ENVIRONMENTAL RESEARCH
LETTERS

LETTER » OPEN ACCESS You may also like

- Energy saving analysis on mine-water

US residential heat pumps: the private economic Source heat pump in a residental distict of

Henan province, central China

potential and its emissions, health, and grid Hong Wang, Huanlin Duan and Aidong

Chen

|m paCtS - Quantification of model uncertainty of
water source heat pump and impacts on
eneragy performance

To cite this article: Thomas A Deetjen et al 2021 Environ. Res. Lett. 16 084024 Yling Zhang, Chengliao Cui, Jiaqgi Yuan et
al.

- Should enerqy efficiency subsidies be tied
into housing prices?
Jussi Vimpari
View the article online for updates and enhancements.

This content was downloaded from IP address 64.85.168.250 on 03/03/2022 at 15:31


https://doi.org/10.1088/1748-9326/ac10dc
/article/10.1088/1755-1315/121/5/052093
/article/10.1088/1755-1315/121/5/052093
/article/10.1088/1755-1315/121/5/052093
/article/10.1088/1755-1315/238/1/012067
/article/10.1088/1755-1315/238/1/012067
/article/10.1088/1755-1315/238/1/012067
/article/10.1088/1748-9326/abfeee
/article/10.1088/1748-9326/abfeee

IOP Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
26 March 2021

REVISED
2 June 2021

ACCEPTED FOR PUBLICATION
2 July 2021

PUBLISHED
28 July 2021

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Environ. Res. Lett. 16 (2021) 084024

ENVIRONMENTAL RESEARCH
LETTERS

LETTER

https://doi.org/10.1088/1748-9326/ac10dc

US residential heat pumps: the private economic potential
and its emissions, health, and grid impacts

Thomas A Deetjen’

, Liam Walsh’ and Parth Vaishnav’

' The Center for Electromechanics at the University of Texas, Austin, TX, United States of America
2 Department of Engineering and Public Policy, Carnegie Mellon University, Pittsburgh, PA, United States of America
3 School for Environment and Sustainability, University of Michigan, Ann Arbor, MI, United States of America

E-mail: t.deetjen@cem.utexas.edu

Keywords: electrification, energy economics, climate change, criteria air pollutants, heat pump

Supplementary material for this article is available online

Abstract

To explore electrification as a climate change mitigation strategy, we study US residential heat
pump adoption, given the current US housing stock. Our research asks (a) how the costs and
benefits of heat pump adoption evolve with increased penetration, (b) what rate of heat pump
adoption is economic given today’s housing stock, electric grid, energy prices, and heat pump
technology, and (c) what effect changing policies, innovations, and technology improvements

might have on heat pump adoption. We answer these research questions by simulating the energy
consumption of 400 representative single-family houses in each of 55 US cities both before and
after heat pump adoption. We use energy prices, CO, emissions, health damages from criteria air
pollutants, and changes in peak electricity demand to quantify the costs and benefits of each
house’s heat pump retrofit. The results show that 32% of US houses would benefit economically
from installing a heat pump, and 70% of US houses could reduce emissions damages by installing a
heat pump. We show that the potential for heat pump adoption varies depending on electric grid,

climate, baseline heating fuel, and housing characteristics. Based on these results we identify
strategic, technology, and policy insights to stimulate high heat pump adoption rates and deep
electrification of the US residential heating sector, which reduces CO, emissions and the impacts of

climate change.

1. Introduction

To avoid the worst effects of climate change, the global
economy continues to seek opportunities to reduce
greenhouse gas emissions. One of those opportunit-
ies is electrification, where energy-consuming activ-
ities switch from using fossil fuels to clean electri-
city. In the residential sector, the main avenue for
electrification is to replace existing oil, natural gas,
propane heaters, or inefficient resistive electric heat-
ers with heat pumps, which displaces in situ fossil
fuel consumption with electricity use. Such a switch
has the potential to reduce greenhouse gas or other
pollutant emissions, provided that—over the lifetime
of the device—the electricity used to energize it is
clean enough to have lower emissions than would
have occurred from the direct combustion of fossil
fuels.

© 2021 The Author(s). Published by IOP Publishing Ltd

Heat pumps are reversible air conditioners. In the
summer, they act as air conditioners. In the winter,
they reverse the flow of the refrigerant to absorb heat
from the outdoors and release it inside the build-
ing. Electricity is used to do the mechanical work
to move heat rather than produce it. The ratio of
the quantity of heat that is ultimately delivered to
the heated space to the amount of energy that is
supplied as electricity is typically much greater than
one. Even after accounting for the fact that electri-
city generation through the combustion of coal or
natural gas is less efficient than burning natural gas
in a home furnace, the switch to a heat pump usu-
ally reduces a building’s net greenhouse gas emis-
sions. As such, many studies have explored to what
degree 100% heat pump adoption would reduce
net greenhouse gas emissions in many parts of the
world [1].
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Residential heat pump adoption, however, has
consequences beyond reducing greenhouse gas emis-
sions. It can increase health damages caused by cri-
teria air pollutants. Although residential furnaces
and boilers often produce greater net greenhouse gas
emissions than heat pumps do, they often produce
fewer health-damaging pollutants like SO,, NO,, and
PM, 5 than are produced when the same amount of
heat is delivered by generating electricity and using
it to energize a heat pump [2]. Heat pump adop-
tion can make it harder to operate the electric grid,
because large-scale heat pump adoption can signi-
ficantly increase peak electricity demand [3]. And
its private costs can outweigh its public benefits,
because heat pumps are more expensive to install
than furnaces or boilers and electricity is often more
expensive than fuels like natural gas [4]. Given these
consequences, this study examines the private and
public tradeoffs of heat pump adoption, and assesses
how these trade-offs change as heat pump adoption
increases, heat pumps get cheaper, and the electricity
grid gets cleaner.

The literature examines the effects of heat pump
adoption using a variety of energy modeling frame-
works. These frameworks typically involve simulating
the energy consumption of a house before and after
heat pump adoption. By projecting energy prices and
emissions estimates onto those energy consumption
profiles, a study estimates the costs and/or emissions
of the house both before and after heat pump adop-
tion. Although this general strategy is appropriate,
the literature exhibits a variety of shortcomings that
reduce the method’s usefulness as a decision-making
guide.

Many studies, for example, fail to examine
the tradeoffs between economics, peak electricity
demand, health damages, and greenhouse gas emis-
sions or to show how those tradeoffs impact the
potential for heat pump adoption. Hanova and Dow-
latabadi estimate the sensitivity of CO, emissions
reductions from switching to ground source heat
pumps to the CO, intensity of electricity genera-
tion, energy costs, and heat pump efficiency [5]. The
New York State Energy Research and Development
Authority finds that residential customers would
generally see no benefit from switching to electric
heat pumps but the switch would reduce CO, emis-
sions and generate value for the utility by shifting
demand away from the summer peak [6]. Neither
study considers the effect on emissions of other pol-
lutants. Waite and Modi assess the effect of (par-
tial) heating electrification on electricity system peak
demand, but do not consider any of the environ-
mental impacts [3]. Kaufman et al find that, given
a combination of technological improvements and
climate policy, heat pumps could be cost-competitive
relative to gas furnaces in a variety of US climates [7].
Some research explores aspects of these tradeoffs but
omit heat pump capital cost [1, 8], changes in peak
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electricity demand [9], and/or monetized damages
of criteria air pollutants [1, 8, 10, 11]. Without a full
accounting of these tradeoffs, it is difficult to analyze
the pros and cons of different heat pump adoption
rates, so most studies ignore this discussion by analyz-
ing the impacts of 100% heat pump adoption alone
(1,10, 12].

Another shortcoming is the failure to simulate
houses and electric grid emissions at an hourly res-
olution. Many studies simulate household energy
consumption at annual [13] or seasonal [9] time
scales. Likewise, many studies use annualized or
averaged factors to quantify electric grid emissions
[1]. Without using an hourly resolution, these stud-
ies cannot accurately capture the daily and sea-
sonal variation in heating demand, heat pump
performance, electric grid emissions, or peak electri-
city demand that impact the tradeoffs of heat pump
adoption.

Most previous analyses also assume a static grid:
their analysis of benefits and costs is valid only for
the electric grid as it is at the time of analysis. In
fact, the US electric grid has got [14], and—if cur-
rent policy proposals are successful [15]—will con-
tinue to get substantially cleaner over the lifetime
of a heat pump installed today. In this analysis, we
account for a rapid cleanup of the electric grid. Con-
sistent with the ‘Progressive’ scenario of the Elec-
tric Power Research Institute’s (EPRI’s) 2018 National
Electrification Assessment study, we assume that elec-
tric grid CO, emissions and health damages decline
by 45% and 75% between 2017 and 2032 [16]; that
damages from CO, emissions are valued at $40 per
ton [17]; that heat pump cost and performance is
static. We also account for methane leakage from the
natural gas production, transmission, and distribu-
tion, which affects both residential furnaces and gas-
burning power plants.

The literature also inadequately captures the
diversity in housing stock, electric grid regions, and
climates. Many studies analyze heat pump adoption
by simulating single building types [2, 13, 18, 19]
or a handful of building archetypes [10] that can-
not adequately capture the variety of buildings in the
residential housing stock. Although other studies use
probabilistic methods to generate hundreds or thou-
sands of building simulations to more thoroughly
capture the housing stock diversity, they focus on
individual electric grids and climates [1, 8]. Without
simulating a diversity of houses, electric grid regions,
and climates via the same modeling method, these
studies do not adequately explore the variety of situ-
ations that make heat pump adoption so nuanced.

Because of these shortcomings, the literature does
not fully explore the implications of heat pump adop-
tion. It does not balance the economic, electric grid,
health, and climate tradeoffs of heat pump adoption,
nor does it consider the full cost and benefits of high
rates of heat pump adoption.
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In this study, we address the gaps described above.
We account for the heterogeneity in the nation’s cur-
rent housing stock, and for how that heterogeneity
interacts with differences in regional electricity grids
and climate. We account for both, the capital and
operating costs, of retrofitting heat pumps to today’s
houses. We also assess health damages, damages from
greenhouse gas emissions, and the effect on peak elec-
tricity demand. We assess how the benefits and costs
of heat pump adoption change as heat pump penet-
ration increases (i.e. we do not assume 100% penetra-
tion). Our analysis also recognizes that, absent policy,
adoption rates will likely be driven by private benefits
to the adopters. We account for the fact that the grid
will evolve over the lifetimes of heat pumps installed
today. Finally, we perform a sensitivity analysis to
assess the effect of climate policy (e.g. a carbon tax)
and an accelerated reduction in grid emissions intens-
ity. To do so, we examine the economic, emissions,
and peak demand tradeoffs of heat pump adoption
for 400 locally-representative houses in each of 55 cit-
ies to ask how the costs and benefits of heat pump
adoption evolve with increased penetration. We ask
what rate of heat pump adoption is economic, given
today’s housing stock, electric grid, energy prices, and
heat pump technology, assuming that homeowners
minimize their costs. And we explore what policies,
innovations, and technology improvements can be
used to increase heat pump adoption.

By answering these questions, this analysis fills a
research gap that fails to understand the full implic-
ations of high rates of heat pump adoption. Filling
that research gap advances our understanding of the
potential for heat pump adoption and the challenges
that inhibit higher adoption rates. It helps identify
where to focus current efforts to encourage heat
pump adoption: both in terms of geographical loc-
ation and building characteristics. It also helps us
develop projections of how new policies and innov-
ations might change the balance of benefits and costs
of heating electrification.

2. Method

To quantify the cost and benefit of heat pump adop-
tion across the continental United States, we follow a
five-step method.

In step 1, we simulate residential energy con-
sumption. We use NRELs ResStock tool to create
a virtual stock of 400 houses for each of 55 cit-
ies. We simulate the energy consumption of those
houses using the EnergyPlus building simulation soft-
ware. The result is 22 000 simulated, annual, 8760 h,
household-level profiles of natural gas, fuel oil, pro-
pane, and electricity consumption.

In step 2, we use publicly available data to quantify
those consumption profiles’ energy cost, health dam-
ages, and CO, emissions. We multiply electricity
consumption by marginal CO, emissions, marginal
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health damages factors, and state-level electricity
prices. We multiply household fuel combustion by
CO; emissions rates, seasonal health damage factors,
and state-level annual average fuel prices. The results
show the annual energy cost, annual CO, emissions,
and annual health damages associated with each of
the 22 000 household energy profiles.

In step 3, we calculate the private and public net
present value (NPV) that results from each household
adopting a heat pump. For each simulated house,
we replace the existing heating technology with an
air-source heat pump. The EnergyPlus model, which
underpins ResStock analysis, automatically sizes the
heat pump. We choose the operating characteristics
of the heat pump (HSPF/SEER) as described in the
section above. Then we re-simulate the house’s energy
profiles and re-calculate their costs, health damages,
and emissions. For each house, the private NPV of
heat pump adoption equals the energy cost savings
minus the amortized cost of the heat pump installa-
tion. For each house, the public NPV of heat pump
adoption equals the baseline climate damages and
health damages minus the heat pump climate dam-
ages and health damages.

In step 4, we quantify the percentage of the hous-
ing stock that would benefit from heat pump adop-
tion. From a strictly private cost perspective, this
includes all houses for which heat pump adoption
yields a positive private NPV. From a public perspect-
ive, we also include any house whose positive public
NPV outweighs its negative private NPV—i.e. where a
net positive (private + public) NPV could be achieved
by incentivizing heat pump adoption via a subsidy.

In step 5, we use the houses’ hourly electricity
profiles to quantify the impact of heat pump adop-
tion on peak electricity demand. For each of the 55
cities, we use the electricity profiles from step 1 to
calculate the aggregate electricity demand of the 400
baseline houses. Then, we perform the same calcula-
tion using updated electricity profiles for any houses
identified in step 4 as heat pump adopters. By com-
paring the aggregate baseline electricity consump-
tion profile with the aggregate profile that includes
heat pump adopters, we can quantify how heat pump
adoption changes the residential electricity profile for
each city, including how heat pump adoption changes
peak residential electricity demand.

Following these five steps, we combine a validated
residential building energy simulation tool, publicly-
available data on cost, health damages, and CO, emis-
sions, and economic calculations to identify houses
across the continental US where heat pump adoption
reduces economic cost and monetized environmental
harm. The sections below provide additional details
about the different components of this method.

2.1. Building energy simulation
We simulate the energy consumption of 400 houses
in each of 55 cities using ResStock [20]. ResStock
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is a database of housing characteristics. It describes
those housing characteristics using probability distri-
butions that depend on the house’s location, square
footage, vintage, and other attributes. This approach
allows ResStock to probabilistically generate a vir-
tual stock of hundreds of houses whose distribution
of vintage, square footage, attic insulation, air infilt-
ration, HVAC efficiency, window quality, and other
characteristics accurately portray the quality of the
actual housing stock.

We then feed these ResStock housing models into
the EnergyPlus building energy modeling program.
EnergyPlus uses a house’s construction characterist-
ics and weather data to size the house’s air condition-
er/furnace/heat pump and calculate its hourly annual
operation schedule/energy consumption profile.

Other academic studies have used similar meth-
ods. Protopapadaki ef al [8] and Asaee et al [12], for
example, use probabilistic methods to generate a large
sample of virtual houses to feed into a building energy
simulation tool. Some studies also use the ResStock
tool itself [1].

To reduce the computational expense of simu-
lating such a large number of houses, we took two
steps to minimize the number of houses we needed
to simulate for each city. We based our analysis on
simulation results from NREL, where 80 000 houses
are simulated in ResStock and each house’s efficiency
characteristics and annual energy consumption for
heating, cooling, and other end uses are reported.
First, we reduced the model’s degrees of freedom. We
used regression analysis to identify characteristics that
had little impact on annual heating or cooling needs.
For these characteristics—e.g. dishwasher efficiency,
clothes washer efficiency—we gave all houses the
same value. We also removed rare characteristics—
e.g. triple pane windows, which occur in an extremely
small subset of houses.

Second, we used these updated characteristics to
simulate 1000 houses for Pittsburgh, Dallas, and San
Francisco and compared those houses’ annual heat-
ing requirements against the 4500 houses provided
in the NREL dataset for each of those cities. By
randomly sampling subsets of those 1000 simulated
houses, we estimated the r-squared fit between the
cumulative density functions of annual heating and
cooling demand between the NREL simulations and
our simulations. See the SI for results of these com-
parisons (available online at stacks.iop.org/ERL/16/
084024/mmedia). We concluded that by simulating
400 houses, we could expect to capture 88%—-96% of
the variation in annual heating demand that would
be captured by a model that uses 4500 houses. We
determined that decreasing the number of simula-
tions, to 300 for example, would notably decrease
this fit, and that increasing the number of simula-
tions, to 500 for example, would increase compu-
tational expense without greatly improving fit. For
more detail, see the SI.

T A Deetjen et al

To quantify the energy impacts of heat pump
adoption, we simulated each of the 22 000 houses
with both their baseline HVAC technology and with
a heat pump retrofit. We retrofit each house with
a 8.5 HSPE, 14.3 SEER air-source heat pump based
on Department of Energy efficiency standards [21].
The energy efficiency of a heat pump changes with
ambient temperature, where lower temperatures yield
lower heat pump efficiency. The EnergyPlus tool uses
ambient weather files with hourly historical normal
temperatures. When the heating load exceeds heat
pump capacity, which may occur at low ambient tem-
peratures where heat pump performance is lower,
the EnergyPlus tool assumes that that the heat pump
operates as a resistive heater (i.e. with a COP of 1).

2.2. Cities simulated

We simulate the housing stock of 55 cities across the
continental US. We assumed that climate and elec-
tric grid emissions would be significant indicators of
the value of heat pump adoption. Thus, we chose
cities to represent a variety of climates and electric
grid regions. Climate regions are defined using data
from the US Office of Energy Efficiency and Renew-
able Energy’s Building America project [22]. Electric
grid regions are defined as the sub-regions used by
the North American Electric Reliability Corporation
(NERC) [23].

To choose the cities, we started by simulating one
city for each combination of climate region and elec-
tric grid region. We then added additional cities to
better represent (a) areas with large populations and
housing stocks and (b) climate/electric regions with
large geographic boundaries. Using these guidelines,
we chose to simulate the housing stock of the 55 cities
shown in figure 1.

To represent all of the 80 million single-family
homes in the US residential sector, we scale up the
simulated housing stock: we scale each city’s 400 sim-
ulated houses up to represent the total number of
houses in the city’s nearby regions, as defined by data
from the NREL ResStock program. In large, densely
populated regions like San Francisco, Boston, and Los
Angeles, each simulated house is scaled up to rep-
resent about 10 000 real world houses. In smaller,
sparsely populated regions like Goodland, KS, Cari-
bou, ME, and Midland, TX, each simulated house is
scaled up to represent about 500 houses. On average,
each simulated city represents 1.45 million houses,
and each house is scaled up to represent 3600 houses.

2.3. Climate and health damages
We calculate emissions and the associated climate and
health damages both for fossil fuel combustion within
each city and for electricity consumption within each
electric grid region.

For each electric grid region, we use marginal
emissions and health damages factors that vary by
season and hour-of-day. These factors are compiled
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Figure 1. The 55 grey circles represent cities that are simulated in our model. Cities were chosen to represent a variety of electric
grid regions as defined by [23] and a variety of climate regions as defined by [22] within each electric grid region. The black lines
and text show each NERC region’s boundary, name, and average climate 4 health damages intensity (in $/MWh).

using methods developed by Siler-Evans et al [24] and
are reported by the Carnegie Mellon Center for Cli-
mate and Energy Decision Making (CEDM) [25]. For
CO, emissions, the factors are reported in units of
kilogram-CO,/MWh of electricity consumption. To
monetize those climate damages, we multiply those
factors by a social cost of carbon of 40 $/tCO,. For
health damages, the emissions of SO,, NO,, and
PM, 5 are monetized using methods developed by
Heo et al [26] and reported in units of $/MWh of
electricity consumption. By multiplying each house’s
hourly electricity consumption by its electric grid’s
seasonal/hourly climate and health damages, we can
calculate the annual electric grid emissions damages
caused by each house.

To account for the natural gas infrastructure’s
leakage of the greenhouse gas methane, we estim-
ate the amount of methane leaked per MWh of elec-
tricity generation in each NERC region and convert
to CO,-equivalent emissions via the global warming
potential (GWP) of methane. For example, we find
that in 2017, the states comprising the western region
(WECC) of the US electric grid consumed 1.45 mil-
lion MMcf of natural gas in the power sector [27].
We assume that for every MMcf of consumed nat-
ural gas, 0.023 MMcf of methane is leaked into the
atmosphere [28]. By multiplying that leakage rate by
the 1.45 million MMcf of consumed natural gas, con-
verting to tonnes, and multiplying by a GWP of 28
[29], we estimate that the 2017 WECC power sec-
tor contributed to methane leakage amounting to
18.6 Mt CO;-equivalent. By dividing this 18.6 Mt by

5

the 724 TWh of the WECC states’ generated electri-
city [27], we calculate a methane leakage rate factor
of 25.7 kg MWh . In the same manner, we calculate
the methane leakage rate factors for the other NERC
regions. We use the 100 years GWP value of 28 for
methane. Although there have been proposals to use
20 years GWP values, recent research shows that the
benefits of this alternative 20 years time from are over-
stated [30].

In this study, we refer to different electric grid
regions as having low-, medium-, or high-emissions
relative to other sub-regions of the US electric grid.
We base those distinctions by calculating the average
damages. As described above, we calculate damages
assuming an SCC of $40 per ton CO, [17] and, for
PM,; 5, NOy, and SO,, using methods developed by
Siler-Evans et al [24] and reported by CEDM [25]
in each region and categorizing them as follows—
<35 $/MWh = low; 35-50 $/MWh = medium;
>50 $/MWh = high. For more detail, see figure 1.

Since the lifetime of a heat pump is 15 years
[31, 32], we assume that emissions will diminish in
all US electric grids during the life of the heat pump.
To capture this effect, we use electric grid emis-
sions projections from EPRI’s National Electrification
Assessment [16]. We use that study’s ‘Progressive’
scenario (a balance between the study’s ‘Conservat-
ive’ and ‘Transformative’ scenarios) to assume that
from 2017 to 2032, (a) coal energy will decline by 75%
from 1200 TWh to 300 TWh and (b) CO, emissions
intensity will decline by 45% from 850 Ibs MWh™!
to 450 Ibs MWh™!. We assume that the majority
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of health damages from coal energy [33]. Thus, we
assume for each grid region that health damages will
decline by 75% and CO, emissions by 45% by 2032.
We assume a linear trend.

For heating fuel combustion, we calculate the
CO,, SO;, NO,, and PM, 5 emissions generated by
different heating technologies and monetize those
emissions using city-specific damage factors. We use
data from the Environmental Protection Agency [34]
to quantify the CO, emissions for each heating fuel.
To quantify the NO,, and PM, 5 emissions for each
heating fuel, we use data from Brookhaven National
Laboratory [35]. We apply stoichiometric calcula-
tions, assuming 3% O, in the exhaust, to calculate
the kilogram of emissions per mmBtu fuel for gas and
fuel oil heaters at various energy efficiency ratings. By
setting a trendline to these data, we develop a linear
model of NO, and PM, 5 emissions depending on the
existing furnace’s heating fuel and energy efficiency.
We assume that propane and natural gas have sim-
ilar emissions characteristics. These calculations are
similar to the NO, and PM, 5 emissions estimation
method used by Vaishnav et al [2]. For SO, emis-
sions, we use data from [36] and assume a 0.0015%
sulfur content in fuel oil [37]. Using these calcula-
tions, we develop a series of models for calculating
the kg/mmBtu of CO,, SO,, NO,, and PM, 5 emis-
sions generated by each of the different existing heat-
ing technologies present in the ResStock houses.

To account for the natural gas infrastructure’s
leakage of the greenhouse gas methane, we estim-
ate the amount of methane leaked per therm of nat-
ural gas consumed for heating and convert to CO,-
equivalent emissions via the GWP of methane. We
assume that for every therm of natural gas consumed
for heating, 0.023 therms of methane escape to the
atmosphere [28]. Using the energy density of natural
gas, we convert from therms to kilograms and mul-
tiply by 28—the GWP of methane [29]—to calculate
a rate of 1.27 kg CO,-equivalent per therm of con-
sumed natural gas.

To monetize the SO,, NO,, and PM,; health
damages, we use the EASIUR health damages model.
EASIUR is a reduced-complexity model that uses
regression analysis to approximate the results of
a more sophisticated chemical transport model,
CAMx. Using the EAISUR online tool, we input each
city’s geographic coordinates to retrieve monetized
health damages for each of the three pollutants repor-
ted in units of $/kg. These data are provided in 24 h
profiles for three seasons. By projecting those dam-
ages profiles on the seasonal, hourly energy consump-
tion of each of these fuels for each ResStock house,
we estimate the cost of health damages created by
fuel combustion. Note that damages can vary signi-
ficantly by city, and that regions with lower popu-
lations and with weather patterns that quickly dis-
perse and dilute pollutant concentrations, the health
damages of these emissions will be generally lower,
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because fewer people will be exposed to the pollut-
ants compared to a higher-population city with dif-
ferent weather patterns. To monetize CO, emissions,
we assume a social cost of carbon of 40 $/tCO,.

In the sensitivity analysis of this study, we adjust
the health and climate damages factors for the electric
grid as well as the social cost of carbon to see how they
impact the public NPV of heat pump adoption. For
the electric grid, we assume that climate and health
damages decrease at the same rate. If electric grid CO,
emissions fall by 50% from the baseline, for example,
we assume that electric grid health damages also fall
by 50%. Thus, by decreasing electric grid emissions
and increasing the social cost of carbon, for example,
the public NPV of heat pump adoption will tend to
increase. Then, for any houses where positive public
NPV outweighs the negative private NPV, we assume
that house will adopt a heat pump when given a sub-
sidy to bring its private NPV to zero.

2.4. Economics

We use the NPV metric to quantify the overall pos-
itive or negative change in energy cost, climate dam-
ages, health damages, and capital costs. We calculate
the NPV of heat pump adoption both from a private
and public perspective, as shown in equations (1)
and (2).

NPVpriVate = (Cenergy,baseline - energy,heatpump)

1—(1+4)7"
X l( ; ) _Kheatpump (1)

NPVpublic = ((Chealth,baseline + Cclimate,baseline)
- (Chealth,heatpump + Cclimate,heatpump))
1—(1+4)""
» [() 2

1

where Cepergy is the annual cost of the house’s elec-
tricity, gas, fuel oil, or propane use, Cpeuen is the
annual health damages caused by criteria air pol-
lutants related to the house’s energy consumption,
Celimate 1S the annual climate damages caused by CO,
emissions related to the house’s energy consumption,
and Kpeapump 15 the net capital cost of replacing the
house’s existing heater with a heat pump. In addi-
tion, i equals the interest rate and # equals the num-
ber of years over which the NPV is calculated. We
use i = 7% and n = 15 years to represent the life-
time of a heat pump and the interest rate that could
be achieved by investing that capital elsewhere. Other
heat pump studies use the same NPV calculation with
similar interest rate and lifetime values [2, 10].
Energy costs are calculated by multiplying each
house’s annual consumption of natural gas, fuel oil,
propane, and or electricity by an energy price. Energy
prices are annual average retail values as published
by the US Energy Information Administration [38]
and are different for each fuel and for each US
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state. We assume that these base fuel prices persist
throughout the study period, although the prices seen
by consumers may rise based on the carbon prices
assumed in some scenarios. Our assumption of his-
torical annual- and state-average prices is a limita-
tion of the analysis. However, given the potentially
enormous uncertainty in future energy prices [39],
this simplifying assumption makes it easier to delin-
eate the effects of housing stock, electricity genera-
tion mix, tax policy, and technology improvements.
Health and climate damages are calculated using the
method described in section 2.3.

The net heat pump capital cost, Kpeatpump 1S cal-
culated as shown in equation (3).

Kheatpump = Cheatpump + Cductwork - Creplacement (3)

where Cpeapump is the cost to purchase and install he
heat pump, Cyyctwork 15 the cost to install ductwork,
Creplacement s the cost of replacing the existing heater
with a similar technology. Thus, the net heat pump
cost, Kheatpump> 18 the extra cost of replacing a house’s
existing heater with a heat pump instead of repla-
cing it with a similar technology. That is, we assume
that homeowners are most likely to buy a heat pump
whenever their existing heater is nearing the end of
its life and will need to be replaced with either a new,
similar heater or with a new heat pump system.

Heat pump capital costs and existing heater
replacement costs come from the National Resid-
ential Efficiency Measures Database [40]. Ductwork
cost data come from a compilation of cost sur-
veys provided by [41]. We assume that each of
these costs varies depending on the existing house’s
characteristics.

We calculate heat pump installation cost using
a coefficient of 143.30 $/kW of capacity in all cases
plus a fixed cost that varies from $3300 to $4800.
For houses with existing central air conditioning sys-
tems, we assume a $3300 fixed cost, which is the aver-
age value reported to replace an existing heat pump
system with a new heat pump system. For houses
with existing furnaces and baseboards but no cent-
ralized air conditioning system, we assume a fixed
cost of $3700, which is the average value reported
for installing a heat pump system from scratch. For
houses with existing boilers, we account for the extra
labor of removing the hydronic radiator equipment
and assume a fixed cost of $4800, which is the highest
value reported for installing a heat pump system from
scratch.

We calculate ductwork costs as $0 for houses that
already have central ducted systems. Otherwise, we
use a fixed cost that depends on the area of the house.
The ResStock model has four distinct bins for house
area. We use costs of $1500 for houses with an area
less than 1500 square feet, $3000 for houses with an
area between 1500 and 2500 square feet, $4500 for
houses with an area between 2500 and 3500 square
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feet, and $6000 for houses with an area greater than
3500 square feet.

We calculate the replacement cost of replacing
the existing heater with a similar technology using
a linear equation, Creplacement = @ + bx, where x is
the kW capacity of the existing heater. The equation
depends on the baseline fuel [40]. For gas heat-
ers, we use 2500 + 13.3x. For fuel oil heaters, we
use 4100 + 13.3x. For propane heaters, we use
3800 4+ 13.3x. And for electric resistance heaters, we
use 1600 + 170.6x.

2.5. Peak demand calculations

We calculate the change in peak demand as a func-
tion of the heat pump adoption rate for each city
using four steps. First, we calculate the private NPV
for each house when it adopts a heat pump. Second,
we sort the houses in order of increasing private NPV.
Third, we aggregate the electricity consumption pro-
files of the houses to match the heat pump adop-
tion rate of interest. For example, in a sample of
400 houses, the electricity demand for a 30% heat
pump adoption rate would be the electricity demand
of the 120 houses with the highest private NPV hav-
ing installed a heat pump plus the electricity demand
of the other 280 houses keeping their baseline heat-
ing technology. Fourth, we calculate the 99th per-
centile value of the resulting aggregated electricity
profile. We choose the 99th percentile to provide
for some leeway given that many transformers and
other distribution grid electronics can exceed their
rated capacities for a small number of hours per
year.

By comparing the peak electricity demand before
heat pump adoption with the peak electricity demand
after heat pump adoption, we can calculate the per-
cent change in peak demand for different heat pump
adoption rates.

Our analysis of peak demand assumes that sup-
plemental heat is provided by resistance heating (i.e.
aheat pump operating with a COP of 1). Clearly, peak
demand might be reduced (and the private econom-
ics of heat pumps might be improved) if supplemental
heat were provided by natural gas [3]. However, the
use of natural gas for backup heat is antithetical to
the goal of decarbonization through electrification.
As a practical matter, Waite and Modi [3] conclude
that with dual source heat pumps, only 1% and 2%
of heating energy may need to be supplied by natural
gas. However, it is unclear whether the natural gas
distribution network would be economically viable at
such low utilizations.

Although some data exists to help quantify the
cost—e.g. in $/kW—of firming the grid to accom-
modate peak demand, we chose to avoid monetiz-
ing peak demand increases. There are many distri-
bution networks and electric grids that have excess
transmission and distribution capacity. In these cit-
ies, increased electricity demand may be beneficial
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because it increases the utilization rate of exist-
ing transmission and distribution infrastructure, and
higher peak demands can be easily accommodated
by the extra line capacity. Rather than attempt to
quantify the reserve capacity of the transmission and
distribution networks of each city, we report the
changes in peak demand only, and leave the evalu-
ation and monetization of that information to experts
of each city’s particular situation.

3. Results

3.1. Private economic benefit supports a tripling of
US heat pump adoption from 11% to 32% of
single-family houses

We find that 16.7 million houses—or 21% of the US
single-family residential stock—could benefit today
economically from replacing their existing heater
with a heat pump. Add to this the 8.7 million houses
that already have heat pumps, and the US heat pump
adoption rate could increase to 32% total based on
private economic benefits alone.

The private economic benefit to these 16.7 million
houses amounts to $7.1 billion annually, as shown
in figure 2. That private benefit includes $12.0 bil-
lion in annual energy savings minus the amortized
retrofit cost of the heat pump technology. The pub-
lic benefit of that heat pump adoption amounts to
$0.6 billion in avoided health damages and $1.7 bil-
lion in avoided climate damages annually. Residen-
tial annual CO, emissions fall by 8.3% from 506 Mt
to 464 Mt.

Mild climates (mixed and coastal) have the
greatest potential for heat pump adoption, as shown
in figure 3. In these climates, winter temperatures are
mild enough to support efficient heat pump perform-
ance, and summers are hot enough to yield significant
benefits from a heat pump’s high-efficiency air con-
ditioning. Homes in cold climates, on the other hand,
derive the smallest benefits from heat pump adoption.

3.2. Complete heat pump adoption reduces CO; by
160 Mt at a $25.2 billion net annual cost

As heat pump penetration exceeds 60%, cumulat-
ive climate damages continue to fall while cumulat-
ive private costs and health damages skyrocket. If
all single-family homes adopted heat pumps, that
would reduce residential CO, emissions to 346 Mt—
a reduction of 160 Mt or 32%, which amounts to
$6.4 billion in annual climate benefits. Although this
climate benefit is substantial, it comes at a significant
cost: $4.9 billion in health damages and $26.7 billion
in private economic costs. Using those numbers, the
cumulative, annual value of 100% heat pump adop-
tion in the continental US is negative $25.2 billion,
not including the cost to build out the electricity dis-
tribution infrastructure to accommodate increased
peak electricity demand.

T A Deetjen et al

Moreover, heat pump adoption increases CO,
emissions for 2.1% of US houses and incurs abate-
ment costs of greater than 1000 $/tCO, for 6% of US
houses. Based on these numbers, very high rates of
heat pump adoption may be difficult to justify.

3.3. Private and public outcomes are generally
aligned

Given the current electric grid, technology, and
energy prices, whenever a US house replaces its exist-
ing heater with a heat pump because of the private
economic benefits, that heat pump adoption usually
benefits public health and climate as well. See the
blue, unshaded portions of figure 3.

There are many cases where heat pump adoption
leads to public harm—i.e. where the public NPV of
heat pump adoption is negative. But most of these
cases align with houses that are heat pump averse—
i.e. houses where the private NPV of heat pump adop-
tion is negative and heat pump adoption is presum-
ably unlikely. See the red, shaded portions of figure 3.

However, there are instances where heat pump
adoption creates a private economic benefit but a
public detriment. See the blue, shaded portions of
figures 3 and 4. This misalignment of private and
public outcomes occurs almost exclusively for houses
that currently heat with propane. The effect is con-
centrated in the higher-emitting electric grid regions,
and in the colder parts of the medium-emitting grid
regions. Propane is relatively clean but expensive. It
usually makes private economic sense to replace a
propane heater with a heat pump. But in colder cli-
mates where heat pumps will operate at lower effi-
ciencies and in electric grids with higher emissions,
a propane-to-heat pump switch often increases emis-
sions damages.

3.4. Pareto-optimal policy could extend heat pump
adoption from 32% to 37% of houses

There are many houses where heat pump adoption
would provide a public benefit, but heat pump adop-
tion is unlikely because the private NPV is negat-
ive. Policy could incentivize these houses to install
heat pumps. A policy could, for example, (a) identify
houses where the public benefit of heat pump adop-
tion outweighs the private loss and (b) subsidize the
heat pump capital cost to bring the private loss to
zero. We categorize the subset of houses where this
policy is possible as ‘subsidy potential’ as shown in
figures 3 and 4.

This subsidy potential category spans almost
every city in this study and includes an additional
3.8 million houses. Such a policy would cost $2.6
billion—an annual amortized cost of $280 million—
and would increase health and climate benefits by
$190 million and $405 million annually, respectively.

As shown in figure 2 and corroborated by Davis
[11], many US houses could be incentivized to adopt
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Figure 2. The existing heat pump adoption rate is 11% of current US single-family homes. The private NPV, calculated assuming
annual- and state-average electricity and gas prices, of heat pump adoption is positive for an additional 21% of US houses. The
health benefits of heat pump adoption vary significantly. Climate benefits mostly increase with heat pump adoption: only in

1.7 million houses (2.1% of the US housing stock) does heat pump adoption increase CO, emissions. Yet, abatement costs can be
high: although 22.4 million houses (28% of the US housing stock) have abatement costs between 0 and 200 $/tCO;, there are

5.1 million houses (6% of the US housing stock) with an abatement cost exceeding 1000 $/tCO;. These estimates are based on
historical grid operations and assumptions that—over the heat pump’s 15 years life—electric grid CO, emissions decrease by 45%
and health damages decrease by 75%. Private and social costs would fall if the grid gets cleaner faster than assumed in our analysis

or for heat pumps installed in the future.

a heat pump via a small subsidy. We show, how-
ever, that only a small percentage of those heat pump
installations would produce emissions benefits that
exceed their subsidy cost.

3.5. Heat pump adoption rates vary by electric grid
region, climate, housing characteristics, and
baseline heating fuel
Perhaps the most important indicator of whether a
home’s adoption of a heat pump produces a benefit
is its current heating fuel. Switching a home’s heating
fuel from natural gas to heat pumps rarely produces
a benefit, especially in cold climates where there are
almost no houses where such a switch makes sense. If
there is opportunity for beneficially replacing natural
gas heaters with heat pumps, it will be in medium-
efficiency houses (1970-1989 vintage) in hot or mild
climates.

Switching homes that use electric resistance heat-
ers to heat pumps almost always produces a clear
benefit. Replacing an electric resistance heater with
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a heat pump becomes more attractive in large
(>1500 SF), lower-efficiency (<1990 vintage) houses
in colder climates and higher-emissions electric grid
regions.

Fuel oil heated homes almost always yield a
positive public benefit from heat pump adop-
tion. But this usually causes the homeowner a
private economic loss. Nearly 65% of fuel oil heated
houses are in cold climates, where heat pump
adoption rates of greater than 20% are unlikely, if
homeowners were to choose their mode of heat-
ing solely on cost. The greatest opportunity for
replacing fuel oil heaters with heat pumps lies with
small (<1500 SF), lower-efficiency (<1990 vintage)
houses.

Replacing a propane heater with a heat pump,
as previously discussed, is often economical to the
homeowner but detrimental to air quality. This is
especially true in high-emissions electric grids—i.e.
MRO and RFC—where nearly 50% of propane heated
homes are situated.
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Figure 3. Heat pump adoption, subsidy potential, and public detriment vary by electric grid region and climate temperature. See
figure 1 for a map showing the various electric grid regions and climate regions.

3.6. Health damages undermine climate benefits in
28% of potential heat pump retrofits

Heat pump adoption in the US almost always reduces
CO, emissions: for only 1.7 million (2.1% of) US
houses does heat pump adoption lead to higher CO,
emissions. See figures 2 and 5. Thus, when viewing
heat pumps solely as a means to decarbonization,
it makes sense to push for very high adoption
rates.

However, the same relationship does not hold
for health damages. Heat pump adoption often
increases the health damages caused by criteria air
pollutants such as SO,, NO,, and PM,s. Com-
pared to power plants, residential furnaces and
boilers operate at lower combustion temperatures
and stricter air quality regulations. That is, power
plants produce significantly more criteria air pol-
lutants than residential heaters do. Although adopt-
ing a heat pump displaces pollution geographically
from urban households to rural areas—where power
plants tend to be sited and fewer people may be
exposed to the pollution—the net increase in pol-
lutants and the ability of those pollutants to travel
many hundreds of miles often yields an increase
in health damages overall. As shown in figure 5,
this situation—where heat pump adoption increases
overall health damages—occurs for 47.5 million US
houses, or 67% of the non-heat-pump housing stock.
Michalek et al [42] and Holland et al [43] observe
a similar shift in damages when passenger cars are
electrified.

For 26.1 million of those houses, the climate bene-
fits of heat pump adoption exceed the health dam-
ages. This yields a net public value that is positive.
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Thus, the health damages of heat pump adoption are
often outweighed by the climate benefits.

There are many other houses, however, for which
the opposite is true: the climate benefits of heat
pump adoption are overshadowed by the health
damages. Out of the 69.6 million houses where
heat pump adoption provides a climate benefit,
19.7 million create health damages that exceed their
climate benefits. This yields a net public value that is
negative.

The public benefits of heat pump adoption could
be improved by reducing the power sector’s emission
of criteria air pollutants. This could be accomplished,
for example, through greater regulation of power
plant pollutants—e.g. via desulfurization, catalytic
reduction, electrostatic precipitators, and phasing out
coal [44].

3.7. Grid firming needs are small except for high
heat pump adoption rates in cold climates

In addition to increased health damages, another
potential challenge for very high heat pump adoption
rates is the cost of firming the electric grid to reli-
ably accommodate greater peak electricity demand
[8]. Figure 6 shows how heat pump adoption rates
impact each city’s peak residential electricity demand.
Many cities see manageable grid firming needs. At
100% heat pump adoption, we find that 24 of the
studied cities—representing 41% of the US housing
stock—see their peak residential demand increase by
50% or less. Moreover, cities in hot climates—where
cooling demand drives peak electricity consump-
tion, and a new heat pump may provide an increase
in cooling efficiency over the home’s existing air
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Figure 5. The change in climate and health damages caused by each house adopting a heat pump. Each point represents one
simulated house. In most cases, heat pump adoption reduces climate damages but increases health damages. The distinct linear
bands of dots in the upper right quadrant show retrofits of electric resistance heaters for distinct electric grid. The ratio of health
damages to greenhouse gas damages is fairly constant for a specific electric grid. The distance a particular dot travels up that linear
band depends on how much electricity is saved by switching from electric resistance heater to heat pump.
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Figure 6. In hot climates, a heat pump often replaces a less-efficient existing air conditioner unit, which decreases the overall
residential peak demand. In cold climates, a heat pump often replaces a fossil-fuel furnace or boiler, which increases the overall
residential peak demand. For definitions of ‘heat pump adopters’ and ‘subsidy potential’, see figure 3.
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Figure 7. Reduced electric grid emissions fail to incentivize high heat pump adoption rates unless the social cost of carbon

increases first. Heat pump adoption rate includes 11% of existing houses with existing heat pumps, 21% of houses that adopt heat
pumps for private benefit alone, and houses where subsidizing heat pump adoption would provide a net public benefit. Note that
the far left portion of the x-axis—where average 15 years electric grid emissions approach zero—is unlikely if not impossible. The

full x-axis is explored for the sake of illustration.

conditioner—may even see heat pump adoption lead
to a decrease in peak residential electricity demand.

At 100% heat pump adoption, though, we find
that 24 of the studied cities—representing 44% of
the US housing stock—see their peak residential elec-
tricity demand increase by more than 100%. These
cities tend to be in colder climates, where the heat
pump must regularly operate at very low temperat-
ures, which lowers heat pump performance.

At lower rates of heat pump adoption, however,
most cities will notice only small changes in peak res-
idential electricity demand. At the heat pump adop-
tion rates shown for the ‘heat pump adopters’ and
‘subsidy potential’ categories in figure 3, we find that
peak residential demand increases by 40% in a few
cases, and less than 20% for most cities. Many dis-
tribution networks may have the excess capacity to
handle these increases without needing any upgrades.

3.8. Sensitivity analyses

Our results so far are based on the assumptions out-
lined above and detailed in the section 2: that the
grid gets substantially cleaner over the lifetime of a
heat pump installed today. The outcomes of that ana-
lysis may change if those assumptions change. In the
following section, we discuss the sensitivity of heat
pump adoption rates to electric grid emissions and
social carbon costs as well as the cost and efficiency of
heat pump technology.
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3.9. A higher social cost of carbon must accompany
cleaner electric grids

We model the 15 years impacts of heat pump adop-
tion and assume that electric grid emissions—both
CO; and criteria pollutants—decrease over that time.
Still, electric grid emissions may fall faster or slower
than we assume. The social cost of carbon—the
price or economic externality representing the mon-
etized damage caused by carbon emissions—may also
increase in the future.

Each of these changes will affect the public NPV
of heat pump adoption. Cleaner electric grids and
higher social costs of carbon will generally incentiv-
ize the decarbonization that heat pumps provide.
Figure 7 illustrates this effect.

Using our current 40 $/ton social cost of car-
bon assumption, a cleaner electric grid with fewer
CO, and criteria air pollutant emissions does not
incentivize greater heat pump adoption. For many
houses, heat pump adoption means small reductions
in CO, emissions, significant health damages,
and/or large private economic costs. All of these
challenges work against the case for heat pumps as
a means to cost-effective deep decarbonization.

To overcome these challenges requires more than
cleaning the electric grid—it requires that society
place a greater value on the damages caused by CO,
emissions—i.e. a higher social cost of carbon. If
both of these occur simultaneously, though, modest
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Figure 8. Lowering costs improves the impact of heat pump efficiency on adoption rates. Heat pump adoption rate includes 11%
of houses with existing heat pumps and houses where adopting a heat pump would yield a positive private NPV.

increases in carbon cost and reductions in grid emis-
sions can strengthen the argument for significant heat
pump adoption. For example, if grid emissions drop
35% lower than our assumptions and the social cost
of carbon reaches 300 $/tCO,, then a net benefit for
society could be achieved by a heat pump adoption
rate of 75%.

3.10. Lower heat pump costs must accompany
greater heat pump efficiency

The analysis above describes the effects of replacing
a house’s baseline heating technology with an 8.5
HSPF, 14.3 SEER heat pump. This replacement costs
houses—relative to the cost of replacing their exist-
ing heater with the same technology—an average of
$6600. But the cost and efficiency of heat pumps may
change depending on the project, incentives, or tech-
nology research and development.

Changes in heat pumps cost and efficiency will
affect both the private and public NPV of heat pump
adoption. Cheaper heat pumps increase the public
NPV of heat pump adoption and reduce the energy
savings needed to make it an attractive option. More
efficient heat pumps have lower energy costs. Figure 8
illustrates these effects.

We show that greater heat pump efficiency does
improve heat pump adoption rates, but with dimin-
ishing returns. These diminishing returns are partic-
ularly noticeable at higher installation costs. At the
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baseline cost, for example, upgrading the heat pump’s
efficiency has little impact on the overall adoption
rates.

If costs come down—e.g. through technology
advances, soft cost reductions, or subsidies—then the
diminishing returns of higher-efficiency units are less
pronounced. A policy aimed at defraying some of
the added cost of higher-efficiency heat pumps, for
example, may be an effective way to reduce costs and
improve efficiency simultaneously.

4, Discussion

Our paper produces a more nuanced picture of
the benefits and costs of heat pump adoption than
past studies have. While past studies have identified
entire regions where heat pumps produce public or
private benefits or disbenefits [2], we find that in
most climates and for most home types, heat pump
penetration is lower than is socially optimal (i.e. pub-
lic 4+ private, NPV > 0). Consistent with past stud-
ies on the environmental effects of heating [2] and
vehicle electrification [42], we find that electrifica-
tion often cuts greenhouse gas emissions. However,
the benefits of these reductions may be overwhelmed
by increases in the damages of pollutants that contrib-
ute more directly to near-term mortality. Past stud-
ies show that full electrification will sharply increase
electricity system demand and suggest that a solution
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might be to continue to use natural gas to provide
a small amount of heating [3]. We show that, while
peak demand for electricity is unlikely to rise dra-
matically if heat pumps are only adopted by those
who save money by doing so, greater levels of penet-
ration sharply increase peak electricity demand. This
will require the electricity system to adapt in creative
ways, including distributed generation and demand
response (see, for example [45]).

Although our modeling method presents a broad
picture of the public and private costs and benefits of
heat pump adoption, it has two main shortcomings
that could be improved in future work.

We examine energy efficiency in a rudimentary
way. ResStock model provides many characteristics
on which to assess the energy efficiency of differ-
ent simulated houses—e.g. air infiltration, window
type, attic insulation. A thorough investigation of
those characteristics and their impact on heat pump
adoption is beyond the scope of this study. Instead,
we use house construction year—i.e. vintage—as a
proxy for energy efficiency. This assumption is con-
sistent with the way ResStock is designed, because
the likelihood of a randomly generated house hav-
ing high-quality weatherization, windows, attic insu-
lation, and other qualities increases if its vintage is
younger. Vintage is also a metric that policymakers
could easily use in policy design. However, a policy
drive to encourage heat pump adoption may well be
accompanied by a drive to improve the quality of the
housing stock. Indeed, houses of the future may be
designed with electrification and efficiency in mind,
and this may change the balance of benefits and costs
of heat pumps. Future work should assess the com-
bined benefits and costs of such retrofits with heat
pump adoption.

High heat pump adoption rates and the policies,
technology development, and innovation required to
achieve them will have significant impacts on the elec-
tric grid and on energy markets. We assume con-
stant values of fuel prices, marginal grid emissions,
electricity prices, and heat pump capital costs. In real-
ity, as heat pump adoption rates increase, and the
electric grid becomes cleaner, these variables may
change in a number of ways. For example, heat
pump costs may decrease due to greater manufactur-
ing economies of scale and experience of heat pump
installers, the electric grid may become cleaner faster
due to carbon policies, and fuel prices may change
as demand for those fuels from the residential sec-
tor decreases. Our assumption of historical annual-
and state-average prices is a limitation of the analysis.
However, given the potentially enormous uncertainty
in future energy prices [39], this simplifying assump-
tion makes it easier to delineate the effects of housing
stock, electricity generation mix, tax policy, and tech-
nology improvements. A more complete study might
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examine those different sensitivities to better under-
stand the uncertainty of our solution.

Although these shortcomings may impact some
of the values of our findings, we do not anticipate
that they would impact this study’s main conclu-
sions. Heat pump adoption is a multi-faceted prob-
lem spanning multiple energy sectors and industries,
but our analysis captures enough of that complexity
to provide a defensible assessment of the public and
private costs and benefits of heat pump adoption in
the US. Finally, while we attempt to account for the
fact that the grid is likely to become cleaner over the
lifetime of heat pumps installed today, there is clearly
aneed for other approaches that forecast the effects on
emissions of structural changes to the grid [46, 47] or
even produce alternative estimates of emissions from
the current electricity grid [48].

5. Conclusion

Heat pump adoption aligns well with decarboniza-
tion. That alignment is weak in some cases—for 8% of
US houses, heat pump adoption either increases CO,
emissions or incurs very high abatement costs. While
universal heat pump adoption across the US has ques-
tionable value, very high adoption rates of 80%—-90%
may cost-effectively reduce greenhouse gas emissions.

Given current energy prices, electric grid emis-
sions forecasts, and heat pump technology, however,
we find such high adoption rates unlikely. From a
private economic viewpoint, we find that heat pump
adoption yields a net economic benefit for 21%
of US single-family houses. When including houses
with existing heat pumps, this amounts to a total
adoption rate of 32%. From a public welfare view-
point, we find that the combined climate and health
NPV of heat pump adoption is positive for 70%
of the non-heat-pump US housing stock. This rate
may decrease when considering the cost of firm-
ing the electric grid to handle increased peak elec-
tricity demand: a consequence that many cities will
experience.

Thus, we find merit in heat pumps as a decar-
bonization tool, but there are many impediments to
achieving high adoption rates. However, our analysis
reveals key technology, policy, and strategic insights
to navigate those impediments, all of which apply not
just to the US but to other countries or jurisdictions:

e Address mild climates first: heat pump adoption
in mixed and coastal climates (see figure 1) shows
strong private economic potential and limited pub-
lic detriment. This is especially true in electric grids
with medium emissions. Moreover, cities in mild
climates are less likely to see sharp increases in peak
electricity demand or the associated grid firming
costs.
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o Address cold climates last: heat pump adoption in
cold climates (see figure 1) shows weak private eco-
nomic potential and significant public detriment.
Moreover, cities in cold climates are more likely to
see sharp increases in peak electricity demand and
the associated grid firming costs. The exception is
when installing a heat pump to replace an elec-
tric resistance heater: this retrofit usually reduces
homeowner costs, lowers emissions, and reduces
peak electric demand.

e Accelerate the reduction of power sector emis-
sions: efforts to reduce power plants’ criteria air
pollutants and to construct zero- or low-carbon
generation will strengthen the public case for heat
pump adoption. The faster these efforts advance,
the more beneficial high heat pump adoption
rates will become. Where the incumbent techno-
logy is fuel oil or resistive heat, a switch to heat
pumps is likely to be environmentally and eco-
nomically beneficial even with current electricity
grids.

e Defray the cost of medium-efficiency heat pump
technology: small reductions in capital cost and
small gains in efficiency could greatly increase
adoption rates. These could be achieved by policies
such as industry training to reduce installation
costs, research and development to lower techno-
logy cost, subsidies that prioritize higher-efficiency
units, or rewards that incentivize net reductions in
CO, emissions.

e Focus on appropriate housing stock niches: some
house types benefit more from heat pump adop-
tion than others. For example, in the US, nat-
ural gas retrofits seem most promising in medium-
efficiency houses (1970-1989 vintage), oil- and
propane-retrofits in small (<1500 SF), older (pre-
1990s vintage) houses, and electric resistance
heater retrofits in large (>2500 SF), old (pre-1970s
vintage) houses.

Targeted strategic, technology, and policy initiat-
ives can support high heat pump adoption rates and
deep electrification of the residential heating sector.
As the electric grid becomes cleaner, that electrifica-
tion will yield greater reductions in CO, emissions.
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