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IMPACT OF HEAT PUMP SYSTEMS ON WINTER ENERGY USE AND DRIVING RANGE IN 
BATTERY ELECTRIC VEHICLES 
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lpereira@fesb.hr  

 

Abstract 

Battery electric vehicles (BEVs) are increasingly common, but in winter their range is strongly 
reduced by the energy used for cabin heating instead of traction. In cold climates, simple resistive 
heaters with a coefficient of performance (COP) close to one can consume a large fraction of the 
available battery energy. Automotive air-source heat pumps offer a more efficient alternative, yet 
they must work in fast-changing driving conditions and at low ambient temperatures, so their 
practical advantages and drawbacks are not always obvious. This work is based on a structured 
review of published experimental and simulation studies on automotive heat pumps, complemented 
by technical documentation from vehicle manufacturers and independent winter range tests. 
Reported values of electrical energy use for cabin heating with resistive heaters and with heat 
pumps are extracted, normalised where necessary to similar ambient temperatures and driving 
conditions, and then compared. From these data, typical ranges for heating-energy reduction and 
the associated change in total vehicle energy use and driving range are estimated and discussed. 
Across the surveyed studies, heat pump systems typically reduce the electrical energy required for 
cabin heating by about 30–50 % under winter conditions between roughly 0 °C and −10 °C. 
Depending on the driving cycle and climate, this can lead to reductions of around 10–25 % in overall 
vehicle energy use and range gains of about 10–30 % relative to purely resistive heating. At 
temperatures below approximately −10 °C the COP falls, frost management is needed and resistive 
back-up heating is often activated, so the advantage decreases but does not vanish. The literature 
also points to higher system cost, greater complexity and packaging constraints. Overall, heat pump 
systems appear to be a meaningful improvement for BEVs in moderately cold climates, making 
winter use more practical while improving energy efficiency, provided that their added cost and 
integration challenges are justified by the expected range benefits.  

Keywords: electric vehicles, heat pumps, cabin heating, winter range, energy efficiency 
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I. INTRODUCTION 

Battery electric vehicles (BEVs) are increasingly adopted to reduce tailpipe emissions and support 
the decarbonisation of road transport. However, their real-world energy consumption is strongly 
influenced by auxiliary loads, especially the energy required to maintain cabin comfort. 

Unlike internal combustion engine vehicles, BEVs have little or no waste heat available for space 
heating. Many models therefore rely on positive temperature coefficient (PTC) resistive heaters 
(coefficient of performance (COP) ≈ 1), which draw directly from the traction battery and can 
account for a substantial share of trip energy use in winter (Qi, 2014; AAA, 2019). 

Air-source heat pumps can provide cabin heating with lower electrical input by moving heat rather 
than generating it. Their benefits depend on ambient temperature, frosting/defrost cycles and 
control strategy, and resistive back-up heating is often required at very low temperatures (Peng & 
Du, 2016; Zhang et al., 2016; Zhang et al., 2016). Heat pumps are increasingly offered in production 
BEVs as an efficiency option (Volkswagen, 2020). This paper reviews reported impacts of 
automotive heat pumps on winter heating energy demand and the resulting effect on overall 
energy use and driving range. 

 

II. METHODS  

This study is based on a qualitative and quantitative literature review of automotive heat pump 
systems for BEV cabin heating. Peer-reviewed journal articles were identified through Scopus, Web 
of Science and academic databases and search engines using combinations of the terms “electric 
vehicle”, “heat pump”, “HVAC”, “cabin heating” and “winter range”. Review articles were used to 
map the state of the art and to identify key experimental and simulation studies (Qi, 2014; Peng & 
Du, 2016). 

 

1. Search strategy and selection criteria 

The search focused on peer-reviewed studies of BEV cabin heating and integrated heat-pump HVAC 
systems. Keywords were combined around “electric vehicle”, “heat pump”, “HVAC”, “cabin 
heating”, and “winter range”, and the initial results were filtered by relevance to automotive 
applications. Studies were prioritised when they reported measurable heating power, COP, or 
vehicle-level energy use over a defined ambient temperature range and driving condition (Qi, 2014; 
Peng & Du, 2016; Saraireh, 2023; Li et al., 2014; Zhang et al., 2016). 
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2. Data extraction and comparison approach 

From each source, the reported heating energy (or heating power over time) and the operating 
temperature were extracted. Where papers reported only COP or component-level performance, 
the implications for battery energy use were discussed qualitatively. Because studies differ in cabin 
set-points, vehicle size, and test cycles, comparisons were made in broad temperature bands 
(around 0°C, −10°C, and below −10°C) rather than as a single universal percentage. When 
independent winter range tests were used, they were treated as external validation rather than a 
direct like-for-like comparison across models (AAA, 2019; Norwegian Automobile Federation, 
2023). 

To complement academic sources with real-world performance evidence, independent winter 
range test reports were also reviewed (AAA, 2019; Norwegian Automobile Federation, 2023). In 
addition, manufacturer press information was consulted to document the practical availability of 
heat pumps in production BEVs (Volkswagen, 2020). From each eligible source, values of electrical 
energy consumption for cabin heating (or equivalent metrics such as COP) were extracted for 
resistive heating and for heat pump operation. Where studies used different ambient temperatures 
or driving cycles, results were interpreted within comparable winter ranges (approximately 0 °C to 
−10 °C) and the associated uncertainty is noted qualitatively in the discussion. 

 

III. RESULTS  

1. Performance ranges reported in the literature 

Across the journal papers reviewed, reported COP values for air-source heat pumps in automotive 
operation are typically above 1 (often between about 1.5 and 3) for winter ambient temperatures 
around 0°C to −10°C, depending on compressor technology, refrigerant choice, and control strategy 
(Qi, 2014; Peng & Du, 2016; Li et al., 2014; Zhang et al., 2016; Saraireh, 2023). When these systems 
replace pure resistive heating, the literature commonly reports a reduction in electrical heating 
energy in the order of roughly 30–50% within this temperature band, with the vehicle-level benefit 
depending on driving cycle and baseline consumption (Peng & Du, 2016; Li et al., 2014; Zhang et 
al., 2016; Saraireh, 2023). 

 

2. Evidence from independent winter range testing 

Independent testing highlights the scale of winter penalties and the practical value of efficient 
HVAC. AAA dynamometer testing at 20°F (−6.7°C) shows substantial range reduction when cabin 
heating is active, and notes different HVAC configurations (heat pump with backup resistive heating 
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versus resistive-only) among the tested EVs (AAA, 2019). Field testing in Scandinavian winter 
conditions (El Prix Winter) similarly reports large differences between models and confirms that 
cold weather (including sub-zero temperatures) can produce major deviations from nominal range 
figures (Norwegian Automobile Federation, 2023). 

Table 1. Indicative heat-pump performance trends by ambient temperature (synthesised from the reviewed literature). 

Ambient temperature 
band 

Indicative COP trend  Practical implications 
for EVs 

Around 0°C Higher (often >2) Good efficiency; clear 
range benefit versus 

resistive heating 

Around −10°C Moderate (often 1–2) Benefit remains but 
COP drops; defrost 

events become more 
frequent 

Below −10°C  Low; can approach ~1 
(e.g., COP ≈ 1.25 at 

−20°C in Zhang et al., 
2016) 

Risk of frosting + limited 
heat source; backup 
resistive heating may 

engage 

Across the reviewed experimental and review papers, heat-pump performance generally declines 
as ambient temperature drops, mainly due to lower evaporating temperatures and additional 
frost/defrost losses. Table 1 summarises these indicative trends, while Table 2 lists the evidence 
sources and what was extracted from each (Qi, 2014; Peng & Du, 2016; Li et al., 2014; Zhang et al., 
2016). 

This improvement in heating efficiency reduces the electrical energy required for cabin heating. 
The surveyed literature most often reports heating-energy reductions of about 30–50 % when 
comparing heat pump operation with purely resistive heating in similar conditions, with 
corresponding reductions of about 10–25 % in overall vehicle energy use and typical range gains of 
about 10–30 % (Peng & Du, 2016; Zhang et al., 2016; Zhang et al., 2016). Independent tests also 
document substantial winter penalties and show that vehicles using heat pumps can mitigate part 
of this loss compared with resistive-heated vehicles, although the magnitude varies by vehicle and 
test protocol (AAA, 2019; Norwegian Automobile Federation, 2023). 

Table 2. Evidence sources included in the review and the type of information extracted. 

     Source    What is used in this paper 
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AAA (2019) Quantifies cold-weather range penalty with HVAC load; 
used to contextualize winter-range impact. 

NAF(2023) Real-world winter test context and temperature range; 
used to illustrate performance variability across models. 

Qi(2014) Background on EV thermal management and HVAC 
energy impacts; used for general framing. 

Peng & Du 
(2016) 

Heat-pump HVAC architectures for EVs; used to describe 
system options and trade-offs. 

Saraireh (2023) Frosting/defrost effects and need for auxiliary heating at 
low temperatures; used in the discussion. 

Zhang et al. 
(2016) 

Reports heating performance degradation in cold 
climates (incl. COP at very low temperature); used to 

support low-temperature limitations. 

 
Figure 1. Conceptual decrease of heat-pump heating COP with ambient temperature (illustrative). 

Below roughly −10°C, frosting and limited heat availability typically reduce COP and may trigger 
auxiliary resistive heating, reducing the relative advantage of the heat-pump system. 

In very cold conditions (e.g., below about −10°C), heat-pump heating capacity and efficiency can 
decline because of low evaporating temperatures and frosting/defrost constraints, so systems 
often rely more on auxiliary resistive heating. As a result, the relative advantage of heat pumps 
tends to shrink in these conditions compared with mild winter weather (Peng & Du, 2016; Qi, 2014; 
Saraireh, 2023; Li et al., 2014; AAA, 2019). 
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IV. DISCUSSION AND CONCLUSION 

Overall, the reviewed evidence indicates that heat pump systems can materially improve winter 
energy efficiency and driving range in BEVs in moderately cold climates. By reducing cabin-heating 
electrical demand relative to resistive heating, heat pumps address one of the main sources of 
winter range reduction (Qi, 2014; Peng & Du, 2016). 

However, the benefit is not uniform: it depends on ambient temperature, frosting/defrost 
behaviour, driving cycle, and the extent to which resistive back-up heating is required (Zhang et al., 
2016; AAA, 2019). In addition, literature and manufacturer information highlight higher system 
cost, increased complexity and packaging constraints compared with resistive heating (Peng & Du, 
2016; Volkswagen, 2020). 

 

1. Interpretation and practical implications 

From a practical perspective, the largest gains are expected when cabin heating forms a large share 
of total battery power (for example, during short urban trips or at low speeds). In these situations, 
improving heating COP can translate into a noticeable range benefit even if traction consumption 
is unchanged (Qi, 2014; Peng & Du, 2016). Integration choices also matter: some designs recover 
heat from the powertrain and battery loop, while others rely mainly on ambient air, which makes 
them more sensitive to frosting and low air temperatures (Peng & Du, 2016; Zhang et al., 2016). 
Manufacturers report the availability of heat pumps on production vehicles and present them as a 
range-support feature, but the real-world impact will depend on climate, user set-point, and control 
calibration (Volkswagen, 2020). 

 

2. Limitations of this review 

This work synthesises heterogeneous sources rather than running a new controlled experiment. 
The reviewed papers use different vehicles, cabin comfort targets, driving cycles, and definitions of 
“heating energy”, and independent winter tests compare different models rather than the same 
car with and without a heat pump. For that reason, the reported percentage ranges should be read 
as indicative bands, not as a single universal improvement that applies to all BEVs. Where numerical 
comparisons are made, they are anchored to the temperature band and the test context described 
by each source (AAA, 2019; Norwegian Automobile Federation, 2023). 

Controlled dynamometer testing by AAA at 20°F (−6.7°C) reported an average reduction of 
combined driving range of 41% when HVAC was used, relative to 75°F baseline conditions (AAA, 
2019). AAA also notes that its test set included both resistive-heated vehicles and vehicles with 
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heat-pump cabin heating (with auxiliary resistive backup) (AAA, 2019), illustrating that HVAC 
strategy is a major contributor to winter range loss and a key lever for improvement. 

Real-world winter testing from NAF (El Prix Winter 2023) (El Prix Winter 2023) was conducted under 
Nordic conditions with temperatures ranging from about 0°C down to −20°C (FIA, 2023; Norwegian 
Automobile Federation, 2023), showing substantial model-to-model variation in deviation from 
WLTP range. These field tests highlight that drivetrain efficiency, battery conditioning, vehicle size, 
and HVAC control all interact with heat-pump performance, so the relative benefit of heat pumps 
is best interpreted as a range of outcomes rather than a single fixed percentage. 

Future work should therefore focus on low-temperature performance, robust frost management 
and integrated thermal architectures that share heat between cabin and powertrain/battery needs, 
supported by transparent reporting of test conditions to enable better cross-study comparisons.  
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