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Abstract: Electric vehicles have become increasingly popular in recent years due to our limited
natural resources. As a result, interest in climate control systems for electric vehicles is rising rapidly.
According to a variety of research sources, the heat pump air conditioning system seems to be a
potential climate control system for electric vehicles. In this paper, an extensive literature review
has been performed on the progress in heat pump air conditioning systems for electric vehicles.
First, a review of applications of alternative environmentally friendly refrigerants in electric vehicles
is introduced. This is followed by a review of other advanced technologies, such as the inverter
technology, innovative components and the system structure of the heat pump air conditioning
system for electric vehicles. Lastly, recent developments in multiple source heat pump systems are
presented. The use of these advanced technologies can provide not only sufficient refrigerating
capacity for the electric vehicle, but also higher climate control system efficiency. We believe that
ideal practical air conditioning for electric vehicles can be attained in the near future as the mentioned
technical problems are gradually resolved.
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1. Introduction

Due to pollution reduction and greenhouse gas emission reduction policies, fully electric vehicles
(EVs) are being strongly promoted. In both EVs and internal combustion engine vehicles, a comfortable
cabin environment is essential for passengers. However, in consideration of the absence of heat from
the engine coolant in EVs, an innovative air conditioning (AC) system design must be provided.
In recent years, solutions for the AC system in fully EVs have been studied extensively.

Some authors have presented the thermoelectric AC, whereby the vehicle cabin can be cooled and
heated by thermoelectric modules, which have the advantage of having no moving parts, no noise,
long life, small size and precise temperature control [1,2], but this technology has not been accepted
due to poor efficiency. Currently, it is used only in seat heating and cooling in some luxury cars.
In addition, this technology is applied to short-distance small EVs in view of limited resources and the
low figure of merit of thermoelectric materials [3].

The simplest solution is to use an electric compressor instead of a mechanical compressor for
cooling, meanwhile a positive temperature coefficient (PTC) heater is adapted to provide heating in
place of the engine coolant heater core [4—6]. A 42V electric AC system was proposed. The system
consisted of a compressor, a blower, an integrated PTC heater, an inverter, pipes and some heat
exchangers [5]. The cabin temperature would initially decline quickly and then change more
consistently. The results showed the 42 V electric AC system could maintain a stable and comfortable
interior environment under hot weather conditions. Moreover, it could achieve a relatively better
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thermal environment than the AC system used in conventional vehicles under very cold weather
conditions. Although the PTC heater could provide sufficient heat energy to warm up the cabin,
its energy was derived from battery electricity. It resulted in 24% losses of the driving range for
fully EVs due to the low energy efficiency of PTC heaters [7]. A fuel fired heater was another option
proposed for heating without electricity consumption, but it did not meet environmental demands.

Much research has focused on the heat pump AC system. It is based on the vapor compression
cycle, which provides both cooling and heating capacity by adopting a 4-way valve that reverses the
direction of refrigerant flow. Lee [8] declared that the power consumption of a heat pump system was
about one third that of the electric PTC heating system for the same heating capacity. Moreover, the
coefficient of performance (COP) of a heat pump AC system is larger than 1, so the heat pump AC
system seems to be a more reasonable solution than other climate control systems proposed for EVs [9].

Various studies have been performed to enhance the heat pump AC system efficiency, especially
the heating performance when faced with low outdoor temperatures. Besides the single air source
heat pump AC system, multiple source heat pump AC systems have been developed for EVs. These
systems can supply sufficient cooling or heating capacity while minimizing the influence of the AC
system on driving ranges.

It is the intent of this paper to review the most recent progress concerning heat pump AC
technologies for EVs. This review is broadly divided into two key categories and will be systematically
organized. First, single source heat pump AC systems for EV applications are introduced. In this
section, several advanced technologies and strategies concerning single air source heat pump AC
systems are comprehensively reviewed. Second, multiple source heat pump AC systems are analyzed.
These systems are applied for all possible heat sources in EVs to enhance the heating capacity under
very low outdoor temperature conditions, as well as to achieve high energy efficiency. Finally,
conclusions are drawn based on the various reviews and analyses.

2. Single Source Heat Pump AC Systems

Considering its convenient replacement, low cost and easy maintenance, the single source heat
pump AC system is still dominant in EVs, especially in mild climate areas. However, the heat pump AC
system, which only involves the necessary modifications based on conventional vehicle AC system:s,
has low system efficiency [10]. Therefore many scholars have presented innovative technologies in
various aspects.

2.1. Alternative Refrigerants

At present, the refrigerant R134a, which has a global warming potential (GWP) of 1300, is still
dominant in automotive AC systems, but for future environmental considerations, the Kyoto and
Montreal protocols have banned or limited the use of chemical refrigerants [11]. Similarly, the European
Union has passed regulations to restrict the use of refrigerants with a GWP higher than 150 in mobile
AC systems [12]. A directive for the gradual phase-out of high GWP refrigerants in mobile AC systems
was ratified in 2007 and went into effect at the beginning of 2008 [13]. In light of this situation,
automotive AC systems using other potential substitute refrigerants have been studied [14]. CO; is one
of the most studied options since it has adequate thermophysical properties with no ozone depletion
potential (ODP) and a GWP =1[15,16]. As a result, more and more authors are devoted to investigating
automotive AC systems using CO, as a refrigerant. Prototype CO; automotive AC systems were
presented in [17,18]. They concluded that, in the heat pump mode, high capacity and COP can also
be achieved at low ambient temperature and with high air supply temperature to the passenger
compartment [19]. Furthermore, the system performance was equal or superior to that of the current
R134a system [20]. The cooling COP ratio to R134a system was 1, while the heating /dehumidifying
COP ratio was 1.31. Kim et al. [21] studied the effects of operating parameters on the performance of a
CO, AC system for vehicles with various operating conditions, which include different gas cooler inlet
pressures, compressor speeds and frontal air temperatures/flow rates passing through the evaporator
and the gas cooler. They also proposed an algorithm for optimum high pressure control for the
transcritical CO, cycle to achieve a maximum COP.
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Although CO, AC systems have special benefits, they have some disadvantages, such as low
critical temperature and high operating pressure [22]. Other problems in defrosting of exterior heat
exchangers and performance deterioration under cold ambient temperature conditions exist in CO,
automotive heat pump systems as well as R134a heat pump systems. By re-arranging the radiator
and outdoor heat exchangers of the CO, heat pump system in electric cars, the heating capacity and
COP were increased by 54% and 22%, respectively [23]. To enhance cooling performance, Lee et al. [24]
presented an electrical AC system with CO, that used an inverter-driven compressor. The cooling
capacity and COP of this tested system were increased by 36.8% up to 6.4 kW and by 30.3% up to
2.5 kW, respectively. Ma et al. [25] conducted a thorough review of the CO; heat pump and refrigeration
cycle. They concluded that some modifications, such as using an internal heat exchanger, two-stage
compression, and expansion work recovery as well as enhancing heat transfer, could improve the CO,
transcritical cycle performance to a level similar to that of a conventional heat pump system.

In addition to using CO,, other possible refrigerants in the heat pump AC system include R1234yf,
R152a, R290, R245fa and water [26—29]. The performance of the R1234yf “drop-in” automotive AC
system was analyzed and compared with that of systems with CO; and R32 by experimentation
and simulation [30]. The COP and capacity of R1234yf system were up to 2.7% and 4.0% lower than
those of R134a system, respectively, while the compressor discharge temperature and amount of
refrigerant charge were 6.5 °C and 10% lower than those of R134a system [31]. Consequently, the
R1234yf “drop-in” AC system was the most feasible candidate for automobiles from the standpoint of
system performance and operating conditions. However, more work must be completed before the
R1234yf system can be widely accepted in EVs [31-33]. Ghodbane [34,35] presented the secondary
loop system using R152a as the working fluid in mobile climate control systems. This system showed
a very good cooling and heating performance, but had a slower response to load changes, complex
system connections and a high cost.

2.2. Application of Inverter Technology

Frequency variation technology, a common way to save energy, is also widely used in AC systems.
An R134a automotive AC system capable of operating as an air-to-air heat pump is described in
Figure 1 [36].
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Figure 1. Schematic diagram of the experimental automotive air conditioning/heat pump system [36].
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This system was tested by varying the compressor speed. The conclusions showed that both the
heating and the cooling capacities of the system increased with the rise of compressor speed, whereas
the COPs in both cases decreased. Jabardo et al. [37] also reported an automotive AC system equipped
with a variable capacity compressor run by an electric motor controlled by a frequency converter. The
impact on system performance of operational parameters such as compressor speed, return air in the
evaporator and condensing air temperatures, was experimentally evaluated and simulated by means
of the developed model. To better develop the inverter AC system, all factors which influence the
performance of the variable frequency AC system have been discussed in [38]. Effects of compressor
frequency on the performance and parameters are shown in Figure 2. At a fixed ambient temperature
and heat transfer area of heat exchangers, the cooling capacity and power consumption increased as
the compressor frequency increased. In contract, the energy efficiency ratio (EER) initially increased
but subsequently decreased, so the compressor frequency should be increased in order to improve the
cooling capacity, while it should be decreased in order to reduce power consumption. These results
are very useful for optimizing the design, and automatically controlling and diagnosing exceptions in
the operation of variable frequency AC systems.
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Figure 2. Effects of compressor frequency on the performance and parameters [38].

In addition to variable-speed compressors, adjusting the fan speed can lead to further performance
and efficiency improvements. Lee et al. [39] focused on the effect of outdoor coil fan speed on the
performance variation of the heat pump system adopting the hot gas bypass method. The integrated
heating capacity with hot gas bypass was highest at 60% (780 rpm) fan speed. This value was
4.4% higher than that of the constant speed fan. On the other hand, the averaged COP of the heat
pump in this case was higher by 2.8% than the constant speed fan. As mentioned in [40], three
frequency converters were equipped to control the speeds of the compressor, the evaporator fans
and the condenser fans, respectively. The analysis showed that the three speeds could be adjusted
simultaneously according to both actual working conditions and operation mode so that the AC system
could operate in an optimum state, but in practical applications only one fan speed and compressor
speed need to be modulated in real-time, considering hardware costs and system complexity.

Advanced control algorithms have also been studied by many authors. Yeh et al. [41] proposed
two control algorithms. The first algorithm, which modulated the outdoor fan speed, could enhance
the steady-state power efficiency. The second algorithm, which added one more degree of freedom to
control by modulating the indoor fan speed, could improve the transient response. The performance
of the AC system could be improved if both algorithms were simultaneously implemented in the way
that the second algorithm was responsible for the control action during the startup/transient phase
of operation, and the first algorithm took over at steady state. Shi et al. [42] described three control
algorithms for the inverter AC system: the matrix control, the system-relative commands control
and the fuzzy control. Moreover, to realize comfort and system energy efficiency, they explained
the mechanism to regulate the running speed of the compressor, indoor and outdoor fans, and the
opening of the expansion valve. As shown in Figure 3, an artificial neural network-based controller



Energies 2016, 9, 240 50f17

was developed to simultaneously control the indoor air temperature and humidity by varying the
compressor speed and supply fan speed [43]. The controllability tests including command following
test and disturbance rejection test showed that the artificial neural network-based was able to track
changes in setpoints and to resist disturbances with an adequate control accuracy. Although these
control algorithms are mainly applied in building AC systems, in theory, they are also suitable for the
AC systems of EVs.
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Figure 3. Schematic diagram of the artificial neural network-based controller arrangement [43].

2.3. Novel Components

Many scholars have focused on improving the performance of diverse components and parts
of the heat pump AC, especially the compressor and heat exchangers. The electric scroll compressor
is the most common type used in the AC systems of EVs. It has been widely accepted automakers
like Toyota, BYD, Denso and so on [44—47]. Makino et al. [48] developed an electric compressor with
various technologies as shown in Figure 4. This compressor had high reliability, low vibration and
noise, small size and light weight, and high efficiency. At the same time, it showed superior comfort
and cooling performance, equivalent to that of current engine-driven compressors. To further enhance
the electric compressor performance and efficiency, the drive motor was included in [49-51]. Besides of
the electric scroll compressor, other types of compressors were also proposed for the EV heat pump AC
system. Wei et al. [52] presented experimental investigations of an EV heat pump AC system separately
integrated with a swash plate variable displacement compressor, a scroll compressor and an electric
scroll compressor. For the ambient temperature of —10 °C, the average vehicle cabin temperatures were
12 °C, 10 °C and 5 °C, respectively. The conclusions showed that, when the ambient temperature was
below —10 °C, the average vehicle cabin temperature using the swash plate based system was higher
than using the other two options. That is to say, the swash plate variable displacement compressor
is a good choice for an EV heat pump AC system in low temperature environments. A type of vane
compressor with double working cavities that was driven by a frequency modulated electric motor
was designed in [53]. There was no obvious difference in performance between the new compressor
and the electric scroll compressor, while the former compressor was distinctive in simple structure,
manufacture and assembly. Therefore, it can be applied to EV heat pump AC systems instead of the
electric scroll compressor. In [54], a miniature electrically driven turbocompressor was presented.
The measurements showed that the heating, ventilation, and AC system with this turbocompressor had
an ultra-compact size and high efficiency. Sakai et al. [55] developed a 2-way driven compressor, but
this compressor can only be used in hybrid EVs. Although these novel compressors were developed,
there are more tasks that must be completed before they can be widely applied in EVs, except for the
electric scroll compressor.
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Figure 4. Main element technologies of the electric compressor [48].

In addition to compressors, heat exchangers also have research highlights. Cummings et al. [56]
performed a comprehensive review of testing of AC heat exchangers in vehicles. They evaluated the
actual performance of condensers and evaporators of AC systems through wind tunnel testing and
road tests. Huang et al. [57] investigated the frosting characteristics of an air-source heat pump by
varying the fin type of the outdoor heat exchanger. Under frosting conditions, the decreasing orders
of both the average and the maximum values of the heating capacity, COP and input power were
flat, wavy and wavy/slit fins. The average values of heating capacity, COP and input power for the
wavy/slit fins, compared with the flat fins, were decreased by 14.57%, 8.26% and 7.11%, respectively.
This conclusion provides a basis for selecting the fin type for outdoor heat exchangers. AC systems
with micro-channel heat exchangers were proposed in [58-60]. The representative micro-channel
evaporator is shown in Figure 5 [60].
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Figure 5. Schematic diagram of the microchannel evaporator: (a) Front view (left) and side view (right)
of the microchannel evaporator; (b) Louver fin used in the microchannel evaporator; (c¢) Microchannel
tube [60].
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Compared with the use of fin-tube heat exchangers, the cooling and heating efficiencies of heat
pump AC systems were increased by at least 20% with the use of micro-channel heat exchangers over
a constant heat transfer area [58]. Besides higher-efficiency, the micro-channel heat exchangers have
other advantages such as a neeed for less refrigerant charge, compactness and low cost. The heat
pump AC system (using micro-channel heat exchangers) was applied to EVs by Wu et al. [61]. They
concluded that the size of the indoor and outdoor heat exchangers decreased by 57.6% and 62.5%,
respectively, so the AC weight was effectively reduced, which contributed to an increase in the mileage
of the EV. At the same time, this system could cut the refrigerant charge by 26.5%, which reduced the
greenhouse effect. The disadvantages of this system were also presented in this paper. The AC system
frequently worked on the defrosting cycle in cold weather conditions, which immensely affected the
heating capacity and the heating performance coefficient. Denso developed an ejector integrated
evaporator, as shown in Figure 6, to reduce the power consumption of vehicle cabin AC systems [62].
The ejector system was introduced into the market May 2009. However, the noise and the temperature
distribution were two main challenges in developing an evaporator with integrated ejector.
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Figure 6. Ejector evaporator structure [62].

2.4. Innovative System Structure

Reforming the integral structure of the heat pump AC system for the EV is also a widely popular
approach. Wang et al. [63] adopted three heat exchangers instead of a four-way valve to achieve
cooling and heating for an EV cabin. They concluded that the heat pump AC system with three heat
exchangers had advantages in demisting and dehumidifying, but the capacity and COP of this system
were slightly lower than that of the heat pump AC system with a four-way valve. Suzuki et al. [47]
proposed a representative system structure of the AC system for EVs. The construction and mechanism
are shown in Figure 7.
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With the two heat exchangers in the interior unit, the system could not only provide cooling,
heating and demisting /dehumidifying, but also ensure safe driving when the operation mode was
switched from cooling to heating. Subsequently, Xie and Min et al. measured the performance of
this representative heat pump AC system [64,65]. In [66], an internal heat exchanger was installed in
an automobile AC system to improve system performance. In [67,68], a suction line heat exchanger
was added to a car AC system. The results showed that both the capacity and the COP could
be improved by up to 25%, while the compressor discharge temperatures were also increased.
Furthermore, Ahn et al. [69] compared the performance of the AC, heat pump and dual-evaporator
heat pump systems, which were all combined with a heater. The experimental results showed
that the dual-evaporator heat pump system as shown in Figure 8, had a superior performance
in the dehumidifying and heating operation compared with the other two systems. The specific
moisture extraction rate and COP of the dual-evaporator heat pump system were 53% and 62% higher,
respectively, than those of the heat pump system at the indoor air wet bulb temperature of 13 °C.
Moreover, the specific moisture extraction rate and COP of the heat pump system were 154% and
180% higher, respectively, than the AC system at the indoor air wet bulb temperature of 15 °C.
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Figure 8. Schematic diagram of the dual-evaporator heat pump system for electric vehicles [69].
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A dual-loop cooling and heating system for automotive applications was designed and
fabricated [70,71]. The structure and flow diagram of the dual-loop system in cooling mode are
shown in Figure 9 [70]. In addition to the main refrigeration loop, the system had two separate
secondary fluid loops using a 50% glycol-water mixture to exchange energy with the refrigeration
loop. The experimental results showed that the COP of this system varied from 0.9 to 1.8 in cooling
mode, while for the heating mode it varied from 2 to 5, depending on the outdoor air conditions.
A heat pump cycle with an economizer and a modified reciprocating was introduced [72]. For mobile
application, the heat pump with Voorhees economizer demonstrated better performance compared
to the conventional heat pump without economizer when the evaporating temperature is lower
than —20 °C. It could increase the capacity at low ambient temperatures of more than two times.
Wang [73] took the two-stage cycle technology and applied it in a rail vehicle AC. Li et al. [74,75]
presented a low temperature heat pump AC system for fully EVs based on the two-stage compression
refrigeration cycle as shown in Figure 10. They studied the characteristics of this system by simulation
and experimentation. The results revealed that, when the environment temperature was —20 °C,
the system could still run normally with a COP of 1.5. At the same time, it also possessed good
performance under standard cooling and heating condition [75]. That is to say, this system could
steadily and efficiently extend its operating range.
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The improvement of defrosting method in addition to using the two-stage cycle technology to
increase the heating performance, was another research hotspot. As described in [76,77], defrosting
the heat supply and energy consumption adversely impacted the heating performance. To decrease
this influence, Qu et al. [78] reported two control strategies for the electronic expansion valve. They
investigated the two control strategies effects on reverse-cycle defrosting performance of an air source
heat pump. Zhang et al. [79] compared the three defrosting methods, i.e., reverse cycle defrosting, hot
gas bypass defrosting and phase change thermal energy storage defrosting. The experimental results
indicated that the defrosting method, which used phase change thermal energy storage, could shorten
defrosting time and reduce energy consumption [80].

3. Multiple Source Heat Pump AC Systems

The single source heat pump AC system can be qualified to heat and cool for EVs in most weather
conditions by the abovementioned methods. However the heating capacity and heating COP drop
sharply with decreasing outdoor temperature. The heating capacity is insufficient in extremely cold
weather. To solve these problems, many authors have proposed multiple source heat pump systems.

3.1. Additional Waste Heat Source

Waste heat discharged from electric devices, such as motors, batteries and inverters of fully EVs,
is available. However, it is greatly insufficient for heating the cabin directly. To maximize the use
of the waste heat, an integrated climate control system was developed by Groupe Enerstat Inc. [81].
The test results showed that the use of a dual source heat pump, which uses both air and waste heat,
was one of the best methods for EVs. Promme [82] proposed a reversible heat pump system with an
additional heat source which could utilize the waste heat of the battery, driven electric motor and
electronic control unit. Ahn and Woo [83,84] investigated a dual source heat pump (using both air and
waste heat) in EVs, which is shown in Figure 11.
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They compared the heating performance of the dual source heat pump in various operation modes:
air source-only, waste heat-only and dual heat sources. The experimental results indicated that the
heating capacity and COP in the dual source heat pump were increased by 20.9% and 8.6%, respectively,
compared to those of the air source-only heat pump system, while it became very close to the waste
heat-only mode at low outdoor temperature. Cho et al. [85] measured the heating performance of a
coolant source heat pump, which used waste heat from electric devices on an electric bus. As shown
in Figure 12, the test setup was composed of a refrigerant loop, an air circulation loop, and a coolant
loop. Both an evaporator and a condenser, with plate heat exchangers, were installed for the purpose
of exchanging heat between the refrigerant and the coolant source using the waste heat from the
electric devices. The same heat transfer mechanism was adopted in [86,87]. Besides of the feasibility of
integrating a heat pump into the AC system of the EV, both cooling and heating performances under
various experimental conditions, including variations in outdoor and indoor temperatures, the water
flow rate for the condenser and the evaporator sides, were investigated [86]. The system was also
optimized by varying the refrigerant charge and the compressor frequency as well as using a control
algorithm for operational energy management. The proposed heat pump AC system could meet target
power capacities which had been set as 28 kW of cooling and 26 kW of heating with COPs of more than
1.6 for cooling and 2.6 for heating, which were required for system energy efficiency and customer
comfort [87]. The target energy consumption by cooling and heating had been met at less than 20%
and 25% of the total electrical energy consumption of the electric bus, respectively. Zou et al. [88] also
presented a heat pump AC system coupled with the battery cooling system. The authors declared that
the battery dissipation heat was not only a useful heat source for the heat pump AC system, especially
at low outdoor temperature, but also an additional cooling load since the ambient temperature was
too high to dissipate the battery heat to the ambient air directly.
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Figure 12. Heat transfer mechanism of the heat pump system using waste heat from electric devices [85].
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Kim and Lee focused on heating performance enhancement of the CO, heat pump system using
waste heat from the stacks in fuel cell EVs [89,90]. In [89], a heater core that used stack coolant was
placed upstream of a cabin heater to preheat incoming air into the cabin heater. The performance of
this heat pump system with heater core was compared with that of a conventional heating system with
heater core and that of a heat pump system without heater core. The heating capacity of the heat pump
system with heater core, which used recovered heat from the stack coolant, was improved by 100%
over the heat pump system without heater core and by 70% over the conventional heating system
with heater core. Furthermore, the coolant to the air heat pump system with heater core showed a
significantly better performance than the air to air heat pump system with heater core. Lee et al. [90]
concluded that when the waste heat from the stack coolant was used as the evaporating heat source,
the heat pump using R744 could provide sufficient heating capacity and heating COP under cold
weather conditions.

3.2. Supplemental External Heat Source

In addition to the waste heat discharged from interior electric devices in EVs, as an assisted heat
source, there are other heat pump combined systems with external heat. Solar-assisted heat pump AC
systems are one interesting option for EV climate control systems since solar cells can not only provide
a heat insulating layer, but also recharge the battery. This concept was also applied to motor train
units by Yin [91]. In [92], a solar controller and an AC controller were designed. The solar controller
managed the battery fatures, such as charging and over-discharging protection, and communicated
with the vehicle control system. The experimental results showed that the solar-assisted heat pump
AC system could operate stably in the heating mode as well as in the cooling mode. In [93], solar cells
covered the roof of a compact car, and could generate about 225 W of power. The solar-assisted heat
pump AC system could improve the refrigerating capacity by about 8%, which significantly reduced
the peak cooling load and the driving mileage losses of the EV. Zhao [94] declared that two hours of
generating electricity capacity by a solar panel could keep the solar-assisted system running for half
an hour.

In [95], a heat pump system with integrated thermoelectric modules was proposed. The authors
discussed the application of this technique to provide supplemental heating for EVs. At an ambient
temperature of —17.8 °C, the integrated automotive AC system could achieve an additional 2 kW of
heating capacity with almost the same COP compared to the heat pump system without thermoelectric
modules. The test results showed that this integrated system could increase the heating capacity in an
energy-efficient way, especially for cold climate operation.

The PTC heater is another additional heat source. Kim et al. [96] investigated a combined system
consisting of a heat pump and a PTC heater as a heating unit in EVs. Compared to the standard of
the PTC heater at an indoor temperature of 20 °C, the heating capacity was increased by 59% for the
combined system, and the COP was increased by 100% for the heat pump system. The conclusions
showed that the heat pump cycle should be always operated for better efficiency, and the PTC heater
should be controlled for better performance. Therefore the PTC heater and heat pump combined
system is an optional AC system for EVs, especially in extremely cold weather conditions.

4. Conclusions

The heat pump AC system seems to be the most reasonable solution to control the climate of EVs,
although there are currently many other solutions used in EVs. In this paper, an extensive literature
review has been performed on the progress of heat pump AC systems for the EV.

Not only single air source heat pump systems, which have been widely considered by many
researchers, have been comprehensively analyzed, but also multiple source heat pump systems have
been included. In single air source heat pump AC systems, many advanced technologies and strategies
were described, such as alternative refrigerants, the inverter technology, novel components, as well as
innovative system structures. These advanced technologies can improve the AC system efficiency and
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vehicle mileage as verified in the cited reports. Furthermore, the multiple source heat pump system is
also a useful method to enhance the cooling/heating capacity and the COP of the AC system in EV,
especially in cold weather conditions. The heat sources include air, waste heat, solar heat, water and
so on.

Considering the tremendous development in the heat pump AC system field, it is worthwhile to
be mindful that there is no one single technology that can obtain ideal results to control the climate in
an EV all year round. A combination of several of these technologies is still necessary more often than
not. Although some of the innovative technologies described in this paper are still part of on-going
research, we believe the real practical application in EVs is imminent. The integrated heat pump AC
system based on the two-stage CO; cycle, which is equipped with a variable capacity compressor and
uses the waste heat from electric devices as an additional heat source, should be considered for EVs in
the coming research.
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