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A B S T R A C T

Due to the environmental protection and energy shortage, the electric vehicles (EV) is gradually replacing
traditional fuel vehicles. EV generally use more energy for air conditioning system, especially EV have almost no
waste heat from engine to be discharged to the passenger compartment to achieve thermal comfort in heating
condition. The energy consumption of the heating system for EV will decrease the maximum mileage. Therefore,
the energy saving technology for heating system is developing and applied for EV. The article introduced the
advance of conventional and emerging heating system for the EV. The positive temperature coefficient (PTC)
heater is a convenient heating method used in EV, but PTC heater has some defects such as low efficiency. The
heat pump (HP) system is gradually replacing PTC. However, HP has various problems to be overcome, such as
the heating capacity and efficiency in low temperature environment. In addition, other novel technologies are
proposed to reduce the energy consumption. This article reviews the literature of novel heating methods for EV,
introduces adsorption air conditioning systems (AAC), fuel combustion (FC), heat storage (HS), waste heat re-
covery (WHR), thermoelectric effect (TE) and magnetocaloric effect (ME).

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

At present, many environmental problems are emerging, and prob-
lems such as global warming and resource scarcity are issues that we
need to face together. Automobile energy consumption accounts for a
large proportion of total oil energy consumption, and has been reached
more than 30% in the past few years [1]. Due to the shortage of oil and
the pollution of oil on the environment, the United Nations and countries
around the world have planned to restrict the production and use of fuel
vehicles to achieve sustainable development goals. China has also pro-
posed a project to increase the proportion of new energy and clean
energy-powered vehicles to about 40% by 2030. In order to achieve the
goal of low carbon and pollution-free, many companies are currently
developing products that are more environment-friendly and consume
less energy, EV is one of them. Unlike traditional cars, EV have almost no
waste heat that needs to be discharged to the passenger compartment to
ly to this paper.
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achieve thermal comfort in the cabin. When the heating system of the EV
is turned on, the maximummileage of the EV will be affected. Therefore,
how to obtain an efficient and energy-saving EV heating system and
improve the vehicle's mileage has become a difficult problem.

In this regard, many previous studies have discussed different heating
technologies for EVs from different perspectives. Several articles
compare many technologies and discuss their advantages and disad-
vantages. In 2016, Peng et al. [2] introduced the application of envi-
ronmentally friendly refrigerants in EVs, and reviewed systems such as
multi-source HPs, but the advantages and disadvantages of different
HP systems were not compared in the article. In 2018, Zhang et al. [3]
reviewed the mileage extension strategy of EVs, but his paper did not
mention more novel heating methods to achieve the purpose of making
EVs more energy-efficient and improving their range. This paper con-
tinues the efforts of previous researchers by comprehensively reviewing
2022
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different alternative heating techniques and comparing the advantages
and disadvantages of different approach techniques.

PTC heating as one of the options has been widely used in commercial
EV, but due to its relatively low energy efficiency, it consumes a lot of
electricity and sometimes leads to a lack of power [4]. As an alternative,
the automotive industry has introduced an ASHP system. ASHP is a
excellent method to save energy while meeting climate control re-
quirements [5], it is energy-saving and has both cooling and heating
capabilities. However, when the ambient temperature is extremely low,
the flow of refrigerant in the ASHP system will be reduced, resulting in
poor ASHP system performance [6]. Therefore, it is necessary to improve
the efficiency of the ASHP system under low temperature environmental
conditions.

The existence of the adsorption air conditioning (AC) system is
helpful to solve the problems of heavy heating burden and short battery
life of EVs, and also helps to reduce the energy consumption in the
heating process. The proposal of the fuel burning system separates the
heating system from the battery system, which also greatly saves vehicle
mileage. The heat storage system can also achieve a similar purpose
through heat storage. In addition, since about half of the energy in the
exhaust emissions of EVs is lost in the form of heat, recycling the waste
heat can also reduce fuel loss and improve the performance of the heating
system. At the same time, the application of magnetocaloric effect and
thermoelectric effect technology is booming, and may replace HP sys-
tems in the future.

This article introduces the heating systems that can be used in EV and
reviews the heating methods of air heating and water heating PTC sys-
tems. Secondly, it analyzes the replacement of the refrigerant in the HP
system, different options, especially the refrigerator injection systems
and the secondary loop systems, and introduces the HP systems with
dehumidification and defogging function and the HP systems with novel
heat exchanger. This article introduces the principle of adsorption AC,
summarized the system composition and application of the fuel com-
bustion system. The application of energy storage heating and different
devices are introduced, and the advantages and disadvantages of the
waste heat recovery systems and solutions are analyzed. Finally, the
emerging technologies such as the application of magnetocaloric and
thermoelectric effect in EV heating are summarized.

2. PTC heating systems

In the heating ventilation and air conditioning (HVAC) system of EVs,
EVs cannot use the waste heat generated by the engines of fuel-fueled
vehicles for heating, many car manufacturers use special heating de-
vices to achieve heating. PTC thermistor is a typical semiconductor
resistor with a positive temperature coefficient, and it is one of the most
used heating methods in electric air conditioners [7].

PTC heater has the advantages of low thermal resistance, high heat
exchange efficiency and low power attenuation for long-term use [8].
There are air heating and water heating in the form of PTC heaters. These
two options will be explained in the following sections.
2.1. Air heating

There are two types of air heating: high-voltage air heating and low-
voltage air heating. Low-voltage air heating system adds water pumps,
water pipes, three-way valves and heating cores, motors, and radiator
water tanks to form a closed water circulation system. At the same time,
low-voltage air heating heaters are added to the HVAC system. The
system structure of the high-voltage air heating method removes the
water inlet and outlet pipes and the heater core of the original car, and
replaces the heater core with an air heating PTC of the same size and the
same installation method as the car heater core, and then changes the
related control circuit. Thermal insulation measures should be taken for
the core [9]. During operation, the PTC heating device provides a heat
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source to heat the water in the radiator water tank, and then the hot
water enters the heater core to directly heat the air.

High-voltage air heating heaters can provide higher power output and
efficiency heating than low-voltage air-heating heaters. At the same time,
the method directly heats the air, which makes the cab have a faster
temperature rise rate. Park et al. [10] constructed a PTC air heating
system with a closed-loop device as shown in Figure 1, analyzed the ef-
ficiency of the heater and adjusted the geometric variables. The effi-
ciency of the system is as high as 98%, and the output density has been
increased. To make the air conditioning and heating system meet the
defrosting and defogging regulations and heating requirements, the
heating power of the PTC needs to be at least 3 kW or more. This power is
a huge consumer relative to the total battery capacity, which leads to a
dramatic drop in the mileage of pure EVs.

2.2. Water heating

Compared with air heating, the water heating PTC system has a more
compact structure, a lighter weight, and a higher heating efficiency.
Bohlender and Reiss [11] has developed a PTC water heating system, the
system contains of a continuous flow heater and an integrated
high-pressure controller. The electronic water pump and the PTC heating
system are integrated in the design. The design reduces the space size and
weight of the system, and significantly improves the heating efficiency.
Huang [12] also disclosed a new type of water PTC heater, which en-
hances heat transfer and improves safety. The equipment also solves the
problem that the tube wall and the internal heating element cannot be
closely attached, which reduces the heat transfer effect and affects the
service life.

However, the electric power of the PTC heater for water heating is
about 5.5 kW, which is a huge consumption relative to the total battery
capacity. Due to the limitation of battery power, the PTC system will
adversely affect the cruising range when it is running [13]. Reduce
cruising range. In addition, the problem of poor cooling performance of
PTC heaters also needs to be solved.

3. Vapor compression heat pump systems

Because the opening of the PTC heating system will greatly increase
the fuel consumption of EVs, an efficient heating system for EV is
required. As the most popular heating system at present, the vapor
compression HP system can provide the same heating capacity as the PTC
heater, and is more efficient and more economical. In the traditional HP
system, the refrigerant is compressed by the compressor and flows to the
heat exchanger in the EV. The high-pressure and high-temperature
refrigerant releases a large amount of heat in the heat exchanger and
flows to the condenser through the expansion valve. After absorbing
external heat, the refrigerant returns to the compressor to realize circu-
lation. However, there are many problems in the heat pump system, such
as the urgent need to replace the refrigerant. We will summarize the
solutions to different problems in the following sections.

3.1. Replacement of refrigerant

Due to the large GWP of R134a, the automotive industry is consid-
ering replacing R134a. At present, most car manufacturers are consid-
ering replacing the next refrigerant, but the choice is not clear. For EVs,
the choice of refrigerant is very difficult, and the heating capacity and
efficiency of the refrigerant should be considered when choosing.

As one of the constituent materials of the earth's biosphere, R744 is
relatively friendly to the environment. As a natural refrigerant, it was
first used as a refrigerant in 1866. Junqi et al. [14] studied the HP
structure of R744 and tested its heating performance in different envi-
ronments. The test results show that the heating efficiency of the R744
system in the heating mode (Figure 2) is better than that of the R134a. In
addition, when R744 is used as a refrigerant, the system has strong



Figure 1. Schematic diagram and photo of the PTC heater experimental apparatus [10].

Figure 2. Schematic diagram of R744 HP system [14].
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heating capacity and high COP in low temperature environments such as
�20 �C and �25 �C. Under the same test conditions, Yibiao et al. [15]
obtained the same conclusions. After testing the effects of experimental
temperature and compressor speed on system performance, Song et al.
[16] found that the HP system using R744 as a refrigerant in cold cli-
mates can provide satisfactory performance, a heating capacity of 15.3
3

kW and a COP of 1.78 can be achieved even under the conditions of
�20�C/20 �C. However, it should be noted that although the HP system
using R744 refrigerant has good heating performance in a low temper-
ature environment, its COP is low during cooling, especially in a high
temperature environment.

As a natural hydrocarbon, R290 was used as a refrigerant in the early
20th century. R290 has excellent thermal performance, low price, and
has no direct impact on the atmospheric environment. Liu et al. [16]
proposed for the first time a technical solution for applying R290 to the
mobile HP system of EVs. The research also compares different HP
technology schemes, operating conditions are shown in Table 1. The
comparison found that when the outdoor environment temperature is
above �10 �C, the heating capacity of the system is best when R290 is
used as the refrigerant, and its performance in cooling is also very good.

R407C is an environmentally friendly refrigerant that does not
destroy the ozone layer. It was proposed around 2000 and is a mixture of
multiple refrigerants. Wang et al. [18] used R407C as a refrigerant to
conduct heating tests in environmental test chambers, and developed a
system. Tests show that when R407C is used as a refrigerant, the system's
working capacity is improved, but the energy efficiency has been reduced
and its COP value is moderate during cooling.



Table 1. Operation condition [17].

Heat pump
strategy

Compressor
speed (rpm)

Compressor
displacement
(cc)

Indoor air
temperature
(�C)

Outdoor air
temperature
(�C)

R134a
without
EVI

3000 27 20 0, �10

R1234yf
without
EVI

3000 27 20 0, �10

R134a
with EVI

3000 27 20 0, �10, �20

CO2 3900 6 20 0, �10, �20

CO2 3900 6 �20 �20

R290 3000 33 20 0, �10, �20

R290 3000 33 �20 �20

R290 4000 33 20 �10, �20

R290 5000 33 20 �20

R290 6000 33 �20 �20
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Because R1234yf is compatible with R134a components as a refrig-
erant, in 2009, R1234yf was initially proposed as a refrigerant in mobile
air conditioners. Daviran et al. [19] used R1234yf instead of R123a to
simulate automotive AC systems. Experiments show that under the same
working conditions, because R1234yf has a smaller pressure drop, its
performance is better than R134a. At the same time, it can effectively
increase the COP, improve the durability of the compressor, and make
the pipeline system more portable and economical. Similarly, Cho et al.
[20] proposed the R1234yf system with internal heat exchanger and
conducted experiments. Experiments have found that the cooling ca-
pacity of the system when R1234yf is used as the refrigerant is the same
as when R134a is used. The problem of refrigerant substitution needs to
be solved. The advantages and disadvantages of refrigerants are sum-
marized in Table 2.
3.2. Refrigerant injection systems

In order to solve the problem of low efficiency of EV traditional ASHP
systems, especially in low-temperature outdoor environments, EV
refrigerant injection systems have been proposed. Injecting vapor
refrigerant during the compression process can increase the mass flow
rate of the refrigerant flowing through the compressor, thereby
Table 2. Comparison of different refrigerant systems with R134a [21,22].

Type GWP100 Features

R134a 1300 High GWP, non-flammable, pressure ratio needs to be adjusted at
low temperature, high energy consumption in winter, high
emissions.

R152a 138 Low GWP, flammable, high COP, low temperature requires
pressure ratio adjustment, heating capacity similar to R134a, high
energy consumption in winter, and relatively good reduction in
total emissions.

R1234yf <1 Low GWP, low flammability, pressure ratio needs to be adjusted at
low temperature, heating capacity is similar to R134a, high energy
consumption in winter, and relatively good reduction in total
emissions.

R290 5 Low GWP, highly flammable, high COP, heating capacity between
R134a and R410A, the best reduction in total emissions.

R410a 1130 High GWP, non-flammable, heating capacity about 3 times that of
R134a, high emissions.

R32 677 GWP is between R134a and R1234yf, low flammability, heating
capacity is about 3 times that of R134a.

R744 1 Low GWP, non-flammable, highest heating capacity, high
emissions.

4

effectively improving the efficiency of the system and improving its
working performance.

Using a steam injection system is one of the ways to improve the
system's capacity. Kwon et al. [23] proposed an internal heat exchanger
type vapor injection HP system (Figure 3) for EVs, it adds a heat
exchanger, electronic expansion valve and an injection compressor. The
system increases the compressor power and the heat recovery, and im-
proves the performance of the HP.

Qin et al. [24] designed and tested an ASHP system for refrigerant
injection in EV. As the results show, the heating capacity of the system
can be increased by 31% when refrigerant is injected.

The injection pressure and the angle of the injection-port will affect
the performance of the vapor injection HP system. Qin et al. [25]
researched and developed a test bench for EV in cold areas that can be
converted between traditional and refrigerant injection ASHP systems,
designed and manufactured two scroll compressors with injection holes,
and the impact of the form of the injection holes on the performance of
the system and refrigerant circulation was analyzed. The experimental
results show that the heating capacity of the refrigerant injection ASHP
system is 28.6% higher than that of the traditional system. Jung et al.
[26] studied the impact of injection port angle and IHX length on the
steam injection HP system of EVs under different starting conditions.
Experimental data show that the system performance is best when the
length of the IHX is 300 mm and the injection port angle is 400�.

Different injection positions and pressures will also affect system
performance. Choi et al. [26] tested the conditions of the system when
injecting steam at multiple injection positions and intermediate pres-
sures, and determined the best injection position of the steam injection
system under low temperature conditions. Wang et al. [27] proposed a
method that can predict the performance of the steam jet HP system. In
addition, Qin et al. [28] discussed the influence of compressor speed and
refrigerant injection state of the system, confirmed that the refrigerant
injection can indeed improve the heating performance of the system, but
the complexity of the system has also been improved to a certain extent.
3.3. Secondary loop systems

Traditional EV air source HP will be negatively affected when the
system runs under low ambient temperature, which will consume more
battery power and affect the driving range in cold areas [29]. Aiming at
the problem of low heating performance of EV in low temperature en-
vironments, the secondary loop systems have been proposed. Li et al.
[30] established and studied a secondary loop HP system (Figure 4), and
Figure 3. Schematics of internal heat exchanger type vapor injection HP sys-
tem [23].
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measured the system COP and compressor power consumption parame-
ters under different working conditions. Li et al. [31] also conducted
similar experiments and found that the system performance of the sec-
ondary loop is better, especially at low temperatures, the system per-
formance is significantly better than the traditional direct system.

In addition, the secondary loop can also solve the degradation of
system performance caused by frost in a low temperature environment
[32]. Li et al. [33] proposed a secondary loop system and studied its
antifreeze performance under various low temperature conditions. They
found that the heating efficiency and anti-frost ability of the secondary
loop system have been improved.
3.4. HP systems with dehumidification and defogging function

Although the traditional HP system has a simple structure and low
cost, it cannot remove the fog on the inner surface of the windshield
when driving in cold weather, which will affect the visibility and safety of
driving. Instead, an improved HP system with defogging function is used.
Chang et al. [34] proposed a high-voltage AC system with defogging
function suitable for EVs, the structure of which is shown in Figure 5. In
the defogging mode, when the refrigerant evaporates in the HX2, it cools
and dehumidifies the indoor air, the indoor air passes through the HX1 to
generate dry hot air, and then directly enters the windshield for
defogging.

Zhang et al. [35] considered from another point of view, and pro-
posed a method of rationally utilizing the return air and fresh air, using a
continuous anti-fog air curtain on the front windshield. This method can
not only prevent the generation of fog on the inner surface of the
windshield, but also has a certain energy saving potential. When the
return air ratio is 0.46, the maximum energy saving rate can reach 40.6%
compared with the fresh air condition. Na et al. [36] introduced a
desiccant coated heat exchanger is introduced into the system for
dehumidification. In the process of heat exchange, the moisture in the air
is adsorbed into the desiccant of the heat exchanger to achieve the pur-
pose of demisting. However, the adsorption performance of the heat
exchanger will decrease with the increase of water vapor adsorption, so it
is necessary to have the regeneration process of the adsorbent in a certain
period of time.
Figure 4. A schematic of second
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3.5. HP systems with novel heat exchanger

Because during the heating process, the temperature of the outer
surface of the outdoor heat exchanger of the HP system is low, which will
cause the liquid in the air to condense [37, 38]. Once the temperature of
the outer surface of the heat exchanger is below the freezing point, frost
will form on the surface of the heat exchanger. Therefore, new heat ex-
changers have been proposed to improve the performance during frosting
and defrost.

Compared with traditional heat exchangers, louvered micro-channel
heat exchangers can delay frost formation [39]. Hong et al. [40] devel-
oped a new type of micro-channel heat exchanger, which increased the
frosting period and peak heating capacity by 102.7% and 14.0%
compared with corrugated louver fin heat exchangers.

Mahvi et al. [41] developed a superhydrophobic heat exchanger, as
shown in Figure 6, and tested its performance. The results showed that
the COP of the device was higher than the traditional system in the first 2
h after opening, and it was twice as high as the super-hydrophilicity
system.

4. Adsorption air conditioning systems

Even though the vapor compression heat pump AC system seems to be
able to meet the heating requirements in most cases, its heating perfor-
mance will be affected by the environment and significantly decrease
when the ambient temperature is extremely low. In addition, same as
PTC heating, the use of vapor compression heat pump air-conditioning
systems will also produce additional power loss, but AAC can avoid
this problem [42]. In the AAC system, the compressor is replaced by a
adsorption reactor, and the system structure is shown in Figure 7. During
the charging process of the EV, the adsorption reactor absorbs heat, and
the refrigerant flows from the adsorption reactor into the liquid storage
tank. During the heating process, the refrigerant flows from the liquid
storage tank into the evaporator, the adsorption reactor heats the cold air
in the cabin, and at the same time absorbs the steam in the evaporator to
complete the heating process. This system usually uses NH3 as the
refrigerant because it is well matched to the adsorbent to form a working
pair and will not freeze at low temperatures.
ary loop ACHP system [30].



Figure 5. Schematic diagram of experimental high-voltage AC setup [34].

Figure 6. Schematic of a superhydrophobic heat exchanger [41].
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Jiang et al. [44] proposed a new type of AAC using expanded natural
graphite as a sorbent for heating the cabin of an EV, and evaluated its
impact in terms of energy density, energy efficiency, extra mass, and
mileage savings. The results show that the additional mass has a limited
effect on the EV's driving range. During the experiment, the EVs of the
selected models can save nearly 100 km of driving range when heated by
AAC, which can significantly reduce the energy consumption of EVs. At
the same time, the energy density and efficiency of the system are posi-
tively correlated with the changing trend of refrigerant vaporization
6

temperature, and the range of COP is from 0.34 to 0.82 under different
vaporization temperatures and mass ratios. Wajid et al. [45] provided a
solar AAC and confirmed its feasibility.

Anet al. [43] studied the influence of ambient temperature onEVs using
AAC, and determined the best solid adsorption working fluid in different
temperature regions. Because the adsorption process progresses smoothly
and the adsorption effect is betterwhen the temperaturedifference between
the adsorption reactor and the evaporator is small, the results show that
MnCl2 is recommended as the adsorption in severe cold areas, CaCl2 is



Figure 7. Adsorption type ACs for EVs [43].
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recommended as the adsorption in warm areas, and other places can use a
mixture of MnCl2 and CaCl2. Shabir et al. [46] also tested different sorbents
and determined the most suitable sorbent for different systems.

5. Fuel combustion systems

If a system separate from the battery system can be used for heating
alone, it can also achieve the purpose of reducing battery loss and
reducing vehicle mileage. A thermally efficient heating system with fuel
burners is proposed to achieve this possibility by directly heating the air
in the passenger cabin by exothermic combustion of the fuel. At the same
time, it should be noted that an independent heating system means a
larger footprint and heavier weight, which means that the combustion
system is more used in extremely cold areas to reduce mileage, and is not
suitable in colder areas [47].

Cho et al. [48] proposed the use of FC system as an auxiliary heating
method for EVs to heat the air in the cabin and at the same time control the
flow of high-temperature exhaust gas to the heat exchanger. The results
show that based on this system, the mileage of the EV can be reduced to
40% of the mileage when the original heating system is used when heating
at an ambient temperature of 0 �C. Seo et al. [49] proposed a systemwith a
fuel burner that can be used to heat the car battery in an electric car cabin
at the same time. The structure is shown in Figure 8, and its heating
characteristics have been measured, which further confirms its feasibility.

Burners that use biological materials as fuel are also full of prospects,
and bioethanol is a good choice. Carbon dioxide emissions when burning
ethanol for heating are much lower than those when burning gasoline,
while the energy density of ethanol is higher than that of gasoline, which
Figure 8. Schematic diagram of the
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makes it popular. Kohle et al. [50] proposed a FC heating system based on
ethanol combustion. Compared with electric heating, its mileage has
been significantly reduced, which shows that it is very effective to
combine environmentally friendly fuels with FC burners. Riess et al. [51]
also proposed a heating system that uses ethanol as fuel, and reached a
similar conclusion that the independent combustion heating system can
significantly optimize the battery when the EV is driving in a very cold
environment. I believe that more efficient and energy-saving fuels and
burners will be appeared in the future.

6. Heat storage heating systems

As the current heating system, especially PTC heating, will reduce the
mileage of EVs. In addition, EV heating is intermittent, in order to reduce
energy consumption, HS systems have become more and more important
[52]. Replacing the original heating system of the EV with a heat storage
device can reduce the burden of heating on the car battery, break the air
conditioner's dependence on electricity, make car batteries last longer
and protect the environment [53].

Phase change energy storage is a good choice for reducing energy
consumption, which usually chooses beeswax or paraffin as the phase
change material (PCM), and its requirements for motor output are
extremely low. The performance of different PCMwas evaluated by Putra
et al. [54]. The results show that the thermal conductivity of beeswax is
low, but it has large sensible and latent heat, which can store a large
amount of thermal energy. At the same time, when the melting temper-
ature of RT44HC is within the recommended range of battery operating
temperature, RT44HC is also a good choice.

Xia et al. [55] proposed a phase change energy storage design using
paraffin as the phase change material combined with heat pipe heat ex-
change. The systemstores heat in the heat storage devicewhen the EV is not
working,releasesthestoredheatduringoperation,andusesthephasechange
oftheworkingliquidintheheatpipetodeliverheattothevehicle.Thesystem
mainly includes four parts: heatingdevice, heat storagedevice, heat transfer
device and control device. The PTC heater is selected as the heating device,
and the device uses the cross arrangement of the PTC heating plate and the
heat pipe to improve efficiency. The heat storage box is wrapped with
nano-aerogel composite thermal insulationmaterial to reduce heat dissipa-
tion loss. Tests show that the device can continue to provide heat for 2 h.
7. Waste heat recovery heating systems

During the operation of EVs, a large amount of energy is lost in the
form of heat energy through various channels such as batteries and
integrated heating system [49].



Figure 9. Schematic of the active magnetic regenerator cycle [62].
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electrical equipment. If the waste heat can be recovered and the heat
extracted from it and reused in the vehicle propulsion system, fuel con-
sumption can be reduced, thereby improving battery performance [56].
In the waste heat recovery heating system, the air with waste heat ex-
changes heat with the refrigerant in the heat exchanger, and the refrig-
erant evaporated by the waste heat enters the compressor and is
compressed to release heat to the air in the EV to convert the waste heat
into heat capacity.
8

Under normal circumstances, WHR will have a positive impact on the
COP of the system. Tian et al. [57] proposed an EV thermal management
system with motor and controller unit WHR, and analyzed its perfor-
mance. The results show that under the best working conditions, using
the WHR system, the COP of the vehicle is between 2.05 and 4.71 under
different condensation temperatures, which is a maximum increase of
13.2% and a mileage increase of 33.64% compared with the traditional
system without it.
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However, when the temperature is higher, the situation changes. Han
et al. [58] proposed an air source HP system with WHR for electric buses
to improve heating performance. Experiments have found that when the
outside temperature is below �5 �C, recovering waste heat can improve
system performance. However, when the temperature rises, the pressure
drop of the waste heat exchanger becomes larger, and the recovery of the
waste heat will adversely affect the performance of the system.

In order to solve the negative impact of temperature on the WHR
system, Ahn et al. [59] proposed to investigate the feasibility of
dual-source heat pumps using air and waste heat in EVs, and compared
the system performance of the three cases of air source only, waste heat
only and dual heat source. The study found that the heating performance
of the dual heat source mode is higher than that of the pure air source and
pure waste heat mode, and at the same time, good results can be obtained
by operating in the mode at higher temperatures.

Due to the limited capacity of EV batteries, in order to balance the
supply and demand relationship between EV power demand and waste
heat recovery, Merhy et al. [60] proposed an energy strategy based on a
multi-objective and multi-criteria optimization algorithm, which can be
based on power supply and demand conditions. Control the energy flow
of the EV and decide whether to recover the waste heat. The reliability of
this strategy is verified by simulation, and it provides a reliable solution
for the optimization of vehicle energy flow of waste heat recovery
system.

8. Magnetocaloric effect

Active magnetic regeneration (AMR) as a reversible thermal cycle
technology that can be used for heating, cooling and mechanical power
generation, and can even reach 60% Carnot efficiency it is one of the most
promising alternative technologies for the development of heat pumps
[61]. The magnetic HP system is based on the AMR principle. It uses the
magnetocaloric effect (ME), which is a characteristic of certain magneto-
caloric materials. When the applied magnetic field changes, it heats or
cools, so that it can use the heat dissipated by the magnetocaloric material
when it is applied by an external magnetic field to heat the refrigerant and
then supply heat through the heat sink. Since the heat transfer process of
magnetic heat pumps does not require liquid phase change, fluid heat
transfer liquids can be used without the need for fluorinated refrigerants or
other gaseous refrigerants, which reduces the possibility of impacting
environmental benefits. In addition, since the working medium of the
magnetocaloric system is a solid with a high entropy density instead of a
gas, the system can be easily miniaturized to reduce the burden on oper-
ation due to the volume and weight of the system.
Table 3. Summary of advantages and disadvantages of different technologies for hea

System type Advantages

PTC heating systems Directly heats the air with fast heating speed; high system efficien

Vapor compression heat
pump systems

High system efficiency and good economy; good adaptability; slig
mileage than PTC.

Adsorption air
conditioning systems

Lower battery capacity requirements, significantly reducing batter
operating costs; longer mileage.

Fuel combustion systems No dependence on the main battery of EVs; increased cruising ran
efficiency.

Heat storage heating
systems

Low demand for batteries; greatly prolongs the mileage of the EV
life of the battery; energy saving and environmental protection; tak
in EVs.

Waste heat recovery
heating systems

Low energy consumption; improved battery performance; great sa
mileage; moderate efficiency and high efficiency.

Magnetocaloric heating
systems

Small size, light weight, no pollution; few moving parts, low vibra
high reliability, long life, and easy maintenance.

Thermoelectric heating
systems

No refrigerant and moving parts; compact structure; precise tempe
suitable for local thermal environment regulation.
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Zimm et al. [62] proposed an AMR-based active magnetic regenerator
cycle, and the system principle is shown in Figure 9, and made some
progress. Plait et al. [63] Proposed a heat pump technology based on ME
and applied it to the cabin heating system of automobile to replace the
traditional heating system. They modeled the ME system and evaluated
its implementation in EV. The results show that the ME system can meet
the heating demand of cabin space, and the heating power can be higher
than that when using batteries, which shows that it is possible to use ME
system for heating in the future. Lyskawinski et al. [64] also revealed that
the magnetic heating method was compared with the traditional method,
which confirmed its feasibility. However, it should be noted that the
energy efficiency of the magnetocaloric cycle is low, the temperature
span caused by each cycle is limited, and its current heating capacity
depends heavily on the cycle efficiency. Therefore, the search for mag-
netocaloric materials with better performance is still the future topics to
discuss.

9. Thermoelectric effect

TE can realize the conversion between heat and electricity. A ther-
moelectric module based on this principle converts voltage into tem-
perature difference. The thermoelectric heating module is composed of a
group of semiconductor thermocouples of different materials. When a
certain voltage is applied to the junction of the thermocouple connection,
one side of the thermocouple pair will absorb heat, while the other side
will release heat. The heat is transferred to the air inside the EV through
the radiator. Compared with the traditional vapor compression cycle,
thermoelectric modules are less efficient, but they are small in size, light
in weight, fast in heating, require no refrigerant, and have a high COP
[65]. Cosnier et al. [66] proposed the heating system model using ther-
moelectric module, the COP can reach about 2 during heating, and the
temperature difference between the cold side and the hot side can even
reach 70 �C, confirmed the feasibility of heating air with thermoelectric
modules.

The heating system using the thermoelectric module is relatively safe
and stable when working, directly converts electrical energy into heat
energy, and its power changes with the current value and voltage value
acting on the system, which can accurately control the temperature, so it
is very suitable for the adjustment of local thermal environment.

Wan et al. [67] proposed and tested a local air-conditioning system
for trucks using TE, with six thermoelectric modules placed at different
locations around the driver. The results show that the system can obtain
better cop and reduce operating energy consumption under the current of
3–6 A, and it can meet the driver's thermal comfort requirements.
ting EVs.

Disadvantages

cy. High energy consumption, seriously affecting vehicle mileage; complex
structure, many parts and components; high cost.

htly higher Poor performance at low temperature, limited by temperature range;
high cost.

y weight and Finding the best adsorbent-adsorbate pair is challenging; initial
investment is higher; efficiency is lower than heat pumps.

ge; high Heaters require space and additional refueling burden; high cost.

and the service
es up less space

The continuous heat supply time is short; low efficiency.

vings in tram Energy efficiency is heavily dependent on waste heat; at lower
temperatures there is insufficient heat supply and can only be used as
auxiliary heating.

tion and noise; The temperature difference produced by each cycle is small; the heat
exchange rate is slow.

rature control, Low efficiency, low heat production; the issue of developing higher
performance TE materials remains to be resolved.
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10. Conclusion

In this article, a comprehensive review of the latest technology of EV
heating systems, analysis of existing systems, technologies and chal-
lenges in this field, the conclusion is as follows: The PTC systemwas once
the most popular heating system, with the advantages of low thermal
resistance and high efficiency. However, due to its poor fuel economy, it
is gradually replaced by HP system. The HP system has strong heating
capacity and higher economy. The replacement of refrigerants used in HP
systems and new circulation methods are being actively discussed.
However, the HP system still has the problems of poor low-temperature
performance and surface frosting, which need to be solved urgently. But
these problems can be solved by coming up with better performance
mixed or natural refrigerants, better systems such as refrigerant injection
systems and secondary loop systems, innovative dehumidification and
defogging methods, special materials for heat exchangers, and this is also
the future research needs to be considered.

In addition, other novel technologies are investigated and proposed to
reduce the energy consumption of EV's heating system. The adsorption
heating system can reduce battery consumption and save the mileage of
EVs. Fuel combustion heating with a separate heating system can
significantly increase vehicle mileage with high heating efficiency. The
development of heat storage and waste heat recovery systems can make
use of heat from environment or the EV themselves in order to reduce the
burden on batteries and extend the life of car batteries. The application of
magnetocaloric effect and thermoelectric effect also makes the EV
heating system more environmentally friendly.

Table 3 shows a brief comparison between the previous major EV
heating technologies, including advantages and disadvantages. It helps
design engineers understand and select specific available technologies
for practical applications.

From the perspective of energy saving and environmental protection,
the above technologies are likely to be used as a supplement or alter-
native to the vapor compression heat pump technology in the future.
However, the problems that still need to be solved are to find a better
matching adsorption working pair, a system with more reasonable
structure, a phase change material and a magnetocaloric material with a
better performance, a better combination of the waste heat recovery
system and the optimization of the whole vehicle energy flow, and the
more reasonably distribution of thermoelectric modules should be ar-
ranged in the case of local heating. The pursuit of more efficient and
energy-saving EV heating systems is a permanent theme of exploration,
and only the joint efforts of all researchers can promote its continuous
development.

Declarations

Author contribution statement

All authors listed have significantly contributed to the development
and the writing of this article.

Funding statement

Dazhang Yang was supported by Shanghai Professional Technology
Service Platform on Cold Chain Equipment Performance and Energy
Saving Testing Evaluation [20DZ2292200].

Data availability statement

No data was used for the research described in the article.

Declaration of interest’s statement

The authors declare no conflict of interest.
10
Additional information

No additional information is available for this paper.

References

[1] S. Backe, M. Korpås, A. Tomasgard, Heat and electric vehicle flexibility in the
European power system: a case study of Norwegian energy communities, Int. J.
Electr. Power Energy Syst. 125 (2021), 106479.

[2] Q. Peng, Q. Du, Progress in heat pump air conditioning systems for electric
vehicles—a review, Energies 9 (4) (2016) 240.

[3] Z. Zhang, D. Wang, C. Zhang, et al., Electric vehicle range extension strategies based
on improved AC system in cold climate–A review, Int. J. Refrig. 88 (2018) 141–150.

[4] L. Jiang, R.Z. Wang, J.B. Li, et al., Performance analysis on a novel sorption air
conditioner for electric vehicles, Energy Convers. Manag. 156 (2018) 515–524.

[5] Y. Wang, W. Li, Z. Zhang, et al., Performance evaluation and prediction for electric
vehicle heat pump using machine learning method, Appl. Therm. Eng. 159 (2019),
113901.

[6] J. Jung, Y. Jeon, W. Cho, et al., Effects of injection-port angle and internal heat
exchanger length in vapor injection heat pumps for electric vehicles, Energy 193
(2020), 116751.

[7] H. Wang, L. Kong, C. Fu, Design of PTC heater control scheme for electric air
conditioner, Beijing Auto 11 (2019) 30–33.

[8] X. Ma, Research on PTC heating system of electric vehicles, Int. Comb. Eng. Access.
23 (2019) 205–206.

[9] Z. Zhao, T. Wang, B. Zhang, et al., Analysis of an integrated thermal management
system with a heat-pump in a fuel cell vehicle, AIP Adv. 11 (6) (2020), 065307.

[10] M.H. Park, S.C. Kim, Heating performance enhancement of high capacity PTC
heater with modified louver fin for electric vehicles, Energies 12 (15) (2019) 2900.

[11] F. Bohlender, H. Reiss, Electric interior heating of E-cars with PTC system, ATZ
Worldwide 115 (2) (2013) 20–23.

[12] R. Huang, Liquid PTC Heater, in: CN210298118U, 2020.
[13] Y. Higuchi, H. Kobayashi, Z. Shan, et al., Efficient Heat Pump System for PHEV/

BEV, SAE Technical Paper, 2017.
[14] D. Junqi, W. Yibiao, J. Shiwei, et al., Experimental study of R744 heat pump system

for electric vehicle application, Appl. Therm. Eng. 183 (2021), 116191.
[15] W. Yibiao, D. Junqi, J.I.A. Shiwei, et al., Experimental comparison of R744 and R134a

heat pump systems for electric vehicle application, Int. J. Refrig. 121 (2021) 10–22.
[16] X. Song, D. Lu, Q. Lei, et al., Experimental study on heating performance of a CO2

heat pump system for an electric bus, Appl. Therm. Eng. 190 (2021), 116789.
[17] C. Liu, Y. Zhang, T. Gao, et al., Performance evaluation of propane heat pump

system for electric vehicle in cold climate, Int. J. Refrig. 95 (2018) 51–60.
[18] Z. Wang, M. Wei, F. Peng, et al., Experimental evaluation of an integrated electric

vehicle AC/HP system operating with R134a and R407C, Appl. Therm. Eng. 100
(2016) 1179–1188.

[19] S. Daviran, A. Kasaeian, S. Golzari, et al., A comparative study on the performance
of HFO-1234yf and HFC-134a as an alternative in automotive air conditioning
systems, Appl. Therm. Eng. 110 (2017) 1091–1100.

[20] H. Cho, C. Park, Experimental investigation of performance and exergy analysis of
automotive air conditioning systems using refrigerant R1234yf at various
compressor speeds, Appl. Therm. Eng. 101 (2016) 30–37.

[21] J. Wu, G. Zhou, M. Wang, A comprehensive assessment of refrigerants for cabin
heating and cooling on electric vehicles, Appl. Therm. Eng. 174 (2020), 115258.

[22] D. S�anchez, R. Cabello, R. Llopis, et al., Energy performance evaluation of R1234yf,
R1234ze (E), R600a, R290 and R152a as low-GWP R134a alternatives, Int. J.
Refrig. 74 (2017) 269–282.

[23] C. Kwon, M.S. Kim, Y. Choi, et al., Performance evaluation of a vapor injection heat
pump system for electric vehicles, Int. J. Refrig. 74 (2017) 138–150.

[24] F. Qin, Q. Xue, G.M.A. Velez, et al., Experimental investigation on heating
performance of heat pump for electric vehicles at� 20 C ambient temperature,
Energy Convers. Manag. 102 (2015) 39–49.

[25] F. Qin, G. Zhang, Q. Xue, et al., Experimental investigation and theoretical analysis
of heat pump systems with two different injection portholes compressors for electric
vehicles[J], Appl. Energy 185 (2017) 2085–2093.

[26] J. Jung, Y. Jeon, W. Cho, et al., Effects of injection-port angle and internal heat
exchanger length in vapor injection heat pumps for electric vehicles, Energy 193
(2020), 116751.

[27] Y. Wang, W. Li, Z. Zhang, et al., Performance evaluation and prediction for electric
vehicle heat pump using machine learning method, Appl. Therm. Eng. 159 (2019),
113901.

[28] F. Qin, H. Liu, H. Zou, et al., Experiment investigation and control strategies on two-
phase refrigerant injection heat pump system for electric vehicle in start-up stage,
J. Therm. Sci. 30 (3) (2021) 828–839.

[29] Z. Zhang, D. Wang, C. Zhang, et al., Electric vehicle range extension strategies based
on improved AC system in cold climate-A review, Int. J. Refrig. 88 (2018) 141–150.

[30] K. Li, D. Xu, J. Lan, et al., An experimental and theoretical investigation of
refrigerant charge on a secondary loop air-conditioning heat pump system in
electric vehicles, Int. J. Energy Res. 43 (8) (2019) 3381–3398.

[31] W. Li, Y. Liu, R. Liu, et al., Performance evaluation of secondary loop low-
temperature heat pump system for frost prevention in electric vehicles, Appl.
Therm. Eng. 182 (2021), 115615.

[32] M. Song, L. Xia, N. Mao, et al., An experimental study on even frosting performance
of an air source heat pump unit with a multi-circuit outdoor coil, Appl. Energy 164
(2016) 36–44.

http://refhub.elsevier.com/S2405-8440(22)02320-9/sref1
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref1
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref1
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref2
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref2
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref2
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref3
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref3
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref3
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref3
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref4
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref4
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref4
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref5
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref5
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref5
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref6
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref6
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref6
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref7
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref7
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref7
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref8
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref8
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref8
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref9
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref9
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref10
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref10
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref11
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref11
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref11
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref12
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref13
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref13
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref14
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref14
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref15
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref15
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref15
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref16
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref16
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref17
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref17
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref17
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref18
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref18
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref18
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref18
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref19
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref19
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref19
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref19
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref20
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref20
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref20
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref20
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref21
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref21
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref22
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref22
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref22
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref22
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref22
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref23
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref23
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref23
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref24
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref24
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref24
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref24
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref24
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref25
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref25
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref25
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref25
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref26
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref26
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref26
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref28
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref28
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref28
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref29
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref29
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref29
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref29
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref30
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref30
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref30
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref31
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref31
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref31
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref31
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref32
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref32
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref32
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref33
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref33
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref33
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref33


D. Yang et al. Heliyon 8 (2022) e11032
[33] W. Li, Y. Liu, R. Liu, et al., Performance evaluation of secondary loop low-
temperature heat pump system for frost prevention in electric vehicles, Appl.
Therm. Eng. 182 (2021), 115615.

[34] T.B. Chang, J.J. Sheu, J.W. Huang, High-efficiency hvac system with defog/
dehumidification function for electric vehicles, Energies 14 (1) (2020) 46.

[35] G. Zhang, H. Zou, F. Qin, et al., Investigation on an improved heat pump AC system
with the view of return air utilization and anti-fogging for electric vehicles, Appl.
Therm. Eng. 115 (2017) 726–735.

[36] S.I. Na, Y. Chung, M.S. Kim, Performance analysis of an electric vehicle heat pump
system with a desiccant dehumidifier[J], Energy Convers. Manag. 236 (2021),
114083.

[37] D. Wang, B. Yu, W. Li, et al., Heating performance evaluation of a CO2 heat pump
system for an electrical vehicle at cold ambient temperatures, Appl. Therm. Eng.
142 (2018) 656–664.

[38] Y. Wang, D. Wang, B. Yu, et al., Experimental and numerical investigation of a CO2
heat pump system for electrical vehicle with series gas cooler configuration, Int. J.
Refrig. 100 (2019) 156–166.

[39] B. Xu, C. Zhang, Y. Wang, et al., Experimental investigation of the performance of
microchannel heat exchangers with a new type of fin under wet and frosting
conditions, Appl. Therm. Eng. 89 (2015) 444–458.

[40] S.H. Hong, D.S. Jang, S. Yun, et al., Performance improvement of heat pumps using
novel microchannel heat exchangers with plain-louver fins during periodic frosting
and defrosting cycles in electric vehicles, Energy Convers. Manag. 223 (2020),
113306.

[41] A.J. Mahvi, K. Boyina, A. Musser, et al., Superhydrophobic heat exchangers delay
frost formation and enhance efficency of electric vehicle heat pumps, Int. J. Heat
Mass Tran. 172 (2021), 121162.

[42] A. Davidesko, N. Tzabar, Temperature and pressure dynamics in sorption cells,
Adsorption 27 (1) (2021) 117–128.

[43] G. An, L. Wang, Z. Wang, et al., Study on working pairs of sorption type air
conditioner for electric vehicles under different temperature zones, J. Therm. Sci.
28 (5) (2019) 1004–1014.

[44] L. Jiang, R.Z. Wang, J.B. Li, et al., Performance analysis on a novel sorption air
conditioner for electric vehicles, Energy Convers. Manag. 156 (2018) 515–524.

[45] N.M. Wajid, A.M.Z. Abidin, M. Hakemzadeh, et al., Solar adsorption air
conditioning system–Recent advances and its potential for cooling an office
building in tropical climate, Case Stud. Therm. Eng. 27 (2021), 101275.

[46] F. Shabir, M. Sultan, T. Miyazaki, et al., Recent updates on the adsorption capacities
of adsorbent-adsorbate pairs for heat transformation applications, Renew. Sustain.
Energy Rev. 119 (2020), 109630.

[47] M.S. Patil, C.P. Cho, M.Y. Lee, Numerical study on thermal performances of 2.0 kW
burner for the cabin heater of an electric passenger vehicle, Appl. Therm. Eng. 138
(2018) 819–831.

[48] C. Cho, G. Kim, Y. Pyo, et al., The development of an energy-efficient heating
system for electric vehicles//2016 IEEE Transportation Electrification Conference
and Expo, Asia-Pacific (ITEC Asia-Pacific), IEEE (2016) 883–885.

[49] J.H. Seo, M.S. Patil, C.P. Cho, et al., Heat transfer characteristics of the integrated
heating system for cabin and battery of an electric vehicle under cold weather
conditions, Int. J. Heat Mass Tran. 117 (2018) 80–94.
11
[50] U. Kohle, W. Pfister, R. Apfelbeck, Bioethanol heater for the passenger
compartments of electric cars, ATZ Worldwide eMag. 114 (1) (2012) 36–41.

[51] C. Riess, M.S.J. Walter, S. Weiherer, et al., Heating an electric car with a biofuel
operated heater during cold seasons-design, application and test, ACTA IMEKO 7
(4) (2019) 48–54.

[52] L.X. Chen, P. Hu, C.C. Sheng, et al., A novel compressed air energy storage (CAES)
system combined with pre-cooler and using low grade waste heat as heat source,
Energy 131 (2017) 259–266.

[53] A.G. Olabi, C. Onumaegbu, T. Wilberforce, et al., Critical review of energy storage
systems, Energy 214 (2021), 118987.

[54] N. Putra, A.F. Sandi, B. Ariantara, et al., Performance of beeswax phase change
material (PCM) and heat pipe as passive battery cooling system for electric vehicles,
Case Stud. Therm. Eng. 21 (2020), 100655.

[55] Q. Xia, Y. Xu, L. Chen, J. Liu, Heat storage air-conditioning system for electric
vehicles, Int. Comb. Eng. Acc. 13 (2019) 97–99.

[56] K. Liang, M. Wang, C. Gao, et al., Advances and challenges of integrated thermal
management technologies for pure electric vehicles, Sustain. Energy Technol.
Assessments 46 (2021), 101319.

[57] Z. Tian, B. Gu, W. Gao, et al., Performance evaluation of an electric vehicle thermal
management system with waste heat recovery, Appl. Therm. Eng. 169 (2020),
114976.

[58] X. Han, H. Zou, J. Wu, et al., Investigation on the heating performance of the heat
pump with waste heat recovery for the electric bus, Renew. Energy 152 (2020)
835–848.

[59] J.H. Ahn, H. Kang, H.S. Lee, et al., Heating performance characteristics of a dual
source heat pump using air and waste heat in electric vehicles, Appl. Energy 119
(2014) 1–9.

[60] G. Merhy, A. Nait-Sidi-Moh, N. Moubayed, A multi-objective optimization of
electric vehicles energy flows: the charging process, Ann. Oper. Res. 296 (1) (2021)
315–333.

[61] L.M. Maier, P. Corhan, A. Barcza, et al., Active magnetocaloric heat pipes provide
enhanced specific power of caloric refrigeration, Commun. Phys. 3 (1) (2020) 1–6.

[62] C. Zimm, A. Boeder, B. Mueller, et al., The evolution of magnetocaloric heat-pump
devices, MRS Bull. 43 (4) (2018) 274–279.

[63] A. Plait, S. Giurgea, T. de Larochelambert, et al., Adopting magnetocaloric heat
pumping and refrigeration for electrical vehicle//2017 IEEE Vehicle Power and
Propulsion Conference (VPPC), IEEE (2017) 1–6.

[64] W. Lyskawinski, W. Szelag, C. Jedryczka, et al., Finite element analysis of magnetic
field exciter for direct testing of magnetocaloric materials’ properties, Energies 14
(10) (2021) 2792.

[65] N. Liu, Q. Cui, H. Li, et al., Investigating the performance optimization of an
outdoor condenser-evaporator for an electric vehicle heat pump system, Energy
Rep. 7 (2021) 5130–5140.

[66] M. Cosnier, G. Fraisse, L. Luo, An experimental and numerical study of a
thermoelectric air-cooling and air-heating system, Int. J. Refrig. 31 (6) (2008)
1051–1062.

[67] Q. Wan, C. Su, X. Yuan, et al., Assessment of a truck localized air conditioning
system with thermoelectric coolers, J. Electron. Mater. 48 (9) (2019)
5453–5463.

http://refhub.elsevier.com/S2405-8440(22)02320-9/sref34
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref34
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref34
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref35
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref35
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref36
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref36
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref36
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref36
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref37
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref37
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref37
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref38
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref38
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref38
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref38
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref39
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref39
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref39
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref39
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref40
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref40
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref40
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref40
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref41
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref41
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref41
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref41
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref42
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref42
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref42
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref43
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref43
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref43
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref44
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref44
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref44
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref44
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref45
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref45
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref45
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref46
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref46
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref46
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref46
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref47
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref47
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref47
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref48
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref48
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref48
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref48
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref49
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref49
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref49
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref49
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref50
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref50
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref50
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref50
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref51
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref51
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref51
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref52
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref52
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref52
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref52
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref53
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref53
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref53
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref53
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref54
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref54
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref55
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref55
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref55
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref56
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref56
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref56
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref57
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref57
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref57
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref58
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref58
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref58
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref59
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref59
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref59
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref59
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref60
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref60
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref60
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref60
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref61
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref61
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref61
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref61
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref62
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref62
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref62
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref63
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref63
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref63
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref64
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref64
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref64
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref64
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref65
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref65
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref65
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref66
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref66
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref66
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref66
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref67
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref67
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref67
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref67
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref68
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref68
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref68
http://refhub.elsevier.com/S2405-8440(22)02320-9/sref68

	Recent advances on air heating system of cabin for pure electric vehicles: A review
	1. Introduction
	2. PTC heating systems
	2.1. Air heating
	2.2. Water heating

	3. Vapor compression heat pump systems
	3.1. Replacement of refrigerant
	3.2. Refrigerant injection systems
	3.3. Secondary loop systems
	3.4. HP systems with dehumidification and defogging function
	3.5. HP systems with novel heat exchanger

	4. Adsorption air conditioning systems
	5. Fuel combustion systems
	6. Heat storage heating systems
	7. Waste heat recovery heating systems
	8. Magnetocaloric effect
	9. Thermoelectric effect
	10. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	Additional information

	References


