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ABSTRACT 

Concerns about climate change have resulted in a focus on limiting the use of fossil fuels. In 
residences, that means a shift away from heating systems, water heaters, and cooking appliances 
that use natural gas, propane, and oil, to electric appliances. Heat pumps offer the efficiency 
benefits of the vapor compression cycle and so are touted as a way to achieve “beneficial 
electrification”, meaning that they should both reduce emissions and life cycle costs to 
consumers. This paper focuses on “equitable” electrification, which we define as also reducing 
short-term operating costs for consumers. This is especially vital for low-income households, 
which often cannot afford short-term cost increases even if the life cycle benefits are favorable. 
We find that heat pumps often do meet this definition of equitable electrification when compared 
with propane or fuel oil but fall short in most locations when compared to natural gas if no other 
measures to reduce energy costs are taken. The challenge increases when there are 
deficiencies.  We look at two types of deficiencies: control strategies that reduce the use of the 
compressor to avoid comfort complaints, and duct leakage and insulation defects that reduce the 
overall efficiency and cause backup systems to be needed more. Our results point to the need to 
develop solutions to bridge the operational cost gap so that both climate change and equity can 
be addressed. 

Introduction 

Current concerns about climate change have resulted in a focus on limiting, or 
eliminating, the use of fossil fuels. In the residential environment, that means a shift away from 
heating systems, water heaters, and cooking appliances that use natural gas, propane, and oil.  In 
the absence of these fossil fuels, heating needs to be powered by electricity. Electric furnaces and 
other electric resistance heating devices are very expensive to operate; however, heat pumps get 
the efficiency benefits of the refrigeration cycle and so are touted as a way to achieve “beneficial 
electrification”, which means that they should reduce both emissions and life-cycle energy costs 
to consumers. 

Heat pumps are essentially air conditioners that can run backwards. There are several 
types of heat pumps, including ducted split systems which are the most common type, ductless 
mini-splits which have become common especially in buildings that do not currently have 
forced-air heating systems, as well as a few others. One can think of heat pumps as moving heat 
from the outdoor air to the indoor air. At colder outdoor temperatures, a building needs more 
heat to maintain its temperature. However, at these colder temperatures there is less heat in the 
outdoor air for the heat pump to extract. This leads to a heat pump “balance point”, which is the 
temperature at which the heat pump can no longer meet the demand of the home based on just 
the refrigeration cycle. At outdoor temperatures below this balance point, the additional heat 
required is often provided by electric resistance elements which have much lower efficiency, and 
this is the assumption made by AHRI Standard 210/240 (AHRI 2023). The balance point in any 
home will depend on the heat losses of the home and the heat pump that was installed in the 
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home, including its capacity and efficiency profile across temperatures. The additional heat 
required at low temperatures can be supplied using fossil fuels, and this is common in some 
locations; however, this works against full electrification. 

A major question about electrification using heat pumps is whether they truly deliver 
reduced costs to users.  “Beneficial electrification” usually focuses on life-cycle costs, which 
also includes assumptions of escalation of energy costs, as well as the actual amount of energy 
used.  Here, we focus here on “equitable electrification”, which we define as also reducing short-
term costs.  This is especially critical for low-income households who do not have the 
discretionary resources to be able to absorb losses now in exchange for potential benefits in the 
future. 

Determining whether short-term costs are reduced depends on more than the efficiency of 
the heating system.  It also depends greatly on the consumer’s costs for delivered energy and the 
actual installed performance of the system.  Propane and fuel oil tend to be expensive fuels on a 
per unit energy basis; however, natural gas tends to be a lot cheaper, and so there are questions 
about whether the greater cost for electricity is offset by the greater efficiency of a heat pump.  
Multiple studies, both in the peer-reviewed literature and in reports or white papers, have 
explored this question and have generally found that it is often cheaper to heat a home with 
natural gas than with electric heat pumps.  Billimoria et al. (2018) recommended prioritizing 
electrification in homes using propane or heating oil.  A report by Rewiring America (Zurofsky 
et al. 2021) found that electric heat pumps are cheaper to operate than propane or fuel oil but 
very slightly more expensive than natural gas, though the authors state that a heat pump “is even 
cheaper than using natural gas in many localities, depending on prices and climate”.  Padovani et 
al. (2021) also found that electrification was economically viable compared to propane.  Wilson 
et al. (2024) found that 62% of homes would have bill savings by installing the minimum-
efficiency Energy Star-compliant heat pump but did not distinguish between heating fuels in this 
overall summary number.  Given the fraction of homes that use propane or oil, and their costs 
relative to natural gas, the majority of the homes that would see savings are likely to use 
propane, oil, or electric resistance. 

Doak et al. (2022) evaluated the economics of heat pumps in the Midwest US, with a 
focus on the state of Iowa.  They found that heat pumps generally are unable to provide first-year 
bill savings relative to natural gas, and that the required heat pump efficiency to make them cost-
neutral is greater than the maximum efficiency using current technologies.  Interestingly, they 
show that electricity costs have tended to increase while natural gas costs have tended to 
decrease from 2007-2019, yet the Energy Information Agency (2021a) projected that the 
opposite trend will occur from 2020-2050.  It is this assumption that natural gas costs will 
increase at a greater rate than electricity costs that is often behind projections of life-cycle cost 
savings for heat pumps. 

Another issue is the difference between newer homes that have yet to have natural gas 
service brought to them vs. existing homes that already have their infrastructure built in.  Deason 
et al. (2018) concluded that electrification will be more effective in new construction.  Some 
jurisdictions, such as Berkeley, California and New York City, have implemented bans on 
natural gas hookups in new construction (Sierra Club 2021; City of New York 2021), though 
these have not always withstood legal challenges.  Some jurisdictions now require that gas line 
connection costs be paid up front instead of paid back over time. 

This paper explores the comparison between heat pumps and fossil fuel heating systems 
through three distinct analyses: 1) relative operating costs of the systems; 2) the relative per unit 
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fuel prices required to make heat pumps financially advantageous; and 3) given current costs, 
what heat pump efficiency would be required to make the heat pump financially advantageous. 
Layered on top of these analyses are considerations about penalties such as control strategy 
problems and duct losses due to conduction and leakage outside of the thermal envelope, which 
are common in homes with ducts in attics or crawl spaces.  The general approach provides what 
we believe to be a framework that is easily understood by contractors who are trusted by 
residents to recommend systems.  We believe that this is the first publication that quantifies the 
significant impact of control and duct loss penalties. 
 

Methodology 

This analysis focuses specifically on heating systems, i.e. we do not explore water 
heating or cooking. This is because heating systems are the dominant energy users during the 
heating season. Further, while minimum efficiencies for gas heating systems have increased 
substantially in the last 30 years, the most used technologies for gas water heaters and cooking 
appliances are still those with lower efficiencies.  We assume that all installed equipment meets 
Energy Star requirements, and we base fuel costs on an investigation of published volumetric 
rates found online at different utilities.  These rates include all identified charges that are on a 
volumetric basis. 

Assumptions 

We assume that heat pumps are split systems, which have higher minimum efficiency 
requirements than unitary systems. We ignore differences in heat pump efficiency due to climate 
zone; heat pump ratings are based on Climate Zone IV, which can be viewed as similar to 
Indianapolis, Indiana.  Based on an analysis by Francisco et al. (2004a), Climate Zone V (e.g. 
Minneapolis, Minnesota) could have realized efficiencies of about 10% lower, and Climate Zone 
II (e.g. Tampa, FL) could have realized efficiencies of up to 20% higher, depending on house 
heating load and other unit-dependent factors.  While these differences do not always change the 
qualitative assessment of what system is less expensive to operate, it should be considered in 
locations that diverge from the Climate Zone IV assumptions. 

We also assume that the baseline comparison is between appliances that meet U.S. DOE 
minimum Energy Star efficiency criteria (Energy Star 2021a). For natural gas furnaces, that is 
95% efficiency in northern states, and 90% in southern states (defined by the U.S. Environmental 
Protection Agency (EPA) and U.S. Department of Energy (DOE) as AL, AZ, AR, CA, DC, DE, 
FL, GA, HI, KY, LA, MD, MS, NV, NM, NC, OK, SC, TN, TX, and VA). For heat pumps, we 
use the newer HSPF2 (Heating Seasonal Performance Factor v2) from AHRI Standard 210/240 
(AHRI 2023), which more closely matches actual performance than the older HSPF and was 
required starting in 2023. For cold climate heat pumps the minimum HSPF2 is 8.1 BTU/W 
(Energy Star 2022). For other heat pumps the minimum HSPF2 is 7.8 BTU/W. For simplicity, 
we assign the cold climate requirement to the northern states that have the minimum 95% 
efficiency for gas furnaces and the moderate and hot climate designation to the southern states. 
For reference, the highest efficiency gas furnaces have an efficiency of about 98% and the 
highest efficiency heat pumps have an HSPF2 of about 13.5. 

The HSPF2 rating can be converted to seasonal efficiency by dividing the value by 3.413, 
which converts between BTU and W. This leads to minimum Energy Star efficiencies of 237% 

© 2026 ACEEE Summer Study on Energy Efficiency in Buildings



for northern states and 229% for southern states. This can also be cast as a seasonal Coefficient 
of Performance (sCOP) which would be written as 2.37 and 2.29, respectively.  Heat pumps can 
have efficiencies greater than 100% because they are using energy to move heat, rather than 
generating heat. 

Initially, we also assume that the heat pump systems were sized and installed properly to 
take maximum advantage of the compressor, and that there are no efficiency penalties due to 
duct losses. We then explore the impact of problems with controls and duct losses.  

Fuel Cost Estimation 

Natural gas and electricity costs were obtained for each location via a web search of local 
utilities to determine their rate structures in January 2022. While prices have fluctuated 
substantially since then (both up and down), we continue to use this snapshot to avoid the 
unusual influence of the war in Ukraine that initially resulted in fuel prices rising dramatically. 
As shown in Figure 1, 2024 Henry Hub prices (EIA 2023) are substantially lower than the 
January 2022 prices that are indicated by the red arrow, yet we use January 2022 rates so as not 
to base the analysis on some of the lowest prices over the past quarter century. 
 

Figure 1. Henry Hub Natural Gas Spot Price history, 1997-2024. 

Utilities were selected for a range of locations from across the United States, including 
both northern and southern states. Table 1 identifies the utilities, and the residential retail fuel 
rates obtained from these sources in January, 2022. Gas costs are per therm1. Electricity costs are 
per kilowatt-hour (kWh). Costs include all volumetric-based charges that we identified in utility 
published documents, but do not include fixed costs such as monthly connection charges. These 
fixed charges would only be removed if all appliances using that fuel were removed. 

Costs for propane and heating oil were taken from the U.S. Energy Information 
Administration, as national averages. This was done because costs for these fuels are 
substantially higher than for natural gas, and so location-specific data are less important for 
drawing overall conclusions. Concurrent data show costs of $2.70/gallon of propane and 

 
1 1 therm = 100,000 BTU = 29.3 kWh. 
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$3.35/gallon of heating oil (EIA 2021b; EIA 2021c), with heating content of 91,452 BTU and 
138,500 BTU, respectively (EIA 2021d). Because a gallon of each of propane and heating oil has 
different heating content, it can be useful to convert to equivalent bases when comparing costs. 
On a per therm basis, which is 100,000 BTU, propane and heating oil cost $2.95 and $2.42, 
respectively. These are both at least twice natural gas prices and so they will be much less 
competitive against electricity used for heat pumps. 
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Table 1. Costs for natural gas and electricity 

Location Natural Gas 
data source 

Natural 
Gas Cost, 
$/therm 

Electric 
data source 

Electricity 
Cost, $/kWh 

Denver, CO Xcel Energy $0.81 Xcel Energy $0.117 
Tampa, FL TECO People’s $1.402 Tampa Electric $0.1363 
Atlanta, GA Georgia Natural Gas $0.764 Georgia Power $0.0995 
Chicago, IL Peoples Gas $0.84 Commonwealth 

Edison 
$0.096 

Baltimore, MD Baltimore Gas and 
Electric 

$0.69 Baltimore Gas and 
Electric 

$0.083 

Minneapolis, 
MN 

Xcel Energy $0.83 Xcel Energy $0.060 

Albuquerque, 
NM 

New Mexico Gas $0.356 PNM Resources $0.1017 

New York8,9 NYSERDA $1.14 NYSERDA $0.183 
Vermont Vermont Gas $1.21 Green Mountain 

Power 
$0.177 

Seattle, WA Puget Sound Energy $1.00 Puget Sound Energy $0.10510 
Charleston, WV Mountaineer Gas $0.99 Appalachian Power11 $0.079 

Equating Energy Usage and Costs 

Given an outdoor temperature, homes need a certain amount of heat output, qout, to 
maintain the indoor temperature regardless of the heating system being used. The energy input, 
qin, required to provide that amount of heat can be shown as 
 
 𝑞𝑞𝑖𝑖𝑖𝑖 = 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜

𝜂𝜂𝑒𝑒
 (1) 

 
2 Cost per therm includes the distribution charge of $0.27, recovery factor of $0.096, and the purchased gas 
adjustment of $1.036 
3 Assumes approval of rate increase request. Without this approval, costs are $0.12/kWh. 
4 Based on the 12-month contract plan. 
5 Weighted average for the first 1000 kWh. 
6 New Mexico Gas was charging an additional fee through December, 2023 to recover costs related to the 2021 
winter event. This additional cost is not reflected in the value in Table 1, which is the average of the December 
2020-March 2021 costs. 
7 PNM Resources has different rates for the first 450 kWh and the second 450 kWh. The value in Table 1 is the 
average of the two tiers. 
8 Statewide averages. 
9 NYSERDA’s data only went through September 2021 at the time of this analysis. Rates in New York historically 
increase in the summer. The values in Table 1 are the average for December 2020-March 2021. 
10 Weighted average for the first 1000 kWh. 
11 Appalachian Power has different rates for the first 500 kWh and the usage above 500 kWh. The value in Table 1 
is the average of the two tiers. 
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where ηe is the efficiency of the heating system. A heat pump, with efficiencies greater than 
100%, requires less input energy to provide the required output, whereas gas furnaces, with 
efficiencies below 100%, require greater input energy to provide the required output. 

To compare costs for a home needing N therms of output, we need to equate energy 
usage by each technology. Since there are about 29.3 kWh/therm, this leads to: 
 

 𝐶𝐶𝐻𝐻𝐻𝐻 = 𝑁𝑁𝑘𝑘𝑘𝑘ℎ∗𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

=
𝑁𝑁𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒∗29.3 𝑘𝑘𝑘𝑘ℎ

𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒∗𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 (2a) 
 
 𝐶𝐶𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒∗𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔

𝜂𝜂𝑔𝑔𝑔𝑔𝑔𝑔
 (2b) 

 
where CHP is the cost for the heat pump to provide N therms of heat 
 Pelec is the cost per kilowatt-hour of electricity, $ 
 CNG is the cost for the natural gas furnace to provide N therms of heat 
 Pgas is the cost per therm of natural gas, $ 
 ηgas is the efficiency of the gas furnace. 

Results 

We evaluated the relative costs of gas furnaces vs. electric heat pumps in multiple ways: 
● Ratio of per unit fuel costs required for natural gas furnaces to be more expensive to 

operate than electric heat pumps. 
● Compare the costs in Table 1 to these ratio results. 
● Given the costs shown in Table 1, what the minimum HSPF2 would be for the electric 

heat pump to be less expensive to the resident. 

Ratio of Fuel Costs 

By setting Equations (2a) and (2b) to be equal and rearranging, the ratio of per-unit-fuel 
costs to be equal costs can be re-written as 
 
 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔

𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
= 29.3∗𝜂𝜂𝑔𝑔𝑔𝑔𝑔𝑔

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 (3) 

 
For northern climates, with ηgas of 0.95 and sCOP of 2.37, this leads to a cost ratio of 

11.7. In other words, if the cost per therm of gas is less than 11.7 times the cost per kWh of 
electricity, the gas furnace will be less expensive to operate assuming the system choices are the 
minimum to meet Energy Star requirements. As an example, if electricity was $0.10/kWh, gas 
could be up to $1.17/therm before electricity would be cheaper. We note here that, if the existing 
furnace was a lower efficiency model – assumed to have an 80% efficiency – and a minimum 
Energy Star heat pump was being considered, the cost ratio would be 9.9. 

For southern climates, with ηgas of 0.90 and sCOP of 2.29, this leads to a cost ratio of 
11.5. In other words, if the cost per therm of gas is less than 11.5 times the cost per kWh of 
electricity, the gas furnace will be less expensive to operate assuming the system choices are the 
minimum to meet Energy Star requirements. 
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Table 2 shows the results of comparing the costs from the evaluated sites to the minimum 
ratio for electric heat pumps to be less expensive to operate than gas furnaces. The next-to-last 
column shows the percentage that this cost ratio is above the minimum, with negative numbers 
meaning that the gas furnace is less expensive to operate. The final column is how much gas 
prices would need to increase from current rates to make gas furnaces more expensive to operate, 
assuming electricity costs remain constant. Sites where natural gas furnaces are cheaper to 
operate are shown in red text. 

Table 2 shows that only two evaluated locations – Minneapolis, MN and Charleston, WV 
– had rates in January 2022 that make electric heat pumps beneficial assuming the minimum 
efficiency for Energy Star. Tampa, FL was close, with gas prices needing to increase only about 
12% more than electricity to make electric heat pumps beneficial from a cost perspective. Other 
sites show a wide range in the necessary increase in gas prices relative to electricity prices to 
make gas furnaces more expensive to operate. Most require relative gas prices to less than 
double, from 23% in Seattle, WA to 88% in New York. Albuquerque, NM would need to see 
relative gas prices more than triple to make heat pumps the cheaper option. 

These results are also depicted in Figure 2. This figure shows that there is a general trend 
for locations with higher natural gas prices to also have higher electricity prices. The line 
represents the break-even point for electricity and natural gas operating costs assuming minimum 
Energy Star appliances. 
 
Table 2. Ratios of fuel costs and comparison to minimum for electric heat pumps to be less 
expensive to operate. 
Location Natural Gas 

Cost, $/therm 
Electricity 
Cost, $/kWh 

Cost 
Ratio 

Percent above 
minimum for 
heat pump 
benefit 

Necessary 
percent 
increase in 
gas prices 

Northern Sites (minimum ratio of 11.7 for heat pumps to be less expensive to operate) 

Denver, CO $0.81 $0.117 6.9 -41% 69% 
Chicago, IL $0.84 $0.096 8.8 -25% 34% 
Baltimore, MD $0.69 $0.083 8.3 -29% 41% 
Minneapolis, MN $0.83 $0.060 13.8 18% -- 
New York $1.14 $0.183 6.2 -47% 88% 
Montpelier, VT $1.21 $0.177 6.8 -42% 71% 
Seattle, WA $1.00 $0.105 9.5 -19% 23% 
Charleston, WV $0.99 $0.079 12.5 7% -- 

Southern Sites (minimum ratio of 11.5 for heat pumps to be less expensive to operate) 

Tampa, FL $1.40 $0.136 10.3 -10% 12% 
Atlanta, GA $0.76 $0.099 7.7 -33% 50% 
Albuquerque, 
NM 

$0.35 $0.101 3.5 -70% 232% 
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Figure 2. Natural gas vs. electricity costs. 
 

From a policy perspective, one question that could reasonably be asked is whether it 
would be possible to achieve cost-beneficial electrification by requiring heat pumps that exceed 
Energy Star minimums. Equation (3) can be rewritten to determine the critical HSPF2 that would 
be needed to make a heat pump cheaper to operate than a gas furnace: 
 
 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 3.413 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 3.413 ∗ 29.3∗𝜂𝜂𝑔𝑔𝑔𝑔𝑔𝑔∗𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔
 (4) 

 
Table 3 shows the results of applying Equation (4) to the fuel rates for each location. As a 

reminder, these results are based on assuming that Climate Zone IV efficiencies are appropriate, 
whereas in reality those efficiencies underestimate likely performance in southern or marine 
locations such as Atlanta or Seattle and overestimate likely performance in colder climates such 
as much of Vermont, much of New York, and Minneapolis. 

Given that the most efficient heat pumps available are at about HSPF2 of 13, several sites 
could not make heat pumps less expensive with current technology, including Denver, CO; New 
York; Vermont; and Albuquerque, NM. Four sites, including Chicago, IL; Baltimore, MD; 
Seattle, WA; and Tampa, FL could achieve cost-beneficial status with existing heat pump 
technology, but would need to require heat pumps that are well beyond Energy Star minimums. 
Even for those sites at which it is feasible with existing technology to achieve cost-beneficial 
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Table 3. Minimum HSPF2 to make the heat pump less expensive than the gas furnace. 
Location Natural Gas Cost, 

$/therm 
Electricity Cost, 

$/kWh 
Minimum HSPF2 

Northern Sites (minimum HSPF2 = 8.1 for Energy Star) 

Denver, CO $0.81 $0.117 13.7 
Chicago, IL $0.84 $0.096 10.9 
Baltimore, MD $0.69 $0.083 11.4 
Minneapolis, MN $0.83 $0.060 6.9 
New York $1.14 $0.183 15.3 
Vermont $1.21 $0.177 13.9 
Seattle, WA $1.00 $0.105 10.0 
Charleston, WV $0.99 $0.079 7.6 

Southern Sites (minimum HSPF2 = 7.8 for Energy Star) 

Tampa, FL $1.40 $0.136 8.7 
Atlanta, GA $0.76 $0.054 6.4 
Albuquerque, NM $0.35 $0.101 26.0 

 
status for heat pumps, these higher-efficiency units would carry greater first costs which, in the 
case of low-to-moderate income households, would likely need to be borne by programs. 

Propane and Oil 

Propane furnaces are held to the same efficiency requirements as natural gas furnaces to 
qualify for Energy Star, and so the same minimum ratios between costs will hold. For oil, Energy 
Star requires a minimum efficiency of 85% for furnaces (Energy Star 2021a) and 87% for boilers 
(Energy Star 2021b). Using Equation 3, this leads to necessary cost ratios of 10.0 for furnaces 
10.2 for boilers, assuming northern locations where oil is predominantly found. 

As stated previously, average U.S. propane and heating oil prices on a per therm basis 
were about $2.95 and $2.42, respectively, in January 2022. For propane, a necessary cost ratio of 
11.7 means that electricity costs can be up to $0.25/kWh to make the minimum Energy Star heat 
pumps cost beneficial. That is 38% greater than the most expensive electricity rates shown in 
Table 1, $0.183 in New York. Since propane prices are generally likely to be higher in locations 
with higher electricity prices, it is also expected that there will be few, if any, locations where 
heating with propane is cheaper than heating with the electric heat pump, assuming proper 
installation and low duct losses. 

For oil, a necessary cost ratio of about 10 means that electricity costs can be up to 
$0.24/kWh to make the minimum Energy Star heat pumps cost beneficial. That is 32% greater 
than the electricity rates in New York. As with propane, it is expected that there will be few, if 
any, locations where heating with oil is cheaper than heating with the electric heat pump, 
assuming proper installation and low duct losses. 

Impact of Deficiencies 

The prior analyses assumed that the heat pump was installed to optimize its efficiency 
and that there were no duct losses. This section explores those two issues. 
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Installation/Controls Problems 

One of the major challenges with heat pumps is the “cold blow” problem. Consumers that 
are used to furnaces perceive that heat pumps are not providing warm air. For example, the 
supply air may be 90°F and be able to heat the home, but that is below skin temperature and so 
feels “cool”. Because consumers may complain to the installers, and installers want to avoid 
costly callbacks, some installers resort to control strategies that minimize the risk of these 
complaints. Two of the most common are the “low ambient cutout”, which is a temperature 
sensor that prevents the use of the compressor below a certain outdoor temperature and wiring 
the system to bring on backup resistance whenever there is a call for heat. The former usually is 
set to a temperature between 30-40°F and, if the backup is electric resistance, results in the 
system effectively being an electric furnace below that setpoint. The latter often means that a 5 
kW resistance element is brought on whenever there is a call for heat, such that at mild 
temperatures most of the heating is provided as though the heat pump was an electric furnace. 
Both of these compromise the overall efficiency that the consumer is supposed to get from the 
refrigeration cycle. Baylon et al. (2005) did a survey of 32 contractors in the Pacific Northwest 
and found that six (19%) often installed a low ambient cutout and that four (13%) often wired a 
resistance element to come on at first stage heating with another 7 (22%) saying that they seldom 
followed this practice (but, therefore, did occasionally). 

Past work by Francisco et al. (2004b) evaluated the effect of both strategies on the 
performance of heat pumps for locations in the Pacific Northwest. Spokane is of particular 
interest as a comparison to large portions of the U.S. as its heating season temperature profile is 
similar to those of Boston, Philadelphia, and Salt Lake City. Francisco et al. found that the low 
ambient cutout set to 30°F resulted in about a 30% annual efficiency loss in Spokane, and having 
a 5 kW element come on at any call for heat resulted in about a 35-40% annual efficiency loss. 
For a minimum Energy Star unit with an HSPF2 of 8.1, a 30% penalty would effectively reduce 
the HSPF2 to 5.7. 

Looking from the perspective of cost ratios from Equation 3, assuming minimum Energy 
Star efficiencies, these penalties would change the cost ratio to 16.8 for northern climates, 
meaning that if electricity was $0.10/kWh then gas could be up to $1.68/therm instead of 
$1.17/therm for the natural gas to be cheaper. Lastly, if the HSPF2crit from Equation 4 had been 
10, then these penalties would increase the necessary HSPF2 to 14.3 which is higher than 
currently available on the market. 

Duct Losses 

Another consideration for the performance of heat pumps is losses from ductwork outside 
the building envelope. This is common in homes that have ducts in attics, vented crawl spaces, 
and/or garages. Multiple studies have found that, when ducts are in these spaces, there is an 
average of about 12% leakage from the supply ducts to outside and a similar amount from 
outside into the return ducts (Baylon et al. 2005; Francisco et al. 2003). 

While duct leakage will negatively impact both heat pumps and furnaces, the impact on 
heat pumps is more severe. This is for two reasons. First, the equation describing duct efficiency 
(Palmiter and Francisco 1997), which was the basis for ASHRAE Standard 152 (ASHRAE 
2014), includes a dependency on the reciprocal of the temperature rise across the heat exchanger. 
Since heat pumps typically have a lower temperature rise (usually no more than 20 °F [11 °C]) 
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than gas furnaces (usually 30-70 °F [17-39 °C]), this means that the impact on duct efficiency 
will be greater for heat pumps.  

The second, and more significant reason that duct losses have a larger impact on heat 
pumps than on furnaces is that duct losses reduce the amount of delivered heating that can be 
provided by the compressor and therefore increases the degree to which heating relies on 
supplemental backup heat. In many heat pumps, backup heat is provided by electric resistance, 
which is of comparable efficiency to Energy Star gas furnaces but with the greater costs of 
electricity. This phenomenon can be seen in Figure 3, which is taken from Francisco et al. 2004b. 
In this figure, the line with the solid circles represents the heating load of the example house 
without any duct losses, and the line with the solid triangles represents the heat pump capacity 
using only the compressor. Where those two lines cross is considered the compressor “balance 
point”, where the compressor can theoretically meet the entire load of the home without the need 
for backup. In this example, the compressor balance point is at about 10 °F (-12 °C) when there 
are no duct losses. 

The line with the solid squares represents the required heating for the home with 10% 
duct leakage on each of the supply and return sides of the system. This shows that the 
compressor balance point becomes about 22 °F (-6 °C). At all temperatures, there is greater 
compressor use than without duct losses, represented by the region below the compressor 
capacity line and between the load lines with and without duct losses. Worse, there is an increase 
in need for backup heat, represented by the region above the compressor capacity line and the 
load line with duct losses. Averaging in the increased use of electric resistance backup 
substantially negatively impacts the overall efficiency of the heat pump. 

 
 

 
Figure 3. Impact of Duct Losses on Heat Pump Balance Point and Need for Backup Heating 
 

Quantitatively, Palmiter and Francisco (1998) showed that a 10% supply leak to outside 
in Spokane would convey about a 12% energy penalty for a gas furnace but a 22% energy 
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penalty for the heat pump sized to the house load. This is an 83% greater energy penalty 
compared to the furnace. For a minimum Energy Star unit with an HSPF2 of 8.1, a 22% penalty 
would effectively reduce the HSPF2 to 6.3, whereas the 12% penalty on the gas furnace would 
effectively reduce the furnace efficiency from 95% to 84%. Using Equation 3, this means that 
the cost ratio for the gas furnace to be more expensive than the heat pump increases from 11.7 to 
13.2. 

We note that duct losses are not issues for mini-split ductless heat pumps, or for systems 
where the ducts are all within the thermal boundary of the home. 
 

Comparison of Impacts from Deficiencies 

Table 4 shows the impacts on the cost ratios for the gas furnace to be more expensive 
than the Energy Star minimum heat pump considering different scenarios. This includes a 
combination of controls that reduce compressor use and duct losses. 
 
Table 4. Cost Ratios for Gas Furnace to be Less Expensive than Heat Pump 
 Optimized Low-Temp 

Lockout 
5 kW at 
Stage 1 

10% 
supply leak 

Low-Temp 
Lockout + 
10% supply 
leak 

5 kW at 
Stage 1 
+ 10% 
supply leak 

Minimum 
Energy Star 
HP 

11.7 16.8 19.5 13.2 18.9 22.1 

High-
Efficiency HP 
(HSPF2=13.5) 

7.0 10.1 11.7 7.9 11.3 13.2 

 
The results shown in Table 4 paint a clear picture, when combined with the results shown 

in Table 2. Either of the two control strategies that reduce the use of the compressor make it so 
that there will be no locations for which the minimum Energy Star heat pump reduces operating 
costs, and most locations will see increases in utility bills even with the high-efficiency heat 
pump. A 10% supply duct leak to outside does not have as drastic effect, but it does make it so 
that only one location in Table 2 (Minneapolis) would have lower costs with the minimum 
Energy Star heat pump and five of the locations in Table 2 would see increases in utility bills 
even with the high-efficiency heat pump. Any additional duct losses would make the economics 
more challenging. When one of these control strategies is incorporated into a heat pump that is 
connected to ducts with a 10% supply leak to outside, only two locations in Table 2 would be 
able to lower costs even with the high-efficiency heat pump. 

Conclusions 

The analysis presented here demonstrates that, based on typical prices as of the writing of 
this article, electrification using heat pumps only reduces short-term operating costs for 
residential consumers in a few locations based on Energy Star minimum appliance efficiencies, 
and in several locations it is not possible to achieve short-term cost savings status with even the 
most efficient heat pump. Differential changes in fuel prices could flip this situation, either if gas 
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prices significantly increased or electricity prices significantly decreased. However, for low-
income households already struggling to make ends meet, projections of long-term changes are 
not key drivers of decisions; further, asking that these families pay more now with the idea that 
they may pay less in the future raises significant equity questions.  Additionally, increases in fuel 
costs work against equity. 

The analysis also shows that common control strategies and duct deficiencies 
significantly impact heat pump efficiency and make the economics even more challenging. 
Especially with the control strategies, these impacts can make it so that there is no possibility for 
the heat pump to save energy, and that even with drastic increases in gas prices relative to 
electricity prices the operational costs are likely to be greater with the heat pumps.  Further, 
differential penalties for heat pumps compared to furnaces, due to these deficiencies, also means 
that there will be a greater negative impact on realized carbon reductions from electrification.  
For example, in the example where duct losses result in an 83% greater energy penalty for heat 
pumps than gas furnaces, it also means that there will be an 83% greater increase in emissions (if 
any) from whatever source is being used to generate the electricity used to power the heat pump. 

From a policy perspective, this analysis suggests several key policy considerations in order to 
make electrification with heat pumps equitable: 
 

1. When installing heat pumps in low-income households, additional measures should be 
explored to ensure that costs do not increase. Examples can include additional energy 
efficiency measures, site-mounted solar energy with guaranteed maintenance support, 
and limits to electricity prices for income-eligible consumers.  An example of limiting 
electricity prices is the Percentage of Income Payment Plan (as described in Yim and 
Subramanian (2023)), which targets a specific percentage of household income as a 
maximum utility cost.  This strategy, however, requires knowing the household income 
and has a potential side effect of removing the incentive to conserve energy if the 
household would not be able to avoid the maximum (i.e. additional energy would be 
“free”).  While a fixed maximum per-kWh cost does not index the bills to income, it 
would preserve the incentive to conserve energy. 

2. Rate designs could be modified to reduce electric rates to be closer to their actual 
marginal costs. 

3. Training, quality assurance, and quality control to ensure that control strategies do not 
limit the useful contribution of the compressor. 

4. Duct leakage outside of the conditioned space should be quantified prior to installation of 
heat pumps, with improvements made as needed. 
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