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Highlights

Electrification with heat pumps
reduces lifetime GHG emissions in
every US state

Air-to-air heat pumps are cost
effective without subsidies in 65
million US homes

Cold-climate heat pumps avoid
most bill increases but at a higher
upfront cost

Envelope upgrades can save
thousands of dollars on the
upfront cost of heat pumps

We evaluate distributions of costs and benefits of three air-to-air heat pumps
across the diversity of the US housing stock. We find that although the economics
of heat pumps are extremely varied, they reduce lifetime GHG emissions in every
US state and are cost effective without subsidies in an estimated 65 million US
homes. High-efficiency cold-climate heat pumps avoid most potential bill
increases but come at a higher upfront cost that can be addressed through
supportive incentives, policy, and innovation.
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Heat pumps for all? Distributions of the costs
and benefits of residential air-source heat pumps

in the United States

Eric J.H. Wilson,"-34* Prateek Munankarmi,’ Brennan D. Less,” Janet L. Reyna,' and Stacey Rothgeb'

SUMMARY

Electrification of fossil-fuel combustion in buildings is a key compo-
nent of achieving global greenhouse gas emissions targets. We use
physics simulations of 550,000 statistically representative house-
holds to analyze distributions of the costs and benefits of three
air-to-air heat pump performance levels, with and without insulation
upgrades, across the diversity of the US housing stock. We find pos-
itive greenhouse gas reductions in every US state for all perfor-
mance levels across five 2022-2038 electric grid scenarios, with
full adoption reducing national emissions by 5%-9%. We find that
air-to-air heat pumps could be cost effective without subsidies in
59% of households (65 million). However, efficiency is key: whereas
minimum-efficiency equipment could increase energy bills in 39% of
households, this fraction is only 19% when also upgrading insulation
or 5% when using higher-efficiency equipment, though both strate-
gies have higher upfront costs. Such affordability challenges could
be addressed through supportive incentives, policy, and innovation.

INTRODUCTION

As an efficient method of heating that can be powered with renewable electricity,
air-to-air and air-to-water air-source heat pumps (ASHPs) are being promoted in
many countries as a method for decarbonizing buildings and increasing energy inde-
pendence.’ However, economy-wide decarbonization studies frequently do not
discuss the barriers to building electrification with ASHPs.>* Scenarios of buildings
sector emissions reductions often exogenously assume rates of electrification with
heat pumps regardless of their economic performance.”® The economic barriers
for heat pump adoption have been discussed qualitatively’”~"" and, to a lesser
extent, quantitatively.” "' However, there is not a comprehensive picture of where
ASHP adoption is cost-effective across climates, housing stock segments, and ASHP
performance levels. Thus, the national-scale potential for economic ASHP adoption
in the US is not well understood.

More broadly, decarbonization pathways modeling frequently ignores distributional
impacts, despite a renewed interest in quantifying distributional consequences of
policy and a history of fossil fuel combustion harming some groups—such as people
of color—more than others.”®"” This study quantifies the costs and benefits of ASHP
adoption across the diversity of climates, housing stock, and fuel prices in the US—
while addressing common shortcomings of ASHP modeling—to develop a compre-
hensive picture of the distributions of costs and economic benefits to households
and discuss the implications for programs that promote this technology. This study
does not attempt to evaluate impacts to vulnerable groups or to predict the

1000 Joule 8, 1000-1035, April 17, 2024 © 2024 Lawrence Berkeley National Laboratory and National Renewable Energy Laboratory (NREL). Published by Elsevier Inc.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

CONTEXT & SCALE

There are many types and models
of heat pumps available on the
market. Even for a specific model,
the performance and return on
investment can vary depending
on the climate, building
characteristics, operation, and
energy prices. Thus, the costs and
benefits of heat pumps are more
accurately represented as
distributions rather than single
values.

We evaluate distributions of costs
and benefits of three air-to-air
heat pumps—the dominant
technology in North America,
Asia, Australia, and parts of
Europe—across the diversity of
the US housing stock. We find that
there is no one-size-fits-all
solution and identify the factors
affecting costs and benefits in the
US context. In the global context,
these findings demonstrate the
importance of assessing
distributions of costs and benefits
and can inform program design by
showing how the local climate,
housing stock, energy prices, and
equipment characteristics can be
considered to maximize impact
while avoiding unintended
consequences.
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likelihood of adoption patterns, which may be determined by both economic and
non-economic factors.'® Subsequent work can build on such distributions to corre-
late the energy burden impacts to specific income or demographic groups (e.g.,
Brossman etal.'?)

graphic factors.

or to predict adoption based on both economic and socio-demo-

This study focuses on air-to-air heat pumps, which deliver heated or cooled air to duct-
work ordirectly to aroom. In contrast, air-to-water heat pumps deliverheated water to
radiators. Air-to-water heat pumps are seen as a key solution to replace boilers in
countries such as Germany and Poland and saw record sales growth of 49% in Europe
in 2022.7° While air-to-air heat pumps have lower sales growth rates, they are the
dominant type of heat pump in North America, China, Japan, Australia, and New Zea-
land, as well as Nordic, Baltic, and southern European countries.”® Each type of heat
pump has distinct barriers to adoption. Unlike air-to-water heat pumps, air-to-air heat
pumps do not have integrated thermal mass or storage, which makes system sizing,
the potential need for backup heat, and peak electricity demand particularly impor-
tant challenges. However, they are reversible so that they provide air conditioning
(AC), which typically makes their incremental cost over legacy furnace and air condi-
tioner equipment more favorable than if they were only replacing a fuel boiler.

A primary deficiency of studies that address the economic costs and benefits of
ASHPs is that they only consider an average or prototypical consumer.”' > However,
heterogeneity—in climate, housing characteristics, occupant behavior, and fuel pri-
ces—means that even if an average household saves money on their energy bills,
there may be a wide distribution such that some households see large bill increases.

A second shortcoming of ASHP analyses is lack of detail in performance modeling.
Some studies use a single coefficient of performance (COP) value to represent effi-
ciency regardless of weather conditions.??” Several studies improve upon this by
using a COP vs. outdoor temperature curve to represent how performance changes
with weather,'*?*?5 but even this can miss out on other aspects of performance,
many of which are particularly important for high-efficiency variable-capacity equip-
ment. Our modeling incorporates many of these aspects empirically, including the
COP vs. compressor speed (and thus heating load) relationship, fan power, defrost,
cycling, the capacity vs. outdoor temperature relationship, and the relationship be-
tween sizing, capacity retention, and supplemental heat use, though it does not try
to represent manufacturer-specific refrigeration cycle controls.

Deetjen et al. evaluate distributions of costs and benefits of ASHPs using a detailed
physics-based model but do so only for minimum efficiency single-speed ASHPs that
have primarily been used in warmer climates, and perform quite differently from
ASHPs designed for cold climates.”® Technical advances in thermostatic expansion
valves, variable-speed blowers, improved coil design, and improved electric motor
and compressor designs have contributed to improved efficiency and cold-climate
performance of ASHPs.”” There are now over 25,000 products listed in the Northeast
Energy Efficiency Partnerships (NEEP) cold-climate ASHP (ccASHP) list that have a
COP of 2 or greater while running at maximum capacity at —15°C (5°F).*° However,
ccASHPs are more expensive, and it is not well understood in which climates they
should be recommended. Nadel and Fadali model a ccASHP and a traditional
ASHP in various locations and conclude that life cycle costs can be minimized by
popularizing ccASHPs in climates with more than 4,000 heating degree days (base
65°F), but their analysis did not use dynamic hourly modeling to account for the per-
formance aspects listed above.”’
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Equipment (all include duct sealing)
1. Min.-Eff. ASHP

2.Med-Eff. ASHP

3. High-Eff. ASHP (cold climate)

Envelope

1. No envelope upgrades

2. Attic floor air sealing and insulation,
insulated siding, low-e storm windows

Retail energy prices

Core: Winter 2021-2022 (Oct—Mar)

Sensitivity:
1. Return to 2019 (Jan-Dec)
2.Winter 2022-2023 (forecast)
3.Elimination of gas fixed charges

Installation cost incentives
Core: No incentives

Sensitivity:
Electric grid evolution (2022-2038) 1. $2,000 tax credit
1. High Renewable Energy Cost 2.$13,500 rebate
2.Mid-case 3.High-eff. cold climate ASHP
3.Low Renewable Energy Cost costs $5,000 less

4.Mid-case 95% by 2050
5.Mid-case 95% by 2035

Figure 1. Summary of analysis scenarios

Three air-source heat pump (ASHP) scenarios are combined with two different envelope upgrade
scenarios for a total of six upgrade scenarios. The greenhouse gas emissions of these six upgrade
scenarios are evaluated under five different scenarios of how the electric grid might evolve from
2022 to 2038. The consumer economics are evaluated for one core scenario with three energy price
and three installation cost sensitivities.

Equipment installation costs are the third area where we advance understanding.
Although wholesale ASHP prices are only $200-$500 more than equivalently sized
air conditioners,”* ASHPs designed to fully electrify space heating (as opposed to
hybrid or dual-fuel systems) are often more expensive to install than an equivalent
air conditioner plus gas furnace in practice. The mainreason is that larger heating loads
require larger heat pumps (or electric resistance backup), new wiring, and sometimes
electrical panel or service upgrades. We estimate that average design heating loads
exceed average design cooling loads in about 70% of US homes (see Figure S1). In-
stallers who do not have experience with heat pump technology may also charge
higher prices to cover the hassle and risk of working with unfamiliar equipment. Studies

frequently assume that equipment costs do not vary with equipment capacity,”’*

or
use only a variable component (cost per unit capacity) without a fixed component,”’
which will underestimate or overestimate the value of downsizing equipment. The var-
iable and fixed cost components are particularly important to represent when

analyzing the impact that insulation upgrades have on ASHP costs and benefits.

Finally, studies that quantify the greenhouse gas (GHG) impacts of heat pumps typi-
cally lack physics-based heterogeneous housing stock modeling.?*?”*? The sole
study that has used physics-based heterogeneous modeling only analyzed a mini-
mum efficiency heat pump,?® and used a short-run marginal emissions factor meth-
odology that is no longer considered best practice.”®** We use newly available
forward-looking emissions factors for a range of five future grid scenarios®* to under-
stand the GHG impact of ASHPs, and how sensitive those results are to housing stock
diversity and assumptions about future grid evolution (see Figure 1). Addressing this
GHG impact question credibly is critical, as it is sometimes cited as a reason to delay
ASHP deployment.

In this paper, we use the ResStock tool to perform sub-hourly physics simulations of
550,000 statistically representative dwelling units, each representing 242 real dwell-
ing units, covering all single-family and multifamily housing across a wide variety of
climates, housing characteristics, and occupant behavior. These simulations are
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used to analyze six ASHP scenarios—three different ASHP performance levels, with
and without insulation upgrades—and a reference equipment replacement scenario
(see Figure 1).

The result is a comprehensive picture of how ASHP adoption would affect GHG
emissions and energy bills across the diversity of the 130+ million housing units in
the US, down to the county level and below. Combined with incremental installation
cost equations based on regression models of real ASHP project cost data against
capacity and rated efficiency, we also quantify the consumer upfront and operating
costs (life cycle costs) of the six scenarios to understand the impact that financing
mechanisms could have on ASHP adoption. We explore the sensitivity of energy
bill impact and life cycle cost results to fuel price volatility, financial incentives,
and other parameters (see Figure 1). Understanding these impacts is critical when
20 million US households are behind on their energy bills and heat pumps—which
can decrease or increase energy bills—are being widely promoted and incentivized,
such as the tax credits and rebates for heat pumps—further described in section
“financial incentives can improve the value proposition for ASHPs, but significant
incentive levels would be needed to drive widespread adoption”—in the recently
passed Inflation Reduction Act of 2022.%°

RESULTS

ASHPs deliver substantial energy savings and reduce average GHG emissions
in all states and future grid scenarios

The estimated ranges of GHG emissions impacts of each of the six heat pump sce-
narios relative to the reference scenario are shown in Figure 2. The color of each
state indicates the average annual carbon equivalent emissions savings per house-
hold (both on-site and indirect electricity emissions), with each row being a
different heat pump scenario and each column being a different future grid sce-
nario. Average annual GHG savings are positive in every state and in every heat
pump and grid scenario, even in the conservative “high renewable energy cost”
grid scenario. The states span a wide range of climates and grid GHG intensities,
with several states rivaling the intensity of higher-carbon electricity regions in Asia,
Africa, and Oceania.’® Thus, the positive savings trends observed here may carry
over to those other regions if their grid trajectories fall within the range of sce-
narios studied here.

We estimate that full,immediate ASHP adoption would reduce annual carbon dioxide
equivalent (CO,e) emissions (levelized over the 16-year equipment lifetime®’) an
average of 2.5-4.4 t/year per dwelling unit, depending on the ASHP and grid scenario.
Aggregating the impact for entire residential sector results in a reduction of 330-
590 Mt/year (36%-64% of 2020 residential sector emissions and 5%-9% of national
economy-wide emissions).***? Full ASHP adoption would substantially increase
peak demand for electricity in many parts of the US,"* particularly if the installed
ASHPs are lower efficiency with electric resistance backup and without envelope up-
grades. Peak demand impacts were notassessed in this study, though hourly load pro-
file results for similar electrification scenarios are available on the ResStock website.*”

The results presented here include heat pumps replacing both fossil heating and
existing electric heating. Figure S3 shows how emissions impacts vary by the previ-
ous heating fuel type. Reductions are highest when replacing a fuel oil heating sys-
tem and lowest when replacing a heating system that is already electric. Another
trend to highlight is that per-household savings are generally higherin cold climates.
For example, for the high-efficiency cold-climate heat pump scenario and MidCase
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Figure 2. State maps of per-household mean carbon equivalent savings by scenario, under five different future grid scenarios over a 16-year time

horizon, levelized with 3% discount rate

Average GHG savings, including both on-site emissions and indirect emissions from electricity generation, are positive in every state and in every grid

and heat pump (HP) scenario.

grid scenario, the savings range from 1.6 tCOe/year in Florida to 9.8 tCOe/year in
Maine. As mentioned in the section on GHG methodology, increases in refrigerant
emissions are not included in our presentation of results but can be expected to
be around 0.7 tCOze per year over the 16-year lifetime of the equipment (using
100-year global warming potential and based on Figure 6 of Pistochini et al.*)
and thus would not change the direction of these findings.

National site energy savings are also substantial, with average savings of 31%-47%,
depending on ASHP performance level, and 41%-52% when combined with enve-
lope upgrades. Site energy savings vary widely, as shown in the distributions in Fig-
ure S2. Full, immediate ASHP adoption would save an estimated 3.8-6.2 EJ/year
(3.6-5.9 quads) of on-site energy use.

The impact of ASHPs on energy bills is highly variable

Distributions of annual energy bill savings for each ASHP scenario compared with
the reference scenario are shown in Figure 3A, using energy prices from winter
2021-2022. It is clear that efficiency level and cold-climate performance of ASHPs
are highly significant. Negative bill savings—indicating that it costs more to
operate the ASHP than the reference scenario equipment—are estimated to occur
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Figure 3. Distribution of energy bill savings, upgrade costs, and unsubsidized NPV, relative to the reference scenario, using energy prices from

winter 2021 to 2022

Negative bill savings indicate that it costs more to operate the ASHP than the reference scenario equipment. Negative incremental upgrade cost

denotes that the cost of the ASHP is less expensive than new reference case equipment (e.g., a new furnace and air conditioner). Negative unsubsidized
NPV means that the upgrade scenario would likely not have a positive cash flow if financed without any subsidies. For the high-efficiency cold-climate
ASHP, the positive bill savings share increases to 99% if homes without air conditioning are excluded (see Figure S4)—although providing cooling to

those homes has significant health and resilience benefits.
See Figure S5 for distributions of payback period.

in 39% of homes with the minimum-efficiency ASHP, but only 5% of homes with the
high-efficiency ccASHP (19% and 3%, respectively, if combined with envelope up-
grades). These bill impacts include new AC use in homes that did not previously
have it; when excluding those homes, negative bill savings would occur in 33% of
homes (minimum-efficiency ASHP) and 1% of homes (ccASHP).

Figure 4 shows how the 5™, 50", and 95" percentile bill savings vary by public use
microdata area (PUMA) across the US*" While there is geographic variation due to
climate, energy prices, and housing stock characteristics in a given PUMA location,
there is even more variation between the 5% and 95" percentiles in a given location.
This variation—a feature of our highly granular approach—can be explained by the
diversity of housing stock characteristics (including buildings types, fuel types,
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Figure 4. Maps of 5", 50'", and 95 percentile energy bill savings by PUMA, compared with the reference scenario
Energy bills were calculated using energy prices from winter 2021 to 2022. Note that these results include homes without existing air conditioning that
use electricity for air conditioning after receiving a heat pump (see Figure S4).

vintages, thermostat setpoints, insulation levels, and air leakage) that vary within

each PUMA location and are represented through the use of hundreds of sample
homes in each PUMA.
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Two of the housing stock characteristics with the largest impact on the energy bill
savings variation seen in Figure 4 are primary heating fuel type and presence of AC
equipment. These effects are illustrated in Figure S4, which shows that for the 48
million homes that currently heat primarily with electricity, fuel oil, or propane
and have central or window/room AC, almost all homes have positive bill savings
regardless of heat pump efficiency level (95%-100% nationally and median
savings of $300-$650 per year, depending on efficiency). However, only 73%-
86% of the 6 million homes heating with those fuels but currently without
central or room AC would have positive bill savings. The installed ASHPs are
assumed to be used for AC in these homes and would thus provide benefits in
terms of improved comfort and resilience to extreme heat, which we do not
attempt to monetize in this analysis. Most of the homes with increased energy bills
are those in hotter climates but without existing central or window AC where
increased cooling costs outweigh heating cost savings, with the largest fraction
located in California.

For the 46 million homes currently heating with natural gas and with AC, bill savings
depend strongly on ASHP performance level, ranging from 38% positive (—$70 per
year median savings) to 99% positive ($380 per year median savings). For the
10 million homes heating with natural gas but without AC, only 5%-58% have pos-
itive energy bill savings (median savings of —$410 to $40 per year), depending on
ASHP performance level. Similarly, the largest fraction of those with negative savings
are located in California. These results show the significance that presence of AC and
primary heating fuel type have on energy bill savings. Providing cooling to homes
that previously did not will likely have substantial co-benefits in the form of avoided
mortality and morbidity due to extreme heat.*? The small fraction of homes without
AC (12%"%) may continue to decrease with a warming climate, which would change
the baseline for these energy bill impact findings and result in more homes with pos-
itive savings relative to the new baseline.

High-efficiency cold-climate heat pumps cost significantly more upfront than
minimum-efficiency ASHPs

While the high-efficiency ccASHP scenario greatly increases the fraction of homes
with positive bill savings, we find that these units currently have a much higher incre-
mental cost over the reference scenario equipment, compared with minimum-effi-
ciency ASHPs. The distributions of incremental costs for the six scenarios are shown
in Figure 3B. As described in section “reference scenario costs,” the reference sce-
nario equipment assumes replacement of both heating equipment and cooling
equipment (if present) at the same time. This assumption is supported by survey
data showing that 70% of households’ main heating and cooling equipment are close
in age to each other (in the same 5-year age response category).”® If the furnace or
central air conditioner being replaced with an ASHP is relatively new, then one would
want to use a higher incremental cost in net present value (NPV) calculations.

These incremental upfront cost distributions are the result of two sources of variance:
(1) the load calculations and equipment capacity that vary with climate, housing
characteristics, sizing method, and capacity retention and (2) the cost equations
(section “reference scenario costs”) that vary with efficiency level, equipment type
(ducted or non-ducted), rated capacity, and reference equipment. Distributions of
equipment capacities are found in Figure S11.

As an example, in the cold and very cold climate zone, homes with ducts that heat
with gas, propane, or fuel oil and have central AC (18 million or 14% of all US
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dwelling units) have mean ASHP upfront costs of $9,000, $20,000, and $24,000 for
the three ASHP scenarios, respectively, which correspond to mean rated ASHP ca-
pacities of 2.2, 7.0, and 4.4 tons (8, 25, and 16 kWy). The mean reference scenario
equipment has a cost of $11,000, so the resulting mean incremental upgrade costs
are —$2,000, $8,000, and $13,000, respectively. The subset of homes without cen-
tral AC have a mean reference equipment cost of $5,000, so the mean incremental
upgrade costs are higher: $3,000, $15,000, and $18,000, respectively. Note that the
minimum-efficiency ASHP is sized for the cooling load and thus has a much smaller
mean heating capacity, relying on electric resistance heat when the ASHP alone
cannot meet the heating load. The medium-efficiency equipment is typically sized
larger than the high-efficiency ccASHP because it has worse capacity retention at
colder temperatures and therefore requires a higher rated capacity to meet the
same design heating load.

All six scenarios we modeled included sealing and insulating all ductwork located in
unconditioned space. If additional basic envelope upgrades (Table 2) are imple-
mented prior to installing the ASHP, heating capacities can be reduced further.
For the above example segment, the mean rated ASHP capacities are reduced by
2.1 and 1.4 tons (7.4 and 4.9 kWy,) for the medium- and high-efficiency ASHPs,
respectively. This reduces the mean ASHP installation costs by $4,000 and $2,500,
respectively, but the envelope upgrades come at a mean additional upfront cost
of $9,000 per dwelling unit for this example segment, so the net effect is an overall
increase to upfront costs. However, if the envelope upgrades avoid the need for
more expensive ductwork, electrical panel or service wire upgrades, they could
result in much larger reductions in upfront costs that are not explicitly quantified
in this study. Optimizing envelope upgrades for specific situations was outside the
scope of this study, but it is possible that less costly upgrades (e.g., focusing solely
on attic insulation and air sealing without upgrading wall insulation) would provide
much of the downsizing benefit at a lower cost.

Cost reductions are needed to improve the value proposition for almost half
of all US households

Distributions of consumer life cycle costs and benefits of the heat pump scenarios
are presented in Figure 3C, using unsubsidized NPV, as defined in Equation 5 and
described in section “cross-referencing with other cost data sources.” NPV is very
sensitive to discount rate, and real consumer discount rates vary widely based on
credit scores and financing availability. For this analysis, we used a real discount
rate of 3.4%,"* which corresponds to a nominal discount rate of 8%-11% based on
inflation rates of 5%-8% in 2021 and 2022."> This range is comparable to national
average interest rates for home equity loans in the US in 2023.%° While a positive
NPV indicates that the investment is financially beneficial compared with the refer-
ence scenario, it is not meant to suggest that consumers will adopt the technology.
Instead, we use NPV as a proxy for whether the technology can be financed with pos-
itive cash flow for the consumer (e.g., by a state or federal green bank, mortgage
lender, or other financing agent).

Overall, these results show that a majority of homes can benefit from lower-cost min-
imum-efficiency ASHPs with electric resistance backup, which has the largest share
of households with positive unsubsidized NPV (55%). This group includes most
homes that use fuel oil, propane, or electricity for heating, and also most homes
that use natural gas and have central AC in warmer climates (see Figures S7 and
S8 for disaggregation by fuel type, presence of AC, and state). These homes see sig-
nificant bill savings with the minimum-efficiency ASHP and do not require more
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Figure 5. Percentage of households with positive annual energy bill savings

The main case with winter 2021-2022 fuel prices is compared with three sensitivity cases, one with fuel prices returning to 2019 levels, a second using
regional fuel price increases forecast for winter 2022-2023,*” and a third illustrating the impact of eliminating $11.25 in monthly gas customer charges by
homes currently heating with natural gas converting to all-electric. Note that these results include homes without existing air conditioning that use
electricity for air conditioning after receiving a heat pump (see Figure S4).

expensive higher-efficiency or cold-climate equipment to achieve energy cost sav-
ings. Even though the medium and high-efficiency cold-climate scenarios have
greater positive bill savings, their higher upfront costs reduce the share of homes
with positive unsubsidized NPV to 41% and 21%, respectively.

Homes without existing AC are doubly challenged: (1) they are more likely to see en-
ergy bill increases because of the new central AC provided and (2) with no existing air
conditioner, the incremental cost of ASHPs over a furnace or boiler (and maybe win-
dow/room AC) is higher than homes with existing central AC. However, they receive
an important comfort and resilience benefit that may be worth the higher cost. In the
cold and very-cold climate zones, the envelope upgrade scenarios slightly increase
the share of homes with positive unsubsidized NPV, whereas they generally
decrease the share with positive unsubsidized NPV in warmer climates.

Bill saving impacts are very sensitive to changes in fuel and electricity prices

We studied how sensitive the ASHP energy bill impacts are to retail energy prices,
which have increased significantly over the past 3 years since 2019, though increases
in electricity (6%-14%, depending on census region) were lower than increases in
natural gas (22%—-46%), heating oil (35%), and propane (33%-50%). Figure 5 shows
state maps of the percentage of homes with positive bill savings for the main case
(national weighted average of electricity price to natural gas price of 3.3) and two
price sensitivity cases. We find significant sensitivity to energy prices, with a return
to 2019 energy prices (elec-to-gas ratio of 4.1) reducing median annual bill savings
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by $400-$600 for homes heating with propane and fuel oil, depending on ASHP ef-
ficiency level. Despite these reductions, bill savings would still be predominantly
positive for homes heating with propane (87%-99%) and fuel oil (66%—-100%). The
impacts for homes heating with natural gas or electricity are much smaller, with me-
dian annual bill savings reduced by $77-$136 and $18-$42, respectively, though the
reductions for natural gas are enough to reduce the percentage with positive bill sav-
ings from 32%-92% to 22%-83%, depending on ASHP efficiency level.

On the other hand, if energy prices continue to increase as was forecast for winter
2022-2023 (elec-to-gas ratio of 3.0)," national median annual bill savings would
be projected to increase another $230-$340 for homes heating with fuel oil and
$70-$110 for natural gas, depending on efficiency level. This would increase the per-
centage of natural gas homes with positive bill savings from 32%-92% to 40%-94%.
Impacts to homes heating with other fuels would be minimal, with median annual bill
savings slightly increasing ($10-$30) for electricity and slightly decreasing ($20-$60)
for propane (because electricity price increases slightly outpace propane price in-
creases in the forecast). A September 2022 survey of 134 oil and gas executives
found that 69% expect “the age of inexpensive US natural gas to end by year-end
2025," as liquefied natural gas exports to Europe expand, so a return to 2019 prices
may be unlikely.*®

Because many countries use currently natural gas to generate electricity (38% in the
US in 2021), high natural gas prices increase the cost of generating electricity. This
moderates the effect that high natural gas prices have on ASHP economics, though
this effect may lessen as higher shares of renewable and other non-gas generation
come onto the grid, reducing the impact of natural gas prices on wholesale elec-
tricity prices. There may be localized differences for electric utilities that use more
or less gas for generation, or that have different mechanisms for passing on fuel costs
to consumers.

Fixed charges for natural gas meters can have a significant impact on ASHP
economics

One factor that can change the economics of heat pumps is the fixed customer or
meter charges that gas utilities charge alongside volumetric rates. Homes that
decide to convert all piped gas end uses to electricity and have their gas service
shut off will no longer need to pay the fixed component of their gas bill, which
was a median of $11.25 (USD) per month for US residential customers in 2015.%7
The charges vary substantially, with examples of fixed charges in 2022 ranging
from less than $5.00 per month in most of California to as high as $34.12 per month
(Chicago)50 or $64.65 per month (New York City).”" Fixed charges have trended up-
ward over time. In the 30 years between 1985 and 2014, the average fixed customer
charge increased by 184%, and some gas utilities have sought to increase fixed
customer charges to better represent the cost of serving customers and make utility
earnings less dependent on sales volume.*’

Figure 5 estimates the impact that eliminating the assumed median $11.25 monthly
gas customer charge would have on the percentage of homes that would see posi-
tive bill savings from the heat pumps measures. For the high-efficiency, cold-climate
heat pump case, the percentage increases from 32%-92% to 49%-97% for homes
heating with natural gas. In reality, the impact would be highly regional and would
also need to account for the bill impacts of electrifying water heating and other
gas end uses, but this illustrates how it could be a significant factor in the economics
of heating electrification. If large numbers of customers were to shut off their gas
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connections, this could shift costs of paying for past and future gas infrastructure in-
vestments onto the remaining gas customers, potentially leading to increases in
fixed charges or volumetric rates.>” This would further improve the economics of
heat pump adoption but would be a very serious equity concern for consumers
who cannot afford the upfront cost of heating electrification.

Financial incentives can improve the value proposition for ASHPs, but
significant incentive levels would be needed to drive widespread adoption
The Inflation Reduction Act of 2022, signed into law in August 2022, includes tax credits
and rebate program provisions that have the potential to change the economics
of heat pump adoption for the next decade.® The $4.5 billion in point-of-sale electri-
fication rebates could incentivize heat pumps for roughly up to 500,000
low-income households at $8,000 per household or 1 million moderate-income house-
holds at $4,000 per household. The $4.3 billion in home efficiency rebates could
incentivize energy efficiency (including heat pumps) in 500,000 to 2 million other
households ($2,000-$8,000 per household). The residential tax credits have no upper
limit on the number of households that could participate but require high enough in-
come (and therefore taxes paid) to be able to use the full credit amount. Based on sim-
ple calculations using tax brackets and standard deductions, we estimate household
incomes of $33,000 for single filers and $48,000 for joint filers would be required to
be able to claim a $2,000 credit for a heat pump in 2023. Both the rebates and tax
credits could spur additional growth in heat pump market adoption, but how much
of an effect will they have for those households using the incentives? To understand
the potential impact on project NPV, we calculated NPVs for two sensitivity cases,
applying incentives of $2,000 (tax credit) and $13,500 ($8,000 heat pump rebate,
$2,500 wiring, $1,000 duct sealing, and $2,000 tax credit)®* as direct additions to the
unsubsidized NPV for each household.

The results of these incentives applied to the high-efficiency, cold-climate heat
pump scenario for the entire housing stock (not restricted by household income
eligibility) are shown in Figure 6. The effect is that the histograms for upgrade costs
and NPV are shifted to the left and right, respectively, by the incentive amount. The
$2,000 tax credit increases the percentage of homes with positive NPV from 41% to
53% (medium efficiency) and 21% to 27% (high-efficiency); the minimum efficiency
unitis not eligible.>® The combination of $11,500 in rebates and $2,000 in tax credits
increases the share with positive NPV to 84% (medium efficiency) and 90% (high
efficiency). The effect of these incentive levels on the percentage of homes with
positive NPV by state, fuel type, presence of AC, and ASHP efficiency is show in
Figures S8-510.

If one selects the upgrade package with the highest unsubsidized NPV for each of
the representative 550,000 homes (shown in Figure S7), 59% of the homes (about
65 million) have at least one package with positive unsubsidized NPV. The total
incentive value required to make at least one package break even in the remaining
45 million homes is estimated to be $282 billion. This idealized case of perfectly tar-
geted incentive levels can be contrasted with a case where a fixed incentive level is
provided to all 110 million eligible households. A $12,000 incentive per household
($1.3 trillion total) would be required to result in 95% of households having a positive
NPV. However, it is important to remember that having a positive NPV does not
mean that an upgrade will be adopted; low-cost financing would be needed
by many households and there are many non-economic reasons why households
may choose not to adopt upgrades with positive NPV or to adopt upgrades with
negative NPV.

Joule 8, 1000-1035, April 17,2024 1011



¢? CellPress Joule

OPEN ACCESS

Without incentives

20% 21% positive
NPV
10%
0% g‘ L L ___.‘ —— L
3K 2K -1K 0K 1K 2K 3K|-50K 30K -10K 10K 30K 50K -50K 30K 10K 10K 30K 50K

With $2,000 incentive

20% 26% positive
NPV

h | I

-3K -2K -1K 0K 1K 2K 3K|-50K -30K -10K 10K 30K 50K |-50K -30K -10K 10K 30K 50K

10%

(

0%

With $13,500 incentive

20% 87% positive

NPV
10%
0% g‘ - ... = .
-3K -2K -1K 0K 1K 2K 3K|-50K -30K -10K 10K 30K 50K -50K -30K -10K 10K 30K 50K
High-efficiency equipment (HSPF 13-14) costs same as HSPF 11
20% 37% positive
NPV
10%
0% L_J L_; —— -
-3K -2K -1K 0K 1K 2K 3K|-50K -30K -10K 10K 30K 50K |-50K -30K -10K 10K 30K 50K
Bill savings ($/yr), capped at +/- $3k Incremental Upgrade Cost ($), capped at +/-$50k NPV ($), capped at +/- $50k (Winter 21-22 prices)

-s2x I ;o 5o [N o« -ssox MMM o

Figure 6. Distribution of energy bill savings, upgrade costs, and NPV, relative to the reference scenario, for the high-efficiency cold-climate heat
pump scenario under three sensitivity cases

Figure shows the effect of incentives applied to all simulated households, not just those eligible for the incentives. Note that these results include
homes without existing air conditioning that use electricity for air conditioning after receiving a heat pump. If those homes are excluded, 99% of homes
are expected to have positive bill savings in this scenario (see Figure S4). See Figure Sé for distributions of payback period under these sensitivity cases.

Reducing the cost of high-efficiency, ccASHP equipment is necessary to
improve the economics of residential electrification

As described in the section on upgrade costs (section "ASHP cost regressions”),
equipment costs at higher levels of efficiency are more uncertain, with only three
samples with heating seasonal performance factor (HSPF) above 11.0 in the data
used for regression. Comparing the regression with other data sources (Figure 7)
suggests that costs may flatten out somewhat above HSPF 11, once the variable-
speed cold-climate tier is reached. To explore sensitivity to the upgrade costs for
the high-efficiency, cold-climate heat pump, we include a third sensitivity case in
Figure 6 where HSPF 11 is used in the installation cost equation (Figure S19;
Tables S5 and Sé) for HSPF 13 and 14 equipment. This effectively decreases the
cost of ducted equipment by $4,966, from an average of $22,400 to an average of
$17,546. The effect on ductless equipment cost is less pronounced, decreasing
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Figure 7. Comparison of central heat pump (3 tons or 10 kWy,) installed cost vs. HSPF from
different data sources

the cost of ductless equipment by 8%, from an average of $17,400-$16,700 (see dis-
cussion in section “ASHP cost regressions”).

This lower cost would increase the share of households with positive unsubsidized
NPV to 38%. This suggests that if costs for high-efficiency equipment are overesti-
mated by our regression as suspected, then the economics for ccASHPs would be
favorable for about 38% of consumers instead of 21% as previously presented. At
the same time, this demonstrates that research, development, demonstrations,
and market stimulation to reduce upfront cost can have a positive impact on con-
sumer economic barriers but costs would need to be reduced by much more than
$5,000 to make the equipment cost-effective enough to finance it and enable wide-
spread adoption. For example, looking at the top-right histogram in Figure 6, a
$10,000 cost reduction would shift the histogram to the right, such that 80% of
households would have positive unsubsidized NPV.

DISCUSSION

Opportunities to mitigate economic barriers to ASHP adoption

We find that there are substantial economic barriers to widespread ASHP adoption.
Although a majority of households can benefit economically from ASHPs today,
there are potential energy bill increases for a significant number of households,
strongly depending on ASHP efficiency level, cold-climate performance, and
whether envelope upgrades are also completed. In many cases, especially with
high-efficiency equipment, the ASHP installation costs greatly exceed the reference
scenario of like-for-like replacement of equipment at end of lifetime.

Technical solutions to mitigating the potential for bill increases include upgrading to
higher-efficiency ccASHPs, improving envelope efficiency, or, though not analyzed
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here, ground-source heat pumps (GSHPs). Most of these options increase the size of
the upfront cost barrier, though they all have other societal benefits, such as
reducing peak demand.

Though we did not analyze them here, hybrid ASHPs that use existing fossil systems as
backup during very cold temperatures are another option that could mitigate poten-
tial bill increases without necessarily increasing upfront costs.'*?* The use of fossil-
fired backup heat would decrease the emissions reductions presented in the results
to some degree. However, continued use of natural gas distribution infrastructure
forbackup heathas otherimplications, including continued spending for gas distribu-
tion system maintenance and expansion ($22 billion in 2021) and continued methane
leakage from the gas distribution system (15.3 Mt CO,e/year).”*>’ Other solutions to
improve the economics of ASHPs include bundling with adoption of on-site or
community-scale solar, although depending on financing availability these may
also have upfront cost barriers. Bundling electric vehicles or stationary batteries
also may have synergies with building electrification in that they can facilitate resil-
ience to power outages, which otherwise might be worsened by electrification.

Policymakers at national, state, and local levels can pursue a number of strategies to
mitigate energy bill increases. State utility regulators, city councils, and electric
cooperative boards can direct electric utilities to update electric rate structures to
promote electrification and avoid potential bill increases. They can also expand
awareness and access to rate designs for low-income customers, as well as programs
that guarantee bill stability after electrifying. These examples of electric rate policies
are present or are being considered by several states and utilities.”®“° Another pol-
icy that could help is creating utility programs or markets that enable aggregators
and thus consumers to be compensated for grid-responsive control of deployed
ASHPs and other appliances. These “virtual power plants” can be used to generate
revenue to offset the higher upfront or operational costs of ASHPs. In utility terri-
tories where time-of-use electric rate structures are offered, there may be a similar
opportunity to control ASHPs to reduce use during more expensive on-peak periods
and thus improve the bill savings of ASHPs.

Policymakers can address high upfront cost barriers through incentive programs,
financing and tariffed on-bill programs, and bulk purchasing or aggregation of de-
mand for equipment. Policymakers with oversight of research and development ef-
forts can pursue research on lower cost, higher performance, and easier to install
equipment. High upfront costs due to overly conservative equipment sizing can
also be addressed through the development of tools and guidance on best practices
for sizing equipment.®’ Though not explicitly accounted for in this analysis, high con-
sumer upfront costs due to electrical upgrades (panels, service conductors, and
transformers) could be reduced if state utility regulators allow these upgrades to
be paid by ratepayers as part of the rate base. As with all incentives, the ratepayer
equity implications of socializing the cost of behind-the-meter electrical upgrades
would need to be evaluated. Whereas photovoltaic net metering and efficiency in-
centives reduce electricity sales and thus utility revenue, electrification incentives in-
crease electricity sales, which helps to pay for infrastructure and potentially puts
downward pressure on retail rates.

Policymakers should be aware that electrification and envelope efficiency can pro-
vide a multitude of co-benefits, such as improving health outcomes (e.g., reducing
lung irritants that cause asthma and excess deaths such as nitrogen dioxide and
PM2.s) and improving comfort and extreme weather resilience by providing AC.
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Quantifying these societal co-benefits and valuing them in ratepayer and taxpayer-
funded programs can help justify subsidizing installation costs, similar to how the so-
cial cost of carbon is now accounted for by several state regulatory commissions.®? It
is worth noting that some scenarios have greater co-benefits than others. For
example, envelope efficiency provides comfort and thermal resilience co-benefits,
and variable-speed ASHPs deliver greater comfort and indoor air quality co-benefits
than single-speed ASHPs because they circulate and filter air at low fan speeds
almost continuously.

Our findings demonstrate that to understand the consequences of ASHP policies
and programs, it is essential to consider the full distribution—as opposed to
average—of the costs and benefits that ASHP adoption would have on households
in the US. For example, minimum efficiency ASHPs with electric resistance save
$100 annually on average but could increase energy bills for 39% of households
(33% in homes with existing AC). The high-efficiency ccASHP saves $740 annually
on average and but still could increase bills for 5% of households (1% in homes
with existing AC). However, the ccASHPs currently come at much higher upfront
cost that many households will not be able to afford without incentives.

Limitations and future work

Validation of modeled heat pump performance

While the EnergyPlus simulations include details of heat pump performance that are
neglected in other modeling efforts, the performance of the heat pumps modeled
here may differ from their real-world performance. The mini-split heat pump models
(used for all ductless efficiency levels and the ducted cold-climate high-efficiency
level) were calibrated with field study data,®® but conventional form factor heat
pump models (used for ducted minimum and medium-efficiency levels) have not
been validated to the same degree. Work on field testing and model validation of
central ducted heat pumps is an important area of ongoing work.

Ductwork airflow constraints on equipment sizing

We chose to size the heat pump equipment based on the larger of the design cool-
ing and heating loads and did not account for how use of existing ductwork might
constrain heat pump sizing. In reality, ducted heat pumps that are connected to ex-
isting duct systems may be forced to be undersized and thus rely more on backup
electric resistance heat, because of the airflow constraints of the existing ductwork.

Because furnaces deliver heat at higher supply air temperatures than heat pumps,
heat pumps need to use higher airflow rates to deliver the same amount of heat
under design conditions. Ducted heat pump airflow is typically designed for around
400 ft3/min per ton (193 m3/h per kWy,; e.g., Carrier Product Data®?), whereas
non-condensing furnaces are designed for around 156 ft®/min per ton (75 m%r
per kWy,).2> One heating, ventilation, and air conditioning (HVAC) expert estimates
that “most duct systems can only handle 2 or 3 tons (7-10 kW4,) of airflow (800-
1,200 ft3/min or 1,360-2,040 m3/h)" to maintain a static pressure imposed on the
fan of 0.5 inches of water (124 Pa) or less.®®

The typical solution is to use electric resistance backup when heating loads exceed
the maximum heat pump capacity. Undersizing the heat pump is not necessarily a
negative; the heat pump itself will cost less, it can result in more efficient perfor-
mance under low-load conditions by reducing cycling, and it can improve cooling
dehumidification performance. However, installing the electric resistance heat
adds to the upfront cost of installation and may increase the need for electrical
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upgrades (circuit, panel, and service wire). Alternative solutions include reducing the
home's heating load with insulation and air sealing, installing larger ductwork (esti-
mated cost of $7,000°"), or supplementing the ducted heat pump with one or more
ductless heat pumps (e.g., in a basement or finished attic). These are a complex set
of issues, and more work is needed to understand how common the airflow con-
straints are and the trade-offs between the various solutions.

Cost of electrical panel or service wire upgrades

This study does not explicitly model the cost of electrical panel or service wire up-
grades that may be required. Electrical upgrade costs are implicitly included in an
unknown portion of the cost data used for regressions. Total costs to customers
for upgrading electrical panels and potentially service wires, transformers, and utility
poles are estimated to range from $2,000 to $30,000, though utilities may cover
some of these costs.®® Further work is needed to understand how many homes
would require these different types of electrical upgrades and their costs. A survey
of residential electrical panels in the US found that 50%—60% of homes already
have a service panel greater than 150 amps and 75% of dwellings have at least
one free breaker slot in their panel for adding a new load.®” Upgrading panels
and electrical infrastructure may be more necessary when multiple end uses,
including vehicles, are being electrified, as opposed to just the space heating end
use considered here. The ability to fully electrify existing dwellings without upgrad-
ing service panels is an open question being explored by ongoing research using
ResStock.

Electricity and gas rates

This study used marginal volumetric prices for residential electricity and gas, aver-
aged by state. Volumetric prices for propane and fuel oil are averaged by state or,
in some cases, region. Ideally one would use electricity and gas rates for individual
utilities within each state and would reflect seasonal and time-of-use rate structures
for electricity. Electricity rates tend to be lower during winter and during nighttime
and early morning hours when heat pumps use more of their electricity, which would
affect the overall bill impact estimates. It is important to note that we report annual
utility bill savings, but households may see an increase in the month-to-month vari-
ation in bills; for example, a net decrease in bills may include an increase in winter
months and a decrease in summer months.

We assume that all retail energy prices will increase with inflation over the 16-year life
of equipment but ignore other potential trends in retail electricity and gas prices.
Future work could explore the sensitivity to longer-term price trends. Although elec-
tricity prices have been relatively stable over the past decade, the cost of electricity
generation has been decreasing while the cost of delivering that electricity has been
increasing.’® The Inflation Reduction Act of 2022 (IRA) and the Infrastructure Invest-
ment and Jobs Act of 2021 are estimated to lead to a net decrease (5%—13%) in total
bulk power system costs in the US.”" However, electrification of buildings, transpor-
tation, and industry has the potential to either increase or decrease the cost of deliv-
ering electricity, depending on how the increased revenue compares with increased
infrastructure costs. At the same time, electrification could cause natural gas rates to
increase in the long term, due to decreasing volumetric sales and number of
customers.>”

Reference scenario minimum efficiency

The reference scenario does not account for the recently proposed update to federal
efficiency standards for furnaces and boilers that would require condensing
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equipment with 95% annual fuel utilization efficiency (AFUE). Using 95% instead of
80%—-85% AFUE for the reference would decrease the energy savings of the heat
pump scenarios but would also decrease the incremental cost of the heat pump sce-
narios because of the additional expense of installing the venting required for
condensing 95% AFUE furnaces and boilers. To estimate the impact that this change
would have on our results, we compare between the ResStock sampled households
that are assigned 80% AFUE and 95% AFUE furnaces in the baseline. In cold cli-
mates, ASHPs save about $100-$200 per year less for the median household
when replacing a 95% AFUE furnace compared with 80% AFUE. The reference
case 95% AFUE furnaces cost about $1,800 on average more to replace than the
80% AFUE furnaces. We expect the result would be a reduced value proposition
for ASHPs in cold climates and improved value in mixed and warm climates.

GSHPs

Geothermal or GSHPs can provide even greater efficiency and cold-climate perfor-
mance than ASHPs but are currently an even more expensive solution for serving in-
dividual dwelling units. Therefore, we have not included them in this analysis but
acknowledge that analysis of GSHP costs and benefits is an important area for future
work. For instance, utility-owned thermal networks that incorporate GSHPs (some-
times called “networked geothermal”) offer a compelling pathway for gas utilities
to pivot into thermal utilities while eliminating upfront costs of GSHPs for consumers
by financing them or including them in the rate base. These networks are a growing
solution in Europe and are beginning to be piloted in the US,”? but more analysis is
needed to quantify their efficiency, flexibility, and peak demand benefits.

Distributional impacts to specific income groups and energy justice communities
The version of ResStock used for this analysis did not assign household incomes or
other socioeconomic variables to the representative dwelling units; thus, it was not
possible to examine how the costs and benefits of ASHPs are distributed across
different income groups or communities that are a priority for energy justice initia-
tives. Income variables and correlations between income and housing characteris-
tics were recently added to ResStock, making such an analysis of the impacts to spe-
cific groups possible and a high priority for future work.

Additional sensitivity analysis

Sensitivity to equipment sizing

To explore the sensitivity of results to the equipment sizing method, we simulated
additional scenarios with ASHPs sized based on the cooling load (following ACCA
Manual S) and compared with main results where sizing was based on the larger
of the design heating or cooling load. The medians and standard deviations of the
ASHP capacities with the two methods are presented in Table S1.

As would be expected, we find that sizing ASHPs for the full heating load results in
higher median bill savings compared with ASHPs sized with cooling load priority. For
instance, the median bill savings in Minnesota is $182/year for high-efficiency ASHPs
sized for heating load, whereas median bills increase by $96/year when sized for the
cooling load because of higher usage of electric resistance backup. However, sizing
for cooling load priority typically reduces the upfront ASHP equipment cost (ignoring
the fact that larger electric resistance backup may require more significant electrical
upgrades); thus, the national percentage of households with positive unsubsidized
NPV is higher for ASHPs sized on cooling load due to lower upgrade costs. Addition-
ally, as discussed in section “ductwork airflow constraints on equipment sizing,” duct-
work airflow constraints may preclude sizing for the full heating load. However, there
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may be societal benefits to sizing ASHP for heating loads in that it can reduce
peak demand and thus the size of grid infrastructure at the grid edge and bulk power
scales. More work is needed to understand considerations for sizing guidance.

Sensitivity to thermostat schedules

When it comes to variable-speed equipment, best practice for energy efficiency is to
“setitand forgetit” because the equipment s less efficient at the higher compressor
speeds used when recovering from setbacks and this efficiency loss typically out-
weighs any savings from thermostat schedule setbacks.”® For the main analysis,
any existing nighttime and daytime heating setpoint setbacks (distributions are
based on 2009 Residential Energy Consumption Survey data’“) were removed for
homes receiving medium and high-efficiency heat pump upgrades. To explore the
sensitivity of results to the use of temperature setbacks, we ran additional simulations
where the setbacks were notremoved. In those results, homes that did not use offsets
originally saved an average of $10-$100 more per year than homes that did use off-
sets, depending on the climate and heat pump efficiency level, indicating thatusing a
thermostat setback for heating with a heat pump can have a significant penalty. Time-
of-use rates or other utility demand flexibility programs may offer benefits to using a
non-uniform thermostat schedule, but this was not included in this analysis.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Eric J.H. Wilson (eric.wilson@nrel.gov).

Materials availability
No materials were used in this study.

Data and code availability
All results data and fuel price inputs uploaded to Zenodo.””

Two interactive dashboards allowing data downloads are available:

e Heat pumps for all—GHG emissions dashboard’®
e Heat pumps for all—economic data dashboard’”

The code used to generate the paper’s results is available at https://github.com/
NREL/resstock/tree/run/abctypology,’® including the primary scenario definition
file with upgrade definitions and costs, conditional probability distributions for all
baseline housing characteristics, and detailed simulation arguments for baseline
characteristics and upgrades.

Model overview

We evaluated distributions of costs and benefits of residential ASHP adoption by
estimating energy savings, GHG emissions, energy bills, ASHP installation costs,
and consumer NPV for approximately 550,000 statistically representative dwelling
units for a reference scenario and six upgrade scenarios. This was done using
ResStock, a physics-simulation (Q4)’” model of the US building stock. The models
were simulated with a 10-min simulation timestep. A detailed description of
ResStock data sources, calibration, and validation can be found in Wilson et al.?®
The granularity in modeling the diverse housing stock makes ResStock well suited
for analyzing the distributions of benefits and costs of technologies. A detailed
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description of the ASHP model, which accounts for fan power, defrost, cycling, ca-
pacity vs. outdoor temperature, and supplemental heat use, can be found in the

EnergyPlus documentation.®’

The procedures followed four major steps: (1) definition of scenarios, (2) definition of
upgrade costs, (3) simulation with ResStock, and (4) post-processing and analysis of
results. Each stage is described in detail in this section.

Scenario definition

Atotal of six scenarios (listed in Table 1) plus a baseline were analyzed for this paper.
There are three categories of scenarios: ASHP upgrades, ASHP with envelope up-
grades, and a reference scenario that upgrades all heating and cooling equipment
to federal minimum-efficiency standards or higher, without changing fuel type or
equipment type. All scenarios represent the circa 2018 residential building stock,
with upgrades applied to virtually all dwelling units. All results presented in this pa-
per are filtered to remove dwelling units that are unoccupied and thus typically not
fully heated (11%) and units that are not heated (0.5%) or are heated primarily with
wood (2.5%), leaving about 113 million occupied dwelling units (i.e., households).

Baseline building stock

The starting point for all six scenarios (the baseline) is ResStock’s characterization
of the residential building stock of the contiguous US as it existed circa 2018. The
data sources used for all 130 high-level ResStock parameters are listed in Table 2

of Wilson et al.,®°

and the conditional probability distributions for each of these pa-
rameters (as they existed at the time of this analysis) can be found on the code
repository.”® The approximately 550,000 dwelling unit samples are assigned pro-
portionally, with each sample equally weighted to represent about 242 dwelling
units in the real world. Thus, geographic areas with a denser concentration of dwell-
ing units are assigned more ResStock samples. Sample size considerations are dis-

cussed in section 5.1.3 of Wilson et al.®°

ASHP upgrade scenarios

The three different efficiency levels of ASHP are described in Table 1. A centra
ducted ASHP replaces the existing HVAC system for the 79% of homes with an exist-
ing duct system (i.e., homes with a forced-air furnace, central AC, or existing ducted
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ASHP), whereas a ductless ASHP is used as replacement for the 21% of homes without
ducts (i.e., homes with radiators or baseboard electric heating and no central AC).

The cooling efficiencies of central AC and ASHPs are represented using seasonal en-
ergy efficiency ratio (SEER), whereas the cooling efficiency of window/room ACs is
represented using combined energy efficiency ratio (CEER). The heating efficiency
of ASHPs is represented by HSPF, and the heating efficiency of a fossil fuel furnaces
and boilers is represented using AFUE. Note that SEER and HSPF will be replaced
with new rating metrics (SEER2 and HSPF2) starting in 2023, but we use the pre-
2023 metrics for this analysis.

The minimum efficiency ASHP scenario is meant to represent the minimum-efficiency
heat pump available. As of January 1, 2023, the federal minimum efficiency for heat
pumps increased from SEER 14, HSPF 8.2 to SEER 15, HSPF 8.8. We use SEER 15,
HSPF 9.0 (ducted) and SEER 14.5, HSPF 8.2 (ductless) to align with existing options
(sets of inputs) available in ResStock. As a point of reference, as of January 1, 2023,
the ENERGY STAR label specification for heat pumps increased from SEER 15, HSPF
8.5 (v5.0) to SEER 16, HSPF 9.2 (v6.1; using the old SEER1 and HSPF1 rating metrics).
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Table 1. Definitions of the six upgrade scenarios

Upgrade details Minimum
Capacity temperature for
Applicability retention heat pump
Scenario name Heat pump type Cooling efficiency (SEER) Heating efficiency (HSPF) criteria: @ 5°F (—15°C) operation Sizing method
Minimum central single-speed 15 9 with ducts (79%) 47% 0°F (—18°C) cooling priority
efficiency ASHP ductless variable-speed 14.5 8.2 w/o ducts (21%) none
Median central variable-speed 22 10 with ducts (79%) 49% 0°F (—-18°C) maximum of heating/
efficiency ASHP ductless variable-speed 17 9.5 w/o ducts (21%) none cooling load
High-efficiency central variable-speed 24 13 with ducts (79%) 85% none
cold climate ASHP ductless variable-speed 29.3 14 w/o ducts (21%)

Minimum-efficiency
ASHP + envelope
Median-efficiency
ASHP + envelope
High-efficiency
ccASHP + envelope

Reference scenario

same as minimum-efficiency ASHP, plus envelope upgrades described in Table 2

same as medium-efficiency ASHP, plus envelope upgrades described in Table 2

same as high-efficiency cold climate ASHP, plus envelope upgrades described in Table 2

all heating and cooling equipment replaced with equipment meeting federal minimum standards or like-for-like efficiency (whichever is higher); see Table 6

All six scenarios also included sealing and insulating all ducts located in unconditioned space down to 10% leakage and R-8 (RSI-1.4) insulation. The capacity retention of the heat pumps is assumed to be linear
between the listed percentage and temperature and 100% of the rated output capacity at 47°F (8.3°C). All capacity retention curves and input values were originally developed for the BEopt (Building Energy
Optimization Tool) software and were derived from a combination of laboratory test data (central ASHPs) and manufacturer reported data collected by NEEP (central ccASHP and ductless ASHPs).>%%? See

supplemental experimental procedures for performance simulation details.

Note: SEER and HSPF cannot be expressed in Sl units; they are regulated metrics in the United States that describe the result of evaluating regulated products under a specific test procedure at specific
standard rating conditions. As determined in accordance with 10 CFR (Code of Federal Regulations) part 430 Subpart B, Appendix M, SEER is the total heat removed from the conditioned space during
the annual cooling season, expressed in Btu (British thermal unit; equivalent to 1.055 kJ), divided by the total electrical energy consumed by the air conditioner or heat pump during the same season, expressed
in watt-hours; HSPF is the total space heating required in region IV during the space heating season, expressed in Btu, divided by the total electrical energy consumed by the heat pump system during the same

season, expressed in watt-hours.**
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Table 2. Details of envelope package

Envelope upgrades Upgrade details Applicability criteria

Attic floor air sealing and insulation R values follow 2021 IECC homes with vented attic and attic R value
less than 2021 IECC

R-6.5 (RSI-1.1) wall insulation with re-siding R-6.5 (RSI-1.1) of continuous wall insulation, homes older than 1990 with less than

e.g., 1 of rigid polyisocyanurate
board installed under new siding

Low-e storm windows exterior low-e storm windows

R-19 (RSI-3.3) wall insulation

homes with single and double-pane windows

R value is the imperial unit for thermal resistance (ft?-°F-h/Btu). RSl is the metric unit for thermal resistance (m?-K/W).

The medium-efficiency ASHP scenario represents a premium variable-speed ASHP
that is much more efficient than the minimum scenario but does not meet criteria
commonly used to define ccASHPs (70% capacity retention at 5°F). It should be
noted that there are plenty of ASHP products available with HSPF 10 that do meet
cold-climate criteria.”® The high-efficiency ccASHP scenario represents the best
available efficiency level ASHP on the market. The HSPF 13 unit is more efficient
than most ASHPs being installed in 2022; only six of the 33,000 ducted ASHP model
numbers listed in the NEEP database have HSPF 13. Ductless ASHPs are available
with HSPF up to 15.%°

The performance of three ASHP efficiency levels vs. outdoor temperature for two
sample dwelling units is presented in Figures S12 and S13. Performance curve coef-
ficients are in Tables S2 and S3 and are plotted in Figures S14 and S15. Annual
average COPs by state are presented in Figure S16. These values may be useful
to add climate variation to studies choosing to use annual COP values to represent
efficiency.?*%’

We apply these two ASHP upgrades to all building types (single-family, multifamily,
and mobile homes) and system types, including the estimated 1.5% of homes with a
"“shared” cooling system that serves multiple dwelling units in a building. Individual
ASHPs may not be the most appropriate solution for these homes, but we include
them for completeness. Similarly, it may be challenging to install individual ASHPs
in 4-7 story (3%) and 8+ story (2%) buildings where there are long distances between
dwelling units and the roof or ground where outdoor units may be located. Mounting
mini-split outdoor units to the exterior of tall buildings is common in other countries
but may not be seen as an acceptable solution in the US (though window AC units are
common in mid-rise and high-rise buildings in the US). Nevertheless, we include
these cases in our analysis for completeness.

For all scenarios, design heating and cooling loads are calculated using procedures
similar to ACCA Manual J. For the minimum-efficiency scenario, the ASHP capacity is
selected based on the cooling load according to ACCA Manual S. This sizing method
was selected to avoid poor moisture control in cooling mode associated with over-
sized single-speed equipment.® For the medium and high-efficiency scenarios, the
ASHP capacity is selected based on maximum of heating or cooling load, which in
most situations is the heating load (see Figure S1). This latter practice of sizing var-
iable-speed and ccASHPs to meet all or most of the design heating load is common
practice in some ccASHP programs.®® However, it is worth mentioning that for many
homes, sizing to the full heating load may be not practical (without envelope
upgrades) because of existing ductwork airflow constraints that limit equipment to
3 tons (10 kWy,) or less, or because residential ducted ASHP equipment is not avail-
able in sizes larger than 5 tons (18 kWy,). Figure S13 shows that large portions of the
capacity distributions for the high-efficiency ccASHP scenario exceeds these 3- and
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Table 3. Effective attic insulation R values for envelope upgrades, calculated using attic
perimeter insulation calculations in BEopt based on average attic parameters

Attic floor R value nominal Attic floor R value effective
IECC climate zone (ft?h°F/Btu) (RSI (m2K/W)) (ft2h°F/Btu) (RSI (m2K/W))
1 30(5.3) 29 (5.1)
2-3 49 (8.6) 44 (7.8)
4-7 60 (10.6) 51(9.0)

5-ton thresholds, particularly for the case without envelope upgrades. These limita-
tions and potential solutions are further discussed in section “ductwork airflow con-
straints on equipment sizing.”

All six scenarios also included sealing and insulating all ducts located in uncondi-
tioned space to 10% leakage and R-8 (RSI-1.4) insulation (based on best practice

guidance®-%%)

. This duct sealing was included to prevent ASHPs from being installed
in homes with very leaky ducts that would result in even larger capacity require-
ments. Practically, because ASHPs have lower supply air temperatures than furnaces,
duct sealing is also recommended to ensure that the air supplied to rooms is

comfortable.

Envelope and ASHP upgrade scenarios

The next three scenarios combine the three ASHP efficiency levels with a set of thermall
envelope upgrades: attic air sealing and attic insulation, R-6.5 (RSI-1.1) wall insulation,
and low-emissivity (low-e) storm windows (details and applicability criteriaare in Table 2).

The attic air sealing and insulation upgrades are applied to the homes with vented
attics and attic floor R values less than specified in the 2021 International Energy
Conservation Code (IECC).?” A derate factor is applied to determine the effective
attic insulation level because attic floor insulation often cannot be applied at full
thickness near eaves.”® The rated and effective attic insulation used in the envelope
upgrade package is shown in Table 3. The derate factor was calculated using attic
perimeter insulation calculations in BEopt based on average attic parameters.””

The low-e storm windows are added to homes with existing single and double-pane
windows. Such addition of low-e storm windows reduces the air infiltration and
conductive heat transfer associated with windows. The U value and solar heat gain
coefficient (SHGC) value for windows with and without low-e storm windows are
shown in Table 4.

The R-6.5 (RSI-1.1) continuous wall insulation upgrade represents adding R-6.5 rigid
polyisocyanurate insulation board (1” thickness) at the time of homes' re-siding pro-
jects. Itis applied to homes on two conditions: (1) the home was built before 1990 so
thatthe siding is at least 30 years old, and (b) the existing wall insulation of the homes
is less than R-19 (RSI-3.3), to exclude homes that would see relatively little benefit
from additional wall insulation.

All three upgrades in the envelope package have associated air infiltration
reductions. The assumed air leakage reduction from each upgrade of the envelope
package is given in Table 5.7%7? The overall whole-home air leakage reduction due
to upgrades is calculated using Equation 1.

M= =r)x(1=r)x1-mn) (Equation 1)

where r, is the leakage reduction percentage of an envelope component, n.
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Table 4. Window properties with and without addition of low-e windows

Without storm window With low-e storm window

U value (Btu/ft?h°F) U value (Btu/ft?h°F)
Primary window type (U-SI (W/m?K)) SHGC (U-SI (W/m?K) SHGC
Single-pane, clear, 1.16 (6.59) 0.76 0.69 (3.92) 0.59
metal frame
Single-pane, clear, 0.84 (4.77) 0.63 0.4 (2.27) 0.48
non-metal frame
Double-pane, clear, 0.76 (4.32) 0.67 0.38 (2.16) 0.51
metal frame
Double-pane, clear, 0.49 (2.78) 0.56 0.29 (1.65) 0.42

non-metal frame

U value is the imperial unit for thermal transmittance. U-Sl is the metric unit for thermal transmittance.

For instance, consider a home with single-pane windows and a vented crawlspace
where all three of these upgrades apply. In this case, the air leakage reduction from
attic air sealing is 8%, R-6.5 wall insulation upgrade is 13%, and low-e storm window
upgrade is 21%. Thus, the whole-home air leakage reduction is calculated to be 37%.

Reference scenario

The reference scenario facilitates calculation of incremental upgrade costs and en-
ergy savings for the six ASHP scenarios. In the reference scenario, all heating and
cooling equipment is replaced with equipment meeting federal minimum standards
or like-for-like efficiency (whichever is higher), without any fuel switching, as outlined
in Table 6. For example, a gas furnace with an efficiency of 76% AFUE is below the
federal minimum standard of 80% AFUE and is replaced with an 80% AFUE gas
furnace. HVAC systems with efficiencies greater than the federal minimum standard,
as well as electric resistance heating equipment that is not subject to federal stan-
dards (electric baseboards, electric furnaces, and so on) are replaced with the
same efficiency equipment to facilitate calculation of incremental upgrade costs.
For instance, an electric furnace and room AC with an efficiency of CEER 11.9 is re-
placed with the same equipment.

Upgrade costs

Installation costs for the ASHP scenarios were primarily derived from data collected
by Less et al.>' Less et al. adjusted all cost data using location and inflation correc-
tions, normalizing all data to 2019 USD values representative of US national average
costs. These corrections were meant to remove variability in installed costs associ-
ated with the changing value of the US dollar or with variation in regional markets.
Despite these corrections, installed costs of energy upgrades in existing dwellings
remain extremely variable. Drivers of this variability are many and remain uncharac-
terized. They include varying levels of deferred maintenance in existing dwellings,
pricing strategies, levels of experience with the upgrade in the market, challenges
of integrating upgrades with existing systems and infrastructure in the dwelling,
and building codes and permitting requirements in each local jurisdiction.

The available data did not allow us to differentiate costs for projects that required
new wiring or electrical service upgrades because we currently lack detailed cost
data for these upgrades, and we lack the ability to identify which dwellings in
ResStock require these types of supplementary work. The underlying data collected
by Less et al. were for project totals, and they almost never included cost break-
downs for equipment versus labor costs, or for the itemized costs encountered in
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some upgrades, such as new wiring, new circuit breakers, etc. Less et a review

cost breakdowns for ductless heat pumps in the literature, and they found
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Table 5. Air leakage reduction from each envelope upgrade component

Envelope upgrade Vented crawlspace All other foundation types
Attic air sealing and insulation 8% 13%

R-6.5 (RSI-1.1) wall insulation 13% 19%

with re-siding

Window upgrade for single pane 21% 30%

without storm window

Window upgrade for double-pane 7% 10%
or single-pane with storm window

Percentage reductions are larger for homes without vented crawlspaces because these homes tend to be
leakier with more of their leakage occurring at the crawlspace.

substantial variation in estimates, with labor commonly accounting for 30%-35% of
total costs.” They similarly reviewed other aspects of heat pump installation that
increased installation cost, including cold climate heat pump type ($250 increase),
additional interior zones ($1,986 increase), and variable speed compressors ($512
increase), Ongoing work funded by the US Department of Energy is directed toward
improving our ability to differentiate these activities and their associated costs in
home heat pump upgrades. For example, current work is directed toward character-
izing electrical panel upgrades in US dwellings and how they may be avoided, for
example, by reducing envelope loads and installing smaller-capacity heat pump
technologies, or by limiting the installation of backup resistance heating.

For this ResStock analysis, we wanted to represent costs with both a fixed ($) and a
variable ($/ton) component to ensure that the slope of the relationship between
nameplate capacity and installation costs was accounted for. This is important to
accurately represent the impact that improved thermal envelope efficiency has on
the ability to downsize equipment to reduce installation costs.”® The variability in
costs described above makes the prediction of installed costs imprecise for any in-
dividual household or system. Our goal in estimating costs based on regression
models is to represent average costs across the stock, while accounting for key vari-
ables known to impact cost that are also known in our modeling tool. To develop up-
grade cost equations for this analysis, we performed new regressions on the Less
et al. cost data, inflated costs to 2022 dollars, and cross-referenced the resultant
costs with other available sources.

ASHP cost regressions

The Less et al. dataset consists of a mixture of central (ducted) and ductless heat
pumps. Most data points include tons (nameplate cooling capacity), heating sea-
son performance factor (HSPF), and SEER. Missing data points have been imputed
using sample medians. All linear regression models were built in the caret package
in R using 10-fold cross-validation repeated five times to estimate out-of-box
model errors. Outliers were removed if they had project costs greater than
$30,000, $/ton greater than $10,000, or HSPF greater than 15 (not realistic for
currently available ASHPs).

Several regressions were performed using different sets of independent variables. Ulti-
mately, we selected tons and HSPF as independent variables for central heat pumps
(see Figures S17 and 518 for scatterplots of data used for regression). When cooling ef-
ficiency (SEER) was included in addition to heating efficiency, it resulted in negative co-
efficients for SEER or SEER x HSPF, which led to unrealistic trends. Using SEER and tons
without HSPF resulted in costs that were too low relative to other data sources. We
considered separate regressions for single-stage and variable-speed heat pumps,
but this led to very different slopes ($/ton) for the two types, which did not seem realistic.
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Table 6. Cost of HVAC equipment in reference scenario

Reference scenario
equipment

Existing equipment it applies to

Fixed cost ($)

Variable
cost ($ per kBtu/h)

Source

Room AC, CEER 10.9

room ACs with efficiency <2023
federal standard

46.4

58.01

Room AC, CEER 11.9 room ACs with efficiency >2023 46.4 58.01
federal standard
Central AC, SEER 15 central ACs in southern states 4,396.03 54.14
with efficiency <2023 federal
standard
Central AC, SEER 14 central ACs in northern states 4,267.13 54.14
with efficiency <2023 federal
standard
ASHP, SEER 15, 9.0 HSPF air-source heat pumps 3,907.01 155.17
Fuel boiler (oil), 85% AFUE fuel oil boilers with efficiency 4,077.62 30.94
< federal standard in
place in 2022
Fuel boiler (gas), 82% AFUE boilers (piped gas or propane) 3,424.04 30.94
with efficiency < federal
standard in place in 2022
Fuel boiler, 90% AFUE boilers (piped gas, propane, or oil) 5,869.72 41.25
with efficiency > federal standard
in place in 2022
Fuel furnace, 80% AFUE furnaces (piped gas, propane, or oil)  4,203.6 3.48
with efficiency < federal standard
in place in 2022
Fuel furnace, 92.5% AFUE furnaces (piped gas, propane, oroil)  5,876.6 5.03
with efficiency > federal standard
in place in 2022
Fuel wall/floor furnace, fuel-fired wall/floor furnaces 0 51.56
60% AFUE with 60% AFUE
Fuel wall/floor furnace, fuel-fired wall/floor furnaces 0 51.56
68% AFUE with 68% AFUE
Electric baseboard, electric resistance baseboards 0 59.29
100% efficiency
Electric furnace, 100% AFUE  electric resistance furnaces 2,062 64.45
Electric boiler, 100% AFUE electric resistance boilers 3,996 0
Electric wall furnace, electric resistance wall furnaces 0 59.29

100% AFUE

REMDB (2012), inflated to 2022
REMDB (2012), inflated to 2022

Less et al.®’ median of $6,345
(inflated from $5,930) with
median SEER of 15 and REMDB
capacity multiplier (assumed

36 kBtu/h average)

same as SEER 15, less $128.90 delta
between SEER 14 and 15 from REMDB

regression on Less et al.”’ data,
described in section ASHP

cost regressions

Navigant 2018 value of $7,759 and
REMDB capacity multiplier (assumed
119 kBtu/h average)

Navigant 2018 value of $6,827 and
REMDB capacity multiplier
(assumed 119 kBtu/h average)
Navigant 2018 value of $10,407 and
REMDB capacity multiplier
(assumed 110 kBtu/h average)
Navigant 2018 value of $4,482 and
REMDB capacity multiplier
(assumed 80 kBtu/h average)

Navigant 2018 value of $6,279 and
REMDB capacity multiplier
(assumed 80 kBtu/h average)

REMDB (2012), inflated to 2022
REMDB (2012), inflated to 2022

REMDB (2012), inflated to 2022

REMDB (2012), inflated to 2022
REMDB (2012), inflated to 2022
REMDB (2012), inflated to 2022

Sourced from Less et al.,*' Roberts,*” and Navigant Consultingf?4

For ductless heat pumps, data were not sufficient to include a relationship between
SEER or HSPF and cost, so tons was selected as the sole independent variable for
regression. The source data used to build regression models for predicting ductless
heat pump costs showed a small, not statistically significant relationship between
ductless heat pump installed costs and rated performance. The small differences
in cost attributable to equipment ratings were likely overwhelmed by other unre-
corded drivers of cost variability, such as existing HVAC equipment type, electrical
upgrades required, equipment manufacturer, and installer margins. Together, these
made any variability in ductless heat pump cost with rated performance unobserv-
able in our regression model.

In order to include some relationship between efficiency and cost, cost differentials
for higher and lower HSPF systems were added using the relationship between HSPF
and cost (2.2% per HSPF above or below 10.5) for ductless heat pumps in the Na-
tional Residential Efficiency Measures Database (REMDB),%” which drew from online
retailers and other sources. This resulted in a weaker relationship between HSPF and
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cost than was present in the central heat pump regression, but including some rela-
tionship to HSPF was deemed better than including none at all. It is unknown why the
effect of rated performance appears less in ductless than in ducted heat pump
equipment, though others have also reported these cost increments to be small
for cold-climate equipment and higher rated efficiencies.” One possible explana-
tion for this difference could be that pricing strategies differ between the manufac-
turers and installers of these equipment types.

The cost equations developed here implicitly include any electrical upgrades
necessary to install the heat pumps; however, it is unknown how many of the
projects included electrical upgrades for new circuits, panel upgrades, or service
wire upgrades, which have been estimated to cost in the range of $2,000-
$30,000.°® Central heat pump costs implicitly include supplemental electric resis-
tance heat installed with the heat pump. Ductless heat pump costs implicitly
include both single-zone and multi-zone (multiple indoor heads serving different
rooms) systems.

The use of HSPF instead of SEER for a cost equation differs from the findings of

6797 50 this choice should be revisited in future work.

others,
The regression only had three data points with HSPF greater than 11 HSPF (all less
than $15,000; see Figure S18); extrapolating to 13 HSPF leads to very high costs
and may not be appropriate.

Inflating costs to 2022 dollars

All upgrade costs from Less et al.>" were assumed to be in 2019 (January) dollars and
were inflated to 2022 (January) dollars using a factor of 1.12, which was obtained
from the US Bureau of Labor Statistics inflation calculator.”®

Cross-referencing with other cost data sources

The cost equation for central heat pumps (n = 317) was compared with data points
from other sources of cost data. The comparison of cost vs. HSPF relationships
for 3-ton (10.6 kWy,) capacity systems is shown in Figure 7. The comparison in-
cludes data points from Navigant for EIA (2018),”® the NREL REMDB (2012),*’
data from ten Energy Smart Ohio case studies’” the mean cost of four field study
installations in Minnesota (HSPF values in the 10-12 range),’® and high and low
estimates from an Elevate study for Dane County, Wisconsin (HSPF values in the
12-13 range).'”"

These comparisons suggest that the central heat pump regression generally cap-
tures the trend observed across the other data sources. However, at higher HSPF
values, the relationship between installation cost and HSPF is likely flatter than the
slope of the regression. As noted above, the regression only had three data points
with HSPF greater than 11 HSPF and all three had installed costs less than $15,000,
so extrapolating to 13 HSPF leads to very high costs and may not be appropriate.
The suspected weaker relationship between HSPF and cost at higher HSPF values
is supported by the fact that the NEEP list shows that products within the same series
have a range of rated HSPF values.”” For example, Carrier units with the outdoor unit
model number “25VNA036A*030*" and indoor unit model numbers starting with
“"FE4AN*" are listed with HSPF values ranging from 10.5 to 13.0. Such small differ-
ences in product configurations are likely not associated with the $6,000 difference
in material and labor costs that the regression equation would suggest for a HSPF
value difference of 2.5.

1026  Joule 8, 1000-1035, April 17, 2024

Joule



Joule ¢ CellPress

OPEN ACCESS

$25,000

$20,000 //
$15,000 /

$10,000

2022'$

$5,000

0 1 2 3 4 5
Nameplate capacity (total of all DHPs; tons)

——REMDB (2018) E - 12 kBtuh/unit - SEER 29.3, 14 HSPF

——REMDB (2018) D - 12 kBtuh/unit - SEER 26, 12.5 HSPF
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REMDB (2018) A - 12 kBtuh/unit - SEER 14.5, 8.2 HSPF

Regression on Less et al. 2021 data
(n=173; HSPF median: 11, range 9.3—14.2)

—&— Armstrong et al. 2021 (Heat Pump Store) - Multi zone cost
(assumed 8-12 kBtu/hr per zone)

—8— Armstrong et al. 2021 (Heat Pump Store) - 1 zone cost

Figure 8. Comparison of ductless heat pump installed cost vs. total nameplate capacity (tons;
1 ton = 3.5 kWy,) from different data sources

The cost equation for ductless heat pumps (n = 173) was compared with data points
from other sources of cost data. The comparison of cost vs. capacity relationships is
shown in Figure 8. The comparison includes data points from NREL REMDB v3.1.0
(2018)'°%"%% and installed cost data provided by The Heat Pump Store for the
multi-zone systems relevant to this analysis and for single zone systems as
well."9%195 As mentioned above, for this analysis we applied the spread of costs
for different ductless heat pump HSPF values from REMDB to the Less et al.”'
data regression; for clarity, only the line for 11 HSPF is shown in Figure 8.

These comparisons suggest general agreement between the ductless heat pump
regression and other cost data sources. The regression results in ductless heat pump
costs that are 15%-30% higher than the multi-zone costs from The Heat Pump Store,
which may be because The Heat Pump Store data represent a more mature market;
the company installs thousands of heat pumps each year in Oregon, USA.'%*

Duct sealing and insulation costs

As described in the scenario definitions, duct sealing, and insulation were applied
in all six ASHP scenarios. Costs for sealing and insulating ducts were based on
mid-range values from REMDB®’ and were inflated from 2010 to 2022 dollars using
a factor of 1.289. The costs average around $1,000 per dwelling unit but vary with the
surface area of ducts located in unconditioned space calculated for each home, and
also on their starting leakiness and insulation level.
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Envelope upgrade costs

Upgrade costs for attic insulation and air sealing are from REMDB®’ are a function
of attic floor area and existing insulation levels and were inflated from 2010 to
2022 dollars using a factor of 1.289.

Upgrade costs for adding wall insulation at time of re-siding are $5 per square foot of
exterior wall area, based on Lawrence Berkeley National Laboratory data.’ Upgrade
costs for adding low-e storm windows are $14.70 per square foot of window area,
based on REMDB data.®’

Reference scenario costs

HVAC equipment costs in the reference scenario are from a mix of sources, pre-
sented in Table 6. Both fixed ($) and variable ($ per kBtu/h) costs were accounted
for each HVAC equipment type. Central AC costs are based on a median from
Less et al.*’ combined with the relationship to capacity and SEER from REMDB. Fos-
sil furnace and boiler costs are based on values from Navigant for the Electric and
Gas Program Administrators of Massachusetts”* combined with the relationship to
capacity from REMDB. All other HVAC replacement costs—room ACs, wall/floor fur-
naces, electric baseboards, electric furnaces, and electric boilers—are based on
mid-range HVAC equipment costs in REMDB, inflated to 2022 dollars.®’

Simulation

ResStock was used to generate the 550,000 statistically representative dwelling units
and simulate them under each scenario. While the dwelling unit definitions sampled
by ResStock can be used with any simulation engine, we used OpenStudio and
EnergyPlus to simulate the generated dwelling unit models.

It is worth noting that ResStock samples and simulates individual dwelling units, as
opposed to entire multifamily buildings. This is partially because most source data
are for dwelling units or households and not buildings, and also because it simplifies
running batch simulations on high-performance computing resources when simula-
tion runtimes are similar. Because a simulation of an individual dwelling unit in a sce-
nario is independent of other dwelling units, parallel simulation of modeled dwelling
units helps to reduce the computing time significantly. We used BuildStock Batch to
manage batch simulations on the parallel processing capabilities of the NREL Eagle
high-performance computer.'% In total, 4.4 million dwelling unit simulations were
completed, where each dwelling unit simulation took less than 5 min. All simulations
used typical meteorological year 3 (TMY3) weather data for around 1,000 local
weather stations.'”’

Post-processing and visualization

The raw annual simulation results for each dwelling unit of a particular scenario were
collected and grouped by scenario. The BuildStock Batch tool that manages batch
simulations also compiles individual simulation results into a combined results
data file for each scenario.'® Python scripts and Tableau calculations were used
to analyze the results and compute energy savings, energy bill savings, upgrade
cost, NPVs, and GHG emissions.

GHG emission factors

The GHG emissions impacts of the scenarios were estimated using the following in-
puts. CO,e emissions for on-site fossil fuel use were calculated using factors from Ta-
ble 7.1.2(1) of draft ANSI/RESNET/ICCC 301-2022 Standard for the Calculation and
Labeling of the Energy Performance of Dwelling and Sleeping Units using an Energy
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Table 7. GHG emissions factors

Fuel type Ibs CO%e/million Btu kg COe/MWh
Natural gas 147.3 228.0

Propane 177.8 275.2

Fuel oil 195.9 303.2
Electricity Cambium 20217

Source: Table 7.1.2(1) from draft ANSI/RESNET/ICCC 301.%

Rating Index (shown in Table 7).%% These factors include the combustion and pre-
combustion components of CO,, methane (100-year global warming potential of
29.8), and nitrous oxide (100-year global warming potential of 273). Pre-combustion
processes include fuel extraction, processing, and transportation, including fugitive
emissions with an assumed fugitive methane emissions rate of 1.37% (includes leaks
in the gas distribution system; from ANSI/RESNET/ICCC 301-2022°° based on a
2019 NETL report'%).

COze emissions for electricity were calculated using factors from Cambium 2021
data'%? from NREL's 2021'%° Standard Scenarios for Electricity."'® We used long-
run marginal emissions rates (LRMER), levelized over the expected 16-year lifetime
of heat pump equipment (2022-2038) with a 3% discount rate applied (consistent
with draft ANSI/RESNET/ICCC 301-2022), for all five of the future grid scenarios in
Cambium 2021. Note that these scenarios do notinclude the impact of power sector
incentives in the Inflation Reduction Act of 2022, which are expected to increase the
speed of power sector decarbonization. These choices are considered best practice
for long-lived efficiency and electrification decisions.**'"" We chose to use annual
factors instead of hourly factors for simplicity of calculation. Present et al. found
that the choice of using annual vs. hourly LRMER was much less significant than
the time horizon or choice between long-run marginal and short-run marginal fac-
tors.'"" ResStock datasets released since this analysis was conducted include emis-
sions impact results that make use of hourly LRMER factors.* We applied the LRMER
factors with a geographic resolution of 20 Generation and Emission Assessment
(GEA) regions, which were based on the US EPA’s Emissions & Generation Resource
Integrated Database (eGRID) regions.''? As with the on-site fossil factors, these fac-
torsinclude the combustion and pre-combustion components of CO,, methane, and
nitrous oxide, using 100-year global warming potential values. Pre-combustion pro-
cesses include fuel extraction, processing, and transportation, including fugitive
emissions with an assumed fugitive methane emissions rate of 1.08% (assumes po-
wer plants avoid leaks in the gas distribution system; based on a 2019 NETL
report).”®'%% However, this work does not encompass the examination of potential
change in the LRMER factors resulting from changes in the load profile due to the
electrification of air-to-air heat pumps.

Installing larger, two-way heat pumps sized for heating instead of one-way heat
pumps (air conditioners) or heat pumps in homes that previously did not have central
AC will lead to increased refrigerant use, and therefore leakage. Pistochini et al.
found that the incremental increase in R-410A refrigerant leakage emissions when
moving from a gas furnace to a heat pump was around 0.07 tCOse per year over
the 16-year lifetime of the equipment (using 100-year global warming potential
and based on Figure 6 of Pistochini et al.*?), which would have a small (less than
3%) impact on the average dwelling unit emissions reductions of 2.5 t/year or greater
(from section “ASHPs deliver substantial energy savings and reduce average GHG
emissions in all states and future grid scenarios”). The impact of R-410A refrigerant
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leakage is 2.2 times higher when using 20-year global warming potential values, so
the impact would be larger (less than 6%) using that metric. However, Pistochini et al.
show that using a 20-year horizon increases the emissions savings of heat pumps
overall because the increase in methane leakage impact increases more than the in-
crease in refrigerant leakage impact.*” Therefore, the choice of time horizon would
not be expected to change the direction of emissions impacts reported here. The
recent ratification of the Kigali Amendment by the US''® will make refrigerant
leakage less significant over time, with developed countries targeting an 85% reduc-
tion in hydrofluorocarbon production by 2036.""*

Utility tariffs

The energy bills of the residential dwelling units for each scenario were calculated
based on the electricity, natural gas, propane, and residential fuel oil used. In general,
we used state average residential electricity and fuel prices (revenue divided by sales)
by state from 2019 EIA data and used regional factors from EIA to convert into prices
representing winter 2021-2022" (see Table S7 for fuel costs of 2019, winter 21-22,
and winter 22-23 forecast for each state and Table S8 for regional multipliers).

The average prices for electricity and natural gas were lowered slightly by removing
the fixed or customer charge component of bills, resulting in estimates of the
average marginal or volumetric $/kWh and $/therm rate components in each state
(averaged over the utilities in each state and across any seasonal, tiered, or time-
of-use differences). For electricity bill calculations, Equation 2, was used to calculate
the customer-weighted national average fixed monthly charge ($10/customer/
month), where Fgjec, represents the monthly fixed electric charge for each utility
from the OpenEl Utility Rate Database'" and N, represents number of customers
for each utility from EIA data.’'®

Z Felec.u X Nc‘u
> Neu

The average variable component ($/kWh) of electricity rate for each state was calcu-

Customer — weightedFejecavg = (Equation 2)

lated using Equation 3. State average residential electricity data''® including total
revenue (in thousands of dollars), total sales (in MWh), and total customers (quantity)
were used. We did not account for seasonal, time-of-use, or tiered electricity rates in
this study, but these should be considered for future work, particularly because many
electric utilities’ rates are currently lower in winter than in summer, which would
benefit ASHPs in the near term.

revenueéelec,s — (Felec,avg X Nelec‘s)

rat€ejecs = (Equation 3)
' salesgjec s

The fixed residential electric utility customer charge of $10/customer/month
was used throughout the US, and a flat (not time sensitive or tiered), volumetric res-
idential electric rate for each state that varied from 8.7 ¢/kWh in Washington State to
20.4 ¢/kWh in Connecticut. The rates used for each state are shown in Table S7.

For natural gas bill calculations, a fixed utility charge (generally referred to as the
“customer charge”) of $11.25/customer/month (Fng) was used based on a 2015
report from the American Gas Association.?” The volumetric rate of natural gas for

each state was calculated using Equation 4 based on state price' '’ sales’'® and num-
ber of customers (Nng.s).1 9
sales,qs X price — (F,g XN .
ratengs = ( ng:s * P ”9‘5) ( n9 ”9‘5) (Equation 4)

salesng s
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The results ranged from $0.43/therm in New Mexico to $1.48/therm in Florida. The
volumetric rates used for each state are shown in Table S7. We assume that most
homes that use natural gas for space heating also use it for one or more other end
uses. Thus, the $135 per year gas customer charge is not removed when applying
the heat pump upgrades. However, the impact of eliminating this fixed charge is
evaluated in a sensitivity case (see section “fixed charges for natural gas meters
can have a significant impact on ASHP economics”).

For residential fuel oil and propane bill calculations, we used weekly data from EIA
covering the 2018-2019 winter.'?*'?! We averaged the available weeks for each
state. When state-level data were not available, we used data from the state’s Petro-
leum Administration for Defense Districts (PADD) region. When PADD region data
were not available, we used the US national average. As with electricity and natural
gas, regional factors from EIA were used to increase prices to represent winter 2021—
2022% (see Table S7 for volumetric fuel costs for 2019, winter 21-22, and winter 22—
23 forecast for each state and Table S8 for regional multipliers).

NPV calculations
The NPV for each customer in each scenario is calculated using Equation 5.

NPV = 2( gi&) — I (Equation 5)

where trepresents the total number of time periods, CF; represents the cash flow (in-

cremental change in energy bills) of customer cin £

year, iis the real discount rate, and
lc is the initial incremental investment. We have considered the total time period to be
16 years, assuming the heat pumps’ lifetime to be 16 years and real discount rate to be
3.4%."" Real consumer discount rates vary widely. A positive NPV is not meant to sug-
gest that consumers will adopt the technology but can be used to help inform whether

the technology could be financed with positive cash flow for the consumer.
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