out-of-unit” central water heating is generally underestimated for both the baseline 
and the upgrade, as they go from a shared water heater to a shared HPWH. 

In ResStock, all HPWHs are modeled using a stratified tank model that operates in a hybrid 
mode with realistic thermostatic control. A stratified tank realistically captures the thermocline 
that exists inside the tank as hot water is drawn out from the top and cold water comes in the 
bottom. The heat pump reheats the bottom half of the tank, which is adjacent to the condenser. 
The tank is controlled using a weighted average of a measured upper and lower temperature. In 
hybrid mode, the water heater first turns on the heat pump and only resorts to the backup 
elements in high demand scenarios where the temperature drops substantially. Hot water draw 
schedules are stochastically modeled (Hendron, Burch, & Barker, 2010), and total demand is 
tabulated from fixture (showers, sinks, and baths) use, which varies by the number of occupants, 
and from hot water appliances (dishwasher and clothes washer). Multipliers are additionally 
applied at random to each of the hot water demands to reflect usage diversity. An impact of this 
usage diversity is that a small family can use a lot of water when assigned large multipliers and 

 
 
1 “Water Heater In Unit” is a misnomer since the parameter denotes whether the water heater is centralized and 
shared rather than the status of the water heater’s physical location. 
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vice versa, and large unmet hot water load is possible. When there is unmet load but no explicit 
comfort metric currently to track it, it makes it difficult to compare the energy consumption 
before and after an upgrade. However, as these edge cases are rare, the uncertainty is limited. 
Refer to the ResStock Technical Reference Guide or more details on the modeling process of 
water heating (Reyna, et al., 2025). 

The efficiency of the heat pump used by the HPWH varies during operation depending on the 
indoor wet bulb temperature and the temperature of water adjacent to the condenser. The 
condenser is wrapped around the bottom half of the tank under the jacket insulation, while the 
inlet air conditions vary based on installation location. While performance in EnergyPlus can be 
mapped to either wet bulb or dry bulb temperature, using wet bulb temperature captures that 
humidity does have some impact on performance. The nominal COP of the heat pump is 
calculated by fitting to a regression of different COP values for a simulated UEF test to derive a 
relationship between the two. The curves used for capacity and COP of the heat pump as a 
function of these temperatures are: 
 

𝐶𝐶𝐶𝐶𝐶𝐶_𝑓𝑓𝑓𝑓 = 𝑎𝑎 + 𝑏𝑏𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑐𝑐𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎2 + 𝑑𝑑𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑒𝑒𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤2 + 𝑓𝑓𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 
𝑄𝑄_𝑓𝑓𝑓𝑓 = 𝑔𝑔 + ℎ𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑖𝑖𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎2 + 𝑗𝑗𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑘𝑘𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤2 + 𝑙𝑙𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 

Where: 
Q_ft: Heating output capacity modifier based on temperature 
COP_fT: Nominal coefficient of performance modifier based on temperature.  
Tair: Wet bulb temperature of air entering the heat pump 
Twater: Tank water temperature adjacent to the condenser 
a-j: Curve coefficients 

 
Curve coefficients were derived based on detailed laboratory testing that captured performance 
under a wide range of conditions. Values used here are: 

a: 1.1332 
b: 0.063 
c: -0.0000979 
d: -0.00972 
e: -0.0000214 
f: -0.00069 
 
g: 0.563 
h: 0.0437 
i: 0.000039 
j: -0.00015 
k: -0.00015 

 
Figure 2 and Figure 3 visualize the performance map for COP and capacity respectively. 
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Figure 2. COP multipliers at different ambient wet bulb and tank temperatures 

 

 
Figure 3. Capacity multipliers at different ambient wet bulb and tank temperatures 

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. These are 
sampled to create a synthetic stock where each sample has an assigned option for each 
characteristic for each dwelling unit to be simulated. ResStock utilizes the OpenStudio-HPXML 
workflow to translate these dwelling characteristics into building models ready to be simulated 
via OpenStudio and EnergyPlus through an HPXML file. For reference, OpenStudio-HPXML 
v1.10.0 was used to produce ResStock 2025 Release 1 dataset.   

3.2 HPWH Upgrade 
In the model articulation step of the workflow, each building characteristic assigned in ResStock 
is translated to OpenStudio-HPXML parameters. An OpenStudio-HPXML default value is used 
when there is no input from ResStock for a required field. A measure upgrade is modeled as 
changes to specific building characteristics of a model articulated using the baseline building 
stock characteristics. This section will go over the technical details of HPWH upgrade changes in 
the ResStock workflow. 

https://github.com/NREL/OpenStudio-HPXML/
https://github.com/NREL/OpenStudio-HPXML/releases/tag/v1.10.0
https://github.com/NREL/OpenStudio-HPXML/releases/tag/v1.10.0
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ResStock Inputs for the HPWH Upgrade 
Table 5 summarizes the inputs associated with the HPWH upgrade in ResStock. These inputs are 
used by OpenStudio-HPXML to create the HPXML file. As shown, ResStock relies heavily on 
default assumptions from OpenStudio-HPXML for miscellaneous details such as water heater 
heating and backup heating capacity.  

Table 6 lists the default values assigned by OpenStudio-HPXML. The efficiency values were 
average of models from two major U.S. HPWH manufacturers. 

Table 5. ResStock Argument Values for the Electric HPWH Options  
Note all three tank volume options are listed below. 

ResStock Argument 

Electric 
Heat 
Pump, 50 
gal, 3.78 
UEF 

Electric 
Heat 
Pump, 66 
gal, 3.95 
UEF 

Electric 
Heat 
Pump, 80 
gal, 3.98 
UEF 

Calculated by 
OpenStudio-
HPXML? 

water_heater_type HPWH HPWH HPWH No 

water_heater_fuel_type Electricity Electricity Electricity No 

water_heater_tank_volume [gal] 50 66 80 No 

water_heater_efficiency_type UniformEn
ergyFactor 

UniformEn
ergyFactor 

UniformEn
ergyFactor No 

water_heater_efficiency 3.78 3.95 3.98 No 

water_heater_recovery_efficiency N/A N/A N/A No 

water_heater_standby_loss Auto Auto Auto Yes 

water_heater_jacket_rvalue (add-
on) [ft2⋅°F⋅h/btu] 0 0 0 No 

water_heater_setpoint_temperature 
[°F] 125 125 125 No 

water_heater_heating_capacity Auto Auto Auto Yes 

water_heater_backup_heating_cap
acity Auto Auto Auto Yes 

water_heater_has_flue_or_chimney Auto Auto Auto Yes 

water_heater_num_bedrooms_serv
ed Auto Auto Auto Yes 

water_heater_operating_mode Auto Auto Auto Yes 

water_heater_tank_model_type Auto Auto Auto Yes 

water_heater_usage_bin Medium Medium High No 

water_heater_uses_desuperheater Auto Auto Auto Yes 

Default Inputs From OpenStudio-HPXML for the Measure Upgrade Name 
The ResStock inputs in the table above are sent to OpenStudio-HPXML. Any values that are not 
specified by ResStock are calculated using the defaults in the BuildResidentialHPXML 
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OpenStudio measure. These details can also be found in the OpenStudio-HPXML documentation 
v1.10.0. 

Table 6. HPXML Default Values for the HPWH Upgrade 

HPXML Default Variable Value Units Notes 

Standby Loss 

3.6 Btu/h°F 50-gal, 3.78 UEF Based on values from lab 
testing of different sized 
HPWHs (Kvaltine & 
Larson, 2015) 

4.0 Btu/h°F 66-gal, 3.95 UEF 

4.7 Btu/h°F 80-gal, 3.98 UEF   

Is Shared System No - Whether it serves multiple units or shared laundry 
room 

Fraction Domestic Hot 
Water Load Served 1.0  - 

For a house with more than one water heater, this 
specifies the fraction of total hot water load a 
water heater is serving.   

Nominal Heating Capacity 

6,887 
2.02 

Btu/h 
kW 

50-gal, 3.78 UEF 
Value is a function of the 
heat pump COP, which is 
converted from UEF using 
the usage bin. 

7,203 
2.11 

Btu/h 
kW 

66-gal, 3.95 UEF 

7,334 
2.15  

Btu/h 
kW 

80-gal, 3.98 UEF   

Backup Heating Capacity 
15,355 or 
4.5 

Btu/h 
kW 

- 

Has Flue or Chimney In 
Conditioned Space 

Depends 
on the 
heating 
system 

- 

(Atmospheric) flue vent is assumed to be shared 
between space heating and water heating. The 
flue vent remains when the (existing) fuel heater is 
in the conditioned space and has an annual fuel 
utilization efficiency (AFUE) or equivalent 
efficiency rating of <89%, even as water heating 
no longer needs it. 

Number of Bedrooms 
Served N/A - Not applicable as it is only used if the water heater 

is a shared system. 

HPWH Operating Mode Hybrid - 
In the hybrid mode, the backup only turns on 
when heat pump is not producing enough hot 
water. 

Uses Desuperheater False  - - 

Tank Model Type Stratified - 

This means the tank does not assume uniform 
water temperature throughout. Instead, a realistic 
thermal gradient exists when hot water is drawn, 
and different heating components come on 
accordingly based on the thermostatic control. 

3.3 Electrical Panel  
Electrical panel constraint modeling was added to ResStock via OpenStudio-HPXML measures 
in 2025. As new electric loads are added into the home during an improvement project, the 
electrical panel may not have enough capacity or space headroom to accommodate these new 

https://openstudio-hpxml.readthedocs.io/en/v1.10.0/
https://openstudio-hpxml.readthedocs.io/en/v1.10.0/
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circuits. Thus, the panel may become constrained, requiring an electrical upgrade that may 
include upsizing the service entrance. Panel constraints can also be mitigated in other ways 
without the panel or service being upsized, by using load shedding devices, circuit sharing 
devices, or a smart panel to allow more loads to be connected; low-power, combination, or smart 
appliances to reduce electric loads at the source; slim tandem breakers or subpanels for more 
space; and more (Redwood Energy, 2022). The panel constraint estimate from the upgrade 
measure allows for the costing of any potential electrical upgrade or mitigation, thus helping to 
capture the total cost of upgrade more holistically across the housing stock. 

Panel capacity and space constraints are modeled using a service load and a breaker space 
calculation, respectively. The load calculation is based on 2023 National Electrical Code’s load-
based method in Section 220 (NFPA, 2023), which guides how the load diversity should be 
estimated and summed to estimate the total load connected to the panel. When this total load 
converted to ampacity exceeds the service rating of the panel, the panel is considered capacity-
constrained in ResStock. Similarly, the panel is considered space-constrained when the total 
occupied breaker space counted from the bottom-up exceeds the rated space count of the panel. 
The panel’s capacity and space ratings are probabilistically sampled based on other housing 
characteristics such as heating fuel and the presence of certain appliances. Users are encouraged 
to reevaluate these constraint metrics according to other considerations, such as a margin of 
safety to account for uncertainty in the modeling process. For more details on panel constraint 
modeling, refer to the ResStock Technical Reference Guide (Reyna, et al., 2025).  

  



13 

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

4 Results 
4.1 Individual Dwelling Example 
This section analyzes three dwelling units that upgraded their electric storage water heater to a 
HPWH. Table 7 provides key housing characteristics of the dwelling unit samples. The samples 
selected are in Hawai‘i (HI, Climate Zone 1A), California (CA, Climate Zone 3B), and Alaska 
(AK, Climate Zone 7), representing a range of climate conditions. To control for major factors 
that influence hot water demand and water heater sizing, all three dwellings are occupied by four 
occupants across four bedrooms with an average usage of hot water fixtures, clothes washer, and 
dishwasher. As a result of the bedroom and bathroom counts, they have a 50-gal electric storage 
water heater in the baseline and received an 80-gal HPWH for upgrade. Note the water heater 
location is selected to show the extent of HPWH backup usage and controlled for comparison 
purposes. It is rare to have a water heater, especially a HPWH, installed in the garage in AK. 

Table 7. Selected Properties of Dwelling Unit Samples 

Example Dwelling ID 1 2 3 

State HI CA AK 

IECC Climate Zone 1A 3B 7 

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

Building Type Single-Family Detached 

Occupants 4 

Bedrooms 4 

Fixture Usage 100% 

Hot Water Appliances Clothes washer and dishwasher, both at 100% usage 

Total Hot Water Demand 54.9 gal/day 64.6 gal/day 73.2 gal/day 

Water Heater  Electric resistance, 50-gal, 0.92 EF (0.92 UEF)* 

Water Heater Location Unconditioned attached garage 

Heating Type None Gas furnace Fuel oil boiler 

Cooling Type None Central AC None 

*Water heaters in the baseline models use Energy Factor (EF) rating instead of Uniform Energy Factor (UEF). The 
EF rating has been converted to UEF, which is typically done based on a regression model of surveyed water heater 
products. 

4.1.1 Individual Dwelling Annual Results 
Table 8 presents selected metrics before and after the HPWH upgrade and percent change. As 
expected, total delivered hot water is largest in colder climate because the ground water is colder, 
more energy is needed to deliver the same amount of hot water. The amount of delivered hot 
water remains nearly the same before and after the HPWH upgrade, indicating that the upgrade 
does not lead to an increase in unmet water heating demand.  

The upgrade led to a significant reduction in water heating energy use across all locations. Water 
heater site energy consumption was reduced by 80%, 77%, and 43% for the dwelling in HI, CA, 
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and AK, respectively. These reductions are as expected for HI and CA, given the improvement in 
efficiency from an EF of 0.92 (~0.92 UEF) for the electric storage water heater to a UEF of 3.98 
for the HPWH. In unconditioned space installations, such as in garages, the efficiency of the heat 
pump and amount of backup usage varies substantially depending on the ambient air temperature 
available to the HPWH. The average garage temperature is lower in CA (71°F) than in HI 
(82°F), leading a lower overall HPWH coefficient of performance (COP, 3.93 for CA and 4.62 
for HI) and less energy savings. For AK, where the garage temperature can reach below 
freezing2, the use of electric resistance backup for the HPWH is much more common (27% of 
the total heating time) and reduced both the COP and the energy savings from the upgrade. 
Electric resistance backup use is zero or nearly zero for the other locations.  

It is worth noting that ResStock may be slightly underestimating the use of HPWH backup and 
therefore overestimating the energy savings potential from HPWH. This is because the current 
simulation timestep at 15 minutes is longer than many hot water usage events. As a result, the 
flow rate of individual hot water draw events may be averaged over the timestep, which reduces 
the rate at which energy is removed from the tank and may show that the heat pump is able to 
recover from events that might have triggered the backup elements, which reheat more rapidly 
than the heat pump, for part of the recovery period. Additionally, the EnergyPlus Energy 
Management System controller is allowing the HPWH to run slightly hotter than the electric 
storage water heater. This allows the HPWH to store more hot water, reducing the use of the 
backup. 

Table 8. Selected Metrics Before and After the HPWH Upgrade 

Dwelling ID/State/Climate Zone 1/HI/1A 2/CA/3B 3/AK/7 

Delivered Hot 
Water (MBtu) 

Baseline 7.11 11.12 17.13 

Upgrade 7.13 11.18 17.16 

Change 0.3% 0.5% 0.2% 

Hot Water Energy 
(MBtu) 

Baseline 7.91 12.10 18.55 

Upgrade 1.54 2.84 10.52 

Change -80% -77% -43% 

Annual Average 
COP 

Baseline 0.90 0.92 0.92 

Upgrade 4.62 3.93 1.63 

Change 414% 328% 77% 

Total Site Energy 
(MBtu) 

Baseline 35.02 90.12 111.74 

Upgrade 28.58 81.04 105.01 

Change -18% -10% -6% 
 

 
 
2 Water heater location data came from EIA’s RECS 2020 and shows some garage installations of water heaters for 
AK. While not modeled, mitigation, such as heat trace and insulation, can help prevent pipe freezes for installations 
outside of the living space in cold climates where mitigation is required. 

https://www.heat-trace.com/
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Figure 4 presents the breakdown of modeled annual site energy consumption of the sample 
dwellings before and after the HPWH upgrade. The HPWH upgrade has minor impacts on other 
end uses because the water heater is in the garage where its impact on HVAC is limited. Because 
HPWHs operate by extracting heat from the surrounding air and transferring it to the water in the 
tank, they cool the air around them. As a result, the temperature in the garage decreases 
compared to the baseline for all three example dwelling units. Since the garage is attached to the 
thermal envelope, it slightly increases space heating and reduces space cooling demand needed 
to maintain setpoints. In AK, the average garage temperature is reduced by over 5°F from 52°F, 
leading to an increase in space heating energy by 2%. In CA, the garage temperature decrease is 
3°F, causing a 2% increase in space heating and a 1% decrease in space cooling. For HPWHs 
installed in the conditioned space, the interaction between HVAC and water heating is more 
direct and causes slightly larger changes in space heating and cooling demands. 

 
Figure 4. Modeled annual site energy consumption before and after the HPWH upgrade 

4.1.2 Individual Dwelling Time-Series Results 
Section 4.1 shows that for the dwelling samples, the HPWH upgrade primarily affects water 
heater energy consumption, with no or small changes in other end uses. So, this section only 
analyzes the 15-minute time-series data of water heater energy consumption for the three 
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example dwelling units, as illustrated in Figure 5. A day containing the annual peak of the 
HPWH is selected for each dwelling unit as a representative day for this analysis. 

When the electric resistance backup does not run, the HPWH upgrade significantly reduces peak 
hot water energy consumption compared to the baseline electric standard storage water heaters. 
This is the case for the HI example, where the peak hot water energy was reduced from 0.54 to 
0.13 kWh per 15 minutes, a 75% reduction. When the HPWH backup turns on, there is little 
reduction in peak consumption. However, the frequency of peaks can reduce significantly 
because the HPWH tank is larger and it takes more consecutive hot water demand events to 
deplete enough hot water to trigger the backup. In CA, peak hot water energy was reduced from 
1.0 to 0.7 kWh per 15 minutes, a 28% reduction, and the backup only came on during two time 
steps. In AK, the HPWH upgrade reduced peak hot water energy consumption from 1.4 to 1.2 
kWh per 15 minutes, a 18% reduction. Note the AK example’s electric profile is nearly identical 
between the baseline and the upgrade, indicating that the HPWH backup is running fairly 
frequently during the peak day. Overall though, the use of the HPWH backup for the AK 
example is reduced from 37% of the time to 11%. In addition to lowering peaks and the 
frequency of peaks, the HPWH upgrade consistently reduces total hot water energy use. These 
results highlight the efficiency benefits of HPWHs. In addition, HPWHs have the potential to 
contribute to grid-friendly load shifting using smart controls and load shaping by reducing power 
draw when replacing electric resistance water heaters (Butzbaugh, 2023). 
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Figure 5. Modeled electricity consumption profile for hot water before and after the HPWH 

upgrade on a dwelling-specific day of peak hot water usage in 2018 

4.2 Total Building Stock Energy Impacts 

4.2.1 Stock Annual Energy Impacts 
By applying a high-efficiency HPWH to all homes eligible for such an upgrade—99.5 of the 
housing stock—the modeled overnight savings potential is estimated at nearly 280 TWh in total 
site energy, with 73% of the savings comes from natural gas and 19% from electricity, as shown 
in Figure 6. Figure 7 through Figure 11 present the measure impact for upgraded and occupied 
dwellings only, which represent 90% of the stock. Vacant units are excluded because they do not 
have occupant-driven consumption to illustrate realistic energy savings. Figure 7 compares the 
modeled energy end-use breakdown of the average home before and after the HPWH upgrade. 
The modeled average energy savings is 2,210 kWh per year, or 8.2% of the total site energy 
consumption. The savings primarily come from hot water energy reduction, with fuel use for hot 
water reduced to zero due to the fuel switching and electricity for hot water reduced by 74%. 
This means the overall savings from switching all electric resistance water heaters in the housing 
stock (47%) to HPWH more than offsets the electricity increase from installing electric HPWHs 
in the remaining 53% of homes with fuel water heaters, highlighting the energy efficiency 
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potential for scaled adoption of HPWH. However, the technology does not lead to energy 
savings for all dwelling units, as shown in the next few figures. 

 
Figure 6. Total residential stock modeled site energy consumption and savings from the HPWH 

upgrade 

 
Figure 7. Average modeled dwelling end use energy consumption before and after the HPWH 

upgrade 

On average, the HPWH upgrade increased space heating energy more than its energy savings 
from space cooling, resulting in a small net increase in HVAC energy. This is due in part to there 
being slightly more space heating than cooling in the housing stock. In some cases, where the 
HPWH is installed in the conditioned space and space heating is provided by a low-efficiency 
heating equipment, the increased demand for heating can override the HPWH savings, leading to 
a net increase in total energy. This is shown in Figure 8, where small fractions of dwelling units 
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using conventional, non-heat pump heating (totaling 1.5% of the overall applicable stock) see a 
small increase in site energy consumption after the HPWH upgrade. 

In the ResStock models, it is assumed that the “interaction factor” between any point source of 
heating or cooling in a space and the thermostat is 100%. For a HPWH, this means that every 
unit of heat taken out of the living space and put into the tank for water heating has some impact 
on the indoor temperature. During the heating season, this causes the HVAC equipment to run 
more, while during the cooling season this is a net benefit that reduces the run time of cooling 
equipment. The actual interaction factor in homes can vary substantially depending on where the 
water heater is relative to the thermostat and is very difficult to quantify, although some 
experiments that attempted to quantify this have found the impact can be less than 1, and in some 
cases even less than 0.5, depending on the configuration of the home (Widder, Metzger, 
Petersen, & McIntosh, 2017). As a result, the impact of HPWHs on HVAC loads in this study 
may be larger than what is seen in practice in the field.   

 
Figure 8. Distribution of modeled percent energy savings by heating equipment from the HPWH 

upgrade 

Across climate zones, the range of energy savings can vary significantly, with the median 
percent savings higher in hotter climates and lower in colder climates, as shown in Figure 9. This 
is primarily driven by the difference in overall energy consumption across climate zones. In hot-
dry climates like HI and southern CA, where energy consumption is the lowest of all climate 
zones due to lower demand for space heating and cooling, the relative percent savings from 
water heater is larger. Conversely, water heater percent savings decreases in colder climates 
where space heating is very energy intensive. In general, HPWH performance decreases in 
colder climates by increasing the use of electric resistance backup to meet higher hot water 
demand, as discussed in Section 4.1. This trend is not very visible at the stock level due to other 
factors, like hot water usage and installation location, that also impact the HPWH performance. 

The highest ranges of energy savings from the HPWH measure come from installation that does 
not affect the dwelling’s HVAC, such as out-of-unit conditioned mechanical room and outdoor, 
as shown in Figure 10. Note that ResStock restricts outside installation to warmer climates only, 
hence their performance is not reduced. On the other hand, installing the HPWH within or near 
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real conditioned spaces generally experience a HVAC energy penalty because the average U.S. 
home is heating dominant, and this reduces the energy savings of the measure. In terms of 
household size, the range of total energy savings generally increases with the number of 
occupants, as shown in Figure 11. This makes sense because household size is a primary driver 
of hot water demand. As energy savings scales directly with usage, the savings from higher 
usage surpasses the HPWH tank loss, thus improving the overall efficiency of the HPWH. A 
similar trend can be observed across the hot water fixture multiplier, which scales the demand 
from hot water fixtures.   

 
Figure 9. Distribution of modeled percent energy savings by Building America climate zone from 

the HPWH upgrade 
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Figure 10. Distribution of modeled percent energy savings by water heater installed location from 

the HPWH upgrade 

 
Figure 11. Distribution of modeled percent energy savings by number of occupants from the 

HPWH upgrade 
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4.2.2 Stock Aggregated Time-Series Impacts 
To illustrate the impact of the HPWH measure on the aggregated load profile, Figure 12 presents 
the modeled total residential stock electricity profile before and after the measure for HI, CA, 
and AK during their respective peak day in 2018. The impact varies significantly in each of the 
three states, which are in very different climates. The upgrade reduced HI’s summer electric peak 
on 2018-09-30 16:30:00 local time from 0.78 GW by 8.5%, mostly because the bulk of the water 
heating load is already electric and benefits from the efficiency gain. For CA, which is also 
summer peaking, the upgrade reduced its electric peak on 2018-07-07 17:00:00 local time from 
32.17 GW by only 0.5%. This is due to a higher share of fuel water heaters in CA, which adds 
new electric demand when replaced. This added demand offsets the efficiency gains from 
replacing electric water heaters with HPWH, resulting in a lower overall peak demand reduction. 
On the other hand, AK is winter-peaking, and instead of a peak load reduction like CA and HI, 
its electric peak on 2018-02-03 19:45:00 local time is increased by the upgrade from 0.43 GW by 
9.2%, a relatively large increase. This is because in addition to new electric loads from replacing 
many fuel water heaters, similarly to CA, the measure increases AK’s electric space heating by 
making the electric heaters, generally lower efficiency than the HPWH, run longer to make up 
the heat lost to the HPWH, thereby increasing the electric system peak. As illustrated by the 
examples, HPWH can significantly impact the electric grid load shape depending on the 
saturation of fuel water heaters and the interaction between HPWH and HVAC.  
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Figure 12. Modeled total residential stock electricity profiles before and after the HPWH upgrade 

on a state-specific electric system peak day in 2018 

4.3 Stock Energy Utility Bill Impacts 
The modeled overnight energy utility bill savings potential is $19 billion from the high-
efficiency HPWH upgrade, with 53% of the savings coming from natural gas and 36% from 
electricity, as shown in Figure 13. This is calculated using 2024 state average utility rates and by 
applying the HPWH to all homes eligible for such an upgrade, which is estimated to be 99.4% of 
the housing stock. When down-selected to occupied and upgraded dwellings (90% of the stock), 
the average utility cost savings from the HPWH upgrade is $151 per year or 5.3% of the total 
annual average energy bills.  

On average, 52% of the energy bill savings comes from natural gas, which is attributed to 73% 
of the total energy savings. In comparison, electricity represents 37% of the bill savings but just 
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20% of the energy reduction. This indicates that natural gas on average is cheaper than electricity 
on a site energy basis, reducing the relative savings in bills compared to energy. As a result, the 
range of modeled energy bill savings is lower from the HPWH measure, with more dwellings 
expected to see a bill increase, when switching from natural gas water heating than any other 
water heating fuel types, as shown in Figure 14. Across U.S. states, the utility bill impact from 
the HPWH upgrade will depend on how the cost electricity compares to the cost of other fuels. 
Overall, 5.6% of applicable dwelling units are estimated to see a net bill increase from the 
HPWH upgrade, while 1.5% are expected to see a net increase in site energy consumption. 

 
Figure 13. Modeled total residential stock energy utility bills and savings from the HPWH upgrade 

 

 
Figure 14. Distribution of modeled energy utility bill savings from the HPWH upgrade 

4.4 Electrical Panel Constraints 
Figure 15 shows the distribution of modeled panel constraints overall (see “all” column) and by 
water heater fuel. It is estimated that about 20% of the homes upgrading to a HPWH overall face 
either a breaker space or a capacity constraint, while about 80% have no constraints. Breaking 
down those constrained, 2.7% are constrained by capacity while 17.9% are constrained by space. 
95% of the homes that face a panel constraint are those that previously have a fuel water heating 
system. This makes sense because the HPWH adds 4,500 W of peak load and requires two 
breaker spaces to install a new 240V circuit for the water heater under normal practice. Nearly 
four in ten homes with fuel water heaters become panel-constrained, mostly due not having 
enough space for a new circuit. For homes with electric resistance storage water heaters, the 
existing circuit for the water heater is reused, and the power rating is similar between the 
incumbent and the replacement water heater so no new load is added. For homes with electric 
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resistance tankless water heaters, the total connected load is significantly reduced by the upgrade 
as the high-power tankless water heater is removed.  

All post-upgrade constraint statistics includes a minute fraction of homes that are already 
capacity-constrained in the baseline. Prior to the upgrade, 2.3% of the existing panels are 
estimated to already be over-capacity, which is possible as the capacity constraint is estimated 
based on code. In contrast, no existing panel is space-constrained, which makes sense as it is 
physically impossible to connect more loads than there is space. Capacity constraints in the 
existing stock are due in part to the uncertainty associated with the modeling process, where the 
prediction of the panel size is not based on the presence of all major electric appliances. 
However, it is important to recognize that this level of uncertainty applies to all panel results, 
including those that look reasonable. Hence, the capacity-constrained homes in the baseline can 
be thought of as over-capacity homes that experience frequent flickering of lights or tripping of 
breakers if/when large appliances are turned on. During the HPWH upgrade, any homes already 
constrained before the upgrade will likely need to address their capacity issue in order to be 
permitted by code to connect a new load to the panel, whether the upgrade is making the 
constraint worse or not. Thus, the post-upgrade constraint statistics can be attributed entirely to 
the upgrade. Users are encouraged to alternatively analyze the constraint outcomes by excluding 
homes whose pre-existing capacity constraint is not worsened by the upgrade.  

   
Figure 15. Distribution of modeled panel constraints by water heater fuel 

Figure 16 and Figure 17 show the modeled state-level distribution of homes that become 
capacity-constrained and space-constrained, respectively, by state post-upgrade. Figure 18 shows 
the distribution that is constrained overall based on either capacity or space. Across states, 
capacity constraint ranges from 1.5% in NJ to 5.6% in KS. This trend does not mirror the 
saturation of non-electric water heaters across the U.S. For example, CA has the most number of 
fuel water heaters but only runs into a capacity constraint about 2% of the time. This is in part 
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because in addition to water heater fuel, panel size can also vary significantly with other housing 
characteristics, such as floor area, vintage, and the presence of other fuel appliances. In 
comparison, space constraint is more common, ranging from 3.5% in FL to 29.1% in UT. This is 
a reflection that an estimated 35% of U.S. homes have 1 or 0 open breaker space on their panel, 
according to ResStock’s baseline housing. As a result, the overall panel constraint for the 
upgrade is driven by insufficient space, meaning the average home is more likely to run out of 
space on the panel than out of capacity when upgrading to an HPWH. 

 
Figure 16. Modeled percent of homes with an electrical panel capacity constraint by state after the 

upgrade 
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Figure 17. Modeled percent of homes with an electrical panel space constraint by state after the 

upgrade 

 
Figure 18. Modeled percent of homes with an electrical panel constraint (capacity or space) by 

state after the upgrade 
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