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 
Abstract—The technical maturity and rapidly increasing market 
share of electrified vehicles have given more importance to the 
cabin thermal management. Efficient thermal management has a 
key role to maintain adequate electric operating range, protect 
components from aging and ensure passenger comfort. This 
research comprehensively reviews the cabin thermal management 
systems for electrified vehicles. Various vehicle cabin thermal 
modeling techniques and the key concepts for cabin thermal 
comfort have been discussed. Different technical and operational 
solutions of the cabin thermal management in hot and cold climate 
conditions are evaluated. The recent developments including heat 
pumps, thermal system control, passive thermal management, and 
cabin preconditioning to increase thermal management efficiency 
are analyzed. The results show that increasing amount of research 
is focusing on improving the thermal efficiency of the individual 
electrical components and the vehicle level systems. However, new 
solutions will be required for reducing the cabin thermal load 
under hot conditions and improving the heating system 
operational flexibility and efficiency in cold climates. 
 
Index Terms—Thermal management; vehicle cabin; cabin 
heating; cabin cooling; thermal comfort; electrified vehicles  

I. INTRODUCTION 

LECTRIFICATION of passenger vehicles is considered an 
effective way of increasing energy efficiency and reduce 
emissions in transportation [1, 2]. Consumer acceptance, 

cost reductions and key technology development have made 
PHEVs (plug-in hybrid vehicles) and BEVs (battery electric 
vehicles) more popular every year [3]. In electrified vehicles, 
thermal system management has a major role to protect 
electrical components and thus ensure a reliable vehicle 
operation [4]. Yet, ICE (internal combustion engine) powered 
vehicles have the major share of vehicle market, and it is 
estimated that liquid fossil fuels will still be used to power 
passenger cars for many decades [5]. Thermal management is 
also an important method to increase the fuel economy of the 
conventional vehicles by introducing new technologies such as 
waste heat recovery or phase change materials [6], [7]. The 
cabin thermal management in ICE powered vehicles is heavily 
dependent on the engine operation. A typical engine generates 
waste heat that is used to heat the cabin in cold conditions. Over 
the years, the size of the passenger vehicle engines have been 
decreasing and their thermal efficiency have been increasing so 
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that less excess heat is available. Therefore, a small electric 
heater is nowadays used especially with small engines to ensure 
passenger comfort in cold conditions [8]. Thermal management 
in conventional vehicles can often be challenging to optimize 
due to the mechanical link from the engine to the auxiliary 
components. On the other hand, it is more challenging for 
electrified vehicles to meet cabin thermal requirements. Electric 
drive systems have high energy efficiency and generate limited 
amount of waste heat hence, additional electrical heaters are 
needed. When electric heater or air conditioning is running due 
to cold or hot ambient conditions, the drive range is impacted 
by the limited electric energy stored onboard [9]. Therefore, 
improved thermal management is greatly demanded for 
advanced electrified vehicles. 

Different concepts to improve cabin thermal management in 
electrified vehicles have been presented in literature. Electrical 
heaters offer a cost effective solution and have been widely used 
in all types of vehicles. These are usually PTC (positive 
temperature coefficient) heaters that are used for the cabin 
heating [10], and for battery heating in electric vehicles [11]. 
The PTC heater is typically mounted inside the HVAC 
(Heating, Ventilation, and Air Conditioning) system after the 
heat exchanger [12].  Recently, heat pump systems have been 
introduced because they can reduce significantly the HVAC 
energy consumption in mildly cold conditions [9], [13]. An 
automotive heat pump is typically designed based on the 
traditional air conditioning system [14]. Traditional heat pumps 
are typically effective in mild ambient conditions because the 
coefficient of performance (COP) will typically drop in 
conditions colder than -15 ºC. Nonetheless, recent 
developments have shown that heat pumps can be useful even 
in colder than -30 ºC [15]. 

Vehicle cabin thermal management is obviously closely 
connected to the powertrain thermal systems for benefiting any 
possible excess heat energy and optimizing the vehicle thermal 
management. The battery system in electrified vehicles is 
typically operating at the same temperature scale that is desired 
for cabin conditioning. Therefore, the vehicle thermal 
management consist of integrated subsystems, which are 
closely connected to each other. This research does not focus 
on the battery related thermal management because we have 
previously published an article focusing on the powertrain 
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thermal management of electrified vehicles [16] and recent 
literature provides detail studies focusing on the battery thermal 
systems. 

This research presents an overview of the existing thermal 
management systems for vehicle cabins and a review of the 
recent trends for increasing efficiency of cabin thermal systems 
in electrified passenger vehicles. The research focus is on 
electrified vehicles including battery electric, hybrid, and plug-
in hybrid vehicles. First, the system modeling for cabin thermal 
management is presented following the illustration of the key 
concepts of the thermal comfort in vehicles. The underlying 
factors influencing passenger thermal comfort are reviewed and 
the principles for passenger thermal comfort are evaluated. 
Then, the air conditioning and cabin heating systems are 
comprehensively evaluated and different methods analyzed for 
improving thermal efficiency and cabin pre-conditioning. The 
recent developments in cabin thermal management are 
illustrated focusing on heat pumps, thermal energy storages, 
system control, and passive thermal management. Finally, the 
conclusion with future projections are presented. 

II. VEHICLE CABIN THERMAL MODELING 

A. Modeling and Simulation Tools 

CFD simulation tools are often applied for vehicle cabin 
modeling and simulation to design automotive HVAC systems. 
Due to the complexity of heat transfer and thermodynamics 
modeling, high fidelity models usually require high 
computational effort. Depending on the simulation target, 
different levels of fidelity of sub-models are often used also 
with co-simulation methods [17]. In those cases, purpose-built 
or predefined models offered by commercial simulation 
software can be considered useful for increasing simulation 
speed but still getting reliable results. Fig. 1 shows the main 
heat loads that are usually taken into account in the modelling 
of a vehicle cabin thermal balance. Some multi-physics 
simulation software provides specific system models to 
investigate heat transfer and thermal balance of the vehicle 
cabin. For instance, LMS AMESim has specific libraries for 
physical models for complicated components, such as heat 

 
Fig. 1. Cabin external thermal loads. 
 
thermal-hydraulics and two-phase flows that allows building 
exchangers, and for complex systems e.g. air conditioning or 
heat pump [9]. The characteristics of the LMS AMESim 
predefined cabin thermal model were explained by Broglia et 
al. [18]. Different simulation software have been applied in the 
system modeling of vehicle cabin thermal balance: MATLAB 
SimDriveline [19], AMESim [9], [18], Modelica [20], 
MATLAB/Simulink [21]. More often nowadays vehicle 
models are developed in numerical simulation platforms such 
as MATLAB. They offer a practical and flexible environment 
for fast calculations and tools for the integration with other 
modeling software [22]. The cabin model in AMESim software 
is presented in Fig. 2. It consist of elements that describe the 
thermodynamic properties of the main components. The heat 
transfer is calculated between the cabin components (the 
windshield, side windows, rear window, side panels and roof) 
and surrounding environment. Five different material options 
are predefined for the components including glass, plastic, 
metal, foam and fabric. 

B. Simulation Studies 

The overall distribution of temperature was predicted by a 
coarse 3-D model, which was based on a simplified cabin 
geometry. The model was also used to simulate operation of air 
conditioning under transient hot-soak and cool-down of a cabin. 
[23]. A CFD simulation model of an SUV cabin was developed 

 

 
Fig. 2. Cabin thermal balance model in AMESim software. 
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by Ghosh et al. [24] for the characterization of the interior 
thermal environment and for evaluating the fluid-thermal 
environment in accurate manner around the occupants. The 
presented research focused on HVAC system using a spot 
cooling and it was analytically found that under ideal conditions 
of nozzle locations and airflow delivery, it was possible to 
achieve the same conditions with 30-50% lower airflow per 
person [24]. 

Coupling of 3D airflow simulation and 1D fluid node 
networks was applied for heat transfer of vehicle cabin in [25]. 
Based on the research results, the method enables simulating 
long process of cabin heat up and cool down as well as resolving 
temperature differences inside the cabin. A lumped parameter 
vehicle cabin model based on heat balance was developed by 
Fayazbakhsh and Bahrami [26]. According to the simulations 
in various driving cycles, solar radiation and ventilation have 
important influence on the variation of cabin temperature 
whereas some loads such as the engine block, engine exhaust 
system, and reflected radiation can be often considered 
unimportant. Similar conclusions were made by Torregrosa-
Jaime et al. [27] as they developed and validated a thermal 
model with lumped-parameters for a passenger compartment. 
They also found out that a decrease the glazing transmissivity 
by 0.2 could lead a reduction of cooling capacity by 3.3%. In 
another study, the dynamic thermal behavior of a cabin 
conditions was investigated by a transient thermal model [28]. 
The model was used for the investigation of using saturation 
cycle instead of vapor compression cycle in the A/C system. 
The saturation cycle showed almost 24% higher efficiency and 
could reduce the power consumption by 19.3%. The 
characteristics of heat transfer in a vehicle cabin under non-
isothermal conditions were investigated with a scale model 
when using air conditioning [29]. The same model was also 
used for determination of the temperature field inside the cabin 
in order to develop HVAC control [30]. Nielsen et al. recently 
developed a detailed simulation model for the vehicle interior 
climate for predicting the total energy use [31]. The research 
results showed that the model worked in various conditions and 
had good accuracy. 

The studied literature shows that modeling and simulation 
are powerful tools for the development of thermal systems and 
the evaluation of system efficiencies. These tools are providing 
versatile methods of simulation and they are going to be needed 
in the development of optimal designs, and especially when 
taking into account the vehicle driving cycle and operating 
routes. The resulting thermal and energy efficiency of 
electrified vehicles is often dependent on the vehicle use 
patterns and charging schedule.  

III. THERMAL COMFORT 

A. Background 

The importance of driver and passenger thermal comfort has 
been increasing alongside with the development of 
infotainment systems and more time spent in driving. Cabin 
thermal comfort has an important influence on driver’s 
concentration and alertness [32]. Many different factors impact 

on thermal comfort, indoor air quality, and in general to human 
thermal sensation [33], [34]. In a typical passenger vehicle, 
thermal comfort is controlled by the cabin temperature, which 
tend to consume quite a lot of energy and this is a particular 
concern especially for electric vehicles [35]. The cabin climate 
can be controlled by the HVAC or climate system. After safety 
functions, such as defogging and de-icing the windshield and 
windows, the climate control system ensures the comfort of the 
driver and passengers. The comfortable temperature for humans 
is typically between 21 ºC and 27 ºC but higher temperatures 
can also be acceptable with lower humidity. Because warm air 
can hold more moisture than cold air, dehumidification is an 
important function of vehicle climate systems to increase 
thermal comfort in warm conditions. The American Society of 
Heating and Air-Conditioning Engineers (ASHAE) map of 
thermal comfort is often used to define the comfortable 
temperature set points [36]. A typical thermal condition target 
of vehicle cabin is between 23 ºC and 27 ºC with relative 
humidity of 50% [37]. Because humans are relatively sensitive 
to heat, or the lack of it, in addition to thermal comfort based on 
temperature, the physiological thermal sensation can be 
considered equally important. This is even more important in 
vehicles because the cabin climate typically changes 
considerable in space and time, while ventilation generates non-
uniform air velocity and temperature distribution [38]. Another 
challenge is the fact that people have different physiological 
and psychological sensations on thermal comfort [39]. In 
summary, several factors influence on thermal comfort in 
vehicles as described in Fig. 3. [40]. 

Specific thermal comfort indices have been developed and 
proposed over the years. The most well-known indices are the 
predicted mean vote (PMV) and the associated predicted 
percentage of dissatisfied (PPD) introduced by Fanger more 
than three decades ago [41]. The dependence of PMV and PPD 
is presented in Fig. 4. Since PMV is developed for homogenous 
conditions, it is difficult to get accurate predictions for cabin 
thermal comfort because of the non-homogenous conditions 
[42]. Nowadays there are different standards that propose 
methods to evaluate and analyze thermal comfort in the vehicle 
cabin environment, for instance, EN ISO 14505 [43] and the 
American ASHRAE - 55 [44]. 

 

 
Fig. 3. Typically used factors for determining thermal comfort in vehicles 

(Data from [40]). 
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Fig. 4. The dependence between PPD persons and the predicted mean vote 
(Data from [42]). 

 

B. Developments in Thermal Comfort 

New evaluation method has been proposed to predict local 
thermal sensations and whole-body thermal comfort by using 
human thermoregulation model [34]. The method includes 
quantitative evaluations of thermal sensation and comfort based 
on the local standard new effective temperature (SET) [45]. In 
addition to the frequently used PMV and PPD thermal comfort 
indices, DTS (dynamic thermal sensation) and TS (thermal 
sensation) are also useful especially when evaluating human 
thermal comfort by a manikin model [38], [46]. A comfort 
driven cabin HVAC system was investigated in a recent study 
by measuring temperatures in several locations in close 
proximity to passenger [47]. This detailed temperature 
information was used for investigating personalized and 
comfort driven HVAC control. Thermal comfort is an outcome 
of subjective perception and heat transfer alone is insufficient 
for describing thermal comfort in a vehicle cabin. 

Different types of simulation models have been developed to 
investigate and evaluate the human thermal comfort in vehicle 
cabins. These models often include some type of CFD model 
for the cabin that is verified by experimental measurements. 
Jeffers et al. developed a human physiology model for 
evaluating the influence on occupant thermal comfort [48]. The 
model included a virtual manikin, which enabled human 
thermal comfort analysis using the human physiology model. A 
thermal/physical model was also used for the simulation of 
thermal interactions between driver and seats [49]. Thermal 
comfort was analyzed based on the heat transfer between the 
human body and cabin environment, while body temperature 
was calculated by using Fanger’s empirical correlation by 
averaging local thermal sensation. The research concluded that 
heated seats provided fast thermal comfort in cold conditions 
and ventilated seats also increased comfort. Because seats are 
in direct contact to passenger, they have an important role to 
improve thermal comfort in vehicle cabins. Thermal comfort 
can be improved by e.g. choosing seat cover materials that have 
low resistance to the passage of perspiration, using ventilated 
seats, and using seat heating [32]. The advantage of seat thermal 
management is the ability to provide fast thermal comfort for 
passengers despite of the initial conditions. 

Passenger thermal comfort was predicted by using the body’s 
energy balance based on manikin model in [38]. The influences 
of different ambient parameters and conditions were evaluated 
and the research results strongly indicated that accurate 
predictions of temperature distributions in the cabin were 
crucial to the success of numerical simulations. Similar study 
was presented by Chen et al. [50] as they predicted thermal 
sensation and comfort of occupants in crossover vehicle by a 
virtual thermal comfort engineering (VTCE) tool. Alahmer et 
al. presented an approach to analyze cabin thermal comfort 
based on thermography and discrete thermocouple network 
[51]. The research also included an analysis of relative humidity 
impact on thermal comfort during cooling and heating 
processes. Furthermore, the HVAC system also controls the 
cabin air quality, which has an important impact on the 
passenger comfort in general. Thermal efficiency of cooling 
and heating can be improved by the recirculation of the cabin 
air whereas fresh air is used for maintaining adequate air 
quality. CO2 concentration is one important measure of cabin 
air quality and it is recommended not to exceed 1200 ppm [36], 
[52]. CO2 concentration is also dependent on vehicle speed and 
number of occupants. In a recent study, a prediction equation 
model was developed to evaluate CO2 concentrations [33]. The 
ventilation mode and mass flow were major factors influencing 
CO2 concentration in vehicle cabins. 

Over the years, thermal comfort have been steadily 
increasing in passenger vehicles due to the modern HVAC and 
control systems. Because people are spending more time in 
driving or in traffic, they need to have thermally comfortable 
traveling space. As vehicles are getting larger, conditioning the 
entire cabin to a comfortable temperature and humidity requires 
more energy, which is not desirable. Therefore, local solutions 
such as seat specific technologies and zonal conditioning are 
considered as effective solutions to be further developed. 

IV. AIR CONDITIONING 

A. System Overview  

Cooling of a vehicle cabin is done by an air conditioning 
(A/C) system, which uses a refrigerant in the vapor 
compression cycle (VCC) to extract heat from the cabin 
ventilation air. There are two basic types for air conditioning 
systems: 1) Expansion valve type with a receiver-drier, and 2) 
Orifice tube system with an accumulator. An expansion valve 
type A/C system includes a compressor, condenser with a fan, 
drier/receiver, expansion valve, and evaporator as illustrated in 
Fig. 5. The other basic system have an orifice tube instead of an 
expansive valve. This system does not have a drier/receiver but 
an accumulator prior to the compressor. The remaining liquid 
after evaporator is boiled back to vapor.  

In recent years, internal heat exchanger (IHX) type 
compression cycles have become more common to increase 
A/C efficiency. An internal energy recovery is done when at the 
evaporator outlet the low temperature gas cools down the liquid 
refrigerant coming from the outlet of the condenser [53]. 
Another system solution is the dual or secondary loop solution 
that reduces the refrigerant quantity and the dimension of the 
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Fig. 5. Two basic types of air conditioning systems. 

 
A/C refrigerant loop [54]. This solution can also diminish the 
required space at the front of the vehicle and improve the 
security with the new refrigerant usage such as HFO-1234yf. 
The cabin air ventilation and dehumidification can be managed 
with an air cooler by using a secondary loop that uses the A/C 
refrigerant for the water refrigeration [55]. Cabin air-cooling is 
sometimes used to cool passively the traction battery in warm 
ambient conditions. This was typical applied in early HEV and 
BEV battery packs main reason being the cost, mass, and space 
[56]. In conventional vehicles, the ICE powers directly the A/C 
compressor. In electric vehicles, the compressor is powered by 
an electric motor whereas in hybrid vehicles, the compressor 
can be operated either by the belt from the engine or by an 
integrated electric motor. Many types of compressors are 
available while the most common compressor types in 
automotive applications are reciprocating piston, rotary scroll 
and vane type compressors. 

Air dehumidification is a necessary process in cabin cooling. 
In this process, the air is first cooled down to the dew point and 
continued cooled until the desired humidity is reached. Because 
dehumidification requires energy, different solutions have been 
developed for reducing energy consumption. One solution is to 
use a desiccant cycle where the air dehumidification is done 
without the need to be cooled below the dew point [57]. 

B. Refrigerants  

Regarding refrigerants, different types can be used in the 
vapor compression cycle [58]. The most common refrigerant is 
HFC-134a. However, refrigerants such as HFO-1234yf and 
R744 (CO2) are tested and considered for automotive use in 
order to reduce environmental impacts. The currently used 
halogenated refrigerants have excellent thermodynamic and 
chemical properties, whereas disadvantages associated with 
hydrocarbons are their possible flammability and other safety 
concerns [59]. HFO-1234yf was recently studied as drop-in 
replacement for HFC-134a and many of the car manufacturers 
have chosen the refrigerant HFO-1234yf in order to replace the 
HFC-134a, which has much higher Global Warming Potential 
(GWP) [60]. Research results showed that the heat transfer 
coefficient in the refrigerant side to be 18-21% lower for the 
HFO-1234yf. The experimental measurements also indicated a 
slightly lower performance in terms of cooling capacity and 
COP (Coefficient of Performance). However, the compressor 
pressure ratio and discharge temperature were lower which 
could extend compressor life. Changing the refrigerant e.g. to 
R744 requires a new system design and different types of 
components [61]. In European Union, starting from January 1st 

2017, no EC (European Community) or national-type approval 
has been granted for vehicles having an air conditioning system 
which refrigerant contains fluorinated greenhouse gases and a 
GWP value higher than 150 [62]. The thermodynamic and 
chemical properties of automotive refrigerants are presented in 
Table 1. 

C. Energy Efficiency 

Since air conditioning can increase fuel consumption more 
than 35% in conventional vehicles [50] and the operating range 
of electric vehicles can be reduced more than 50% in hot 
ambient conditions [63], it is important to increase the system 
energy efficiency. Three main methods have been recognized: 
1) optimize system efficiency, 2) advanced window glazing, 
and 3) local cooling strategies [50]. The improvement of A/C 
system efficiency and alternative refrigerants have been the 
focus area in recent research. Khayyam et al. focused on the 
energy management system of the air conditioning in 
conventional vehicles to minimize fuel consumption. Under 
various conditions, they decided to dynamically adjust the cabin 
blower speed and control the air nozzles opening [64], [65]. The 
simulation results indicated 14% increase in system efficiency 
when proper management of the opening and closing of the 
fresh air and air recirculation gates was found [65]. In another 
study by Khayyam [66], an adaptive intelligent and predictive 
control was developed based on fuzzy logic and neural network 
for better air quality and energy efficiency. The look-ahead 
control strategy used a prediction of road power demands and 
simulations showed around 1% reduction of energy 
consumption. 

D. Alternative Cooling Systems 

Alternative cooling systems were studied by Javani et al. 
namely steam ejector and absorption systems that can be used 
for waste heat recovery [67]. The study focused on the cabin 
cooling of electric vehicles and HEVs by using both exergy and 
energy analyses for ejector and absorption refrigeration cycles. 
The research results showed that a sufficient cooling load could 
not be produced in the evaporator by using the waste heat that 
was recovered from the battery pack during the electric driving 
mode. Alternatively, the heat from the exhaust gases of engine 
in HEVs could generate over 7 kW cooling capacity. 

 

TABLE 1: COMPARISON OF DIFFERENT AUTOMOTIVE REFRIGERANTS (DATA 

FROM [68], [69]) 
 

Refrigerant R134a R1234yf R152a R744 
Ozone Depletion Potential 0 0 0 0 
Global Warming Potential 1,430 4 140 1 
Molar mass (kg/kmol) 102.3 114 66.1 44.0 
Normal Boiling Point (°C) -26.1 -30.0 -24.0 -78.0 
Critical temperature (°C) 101.1 94.7 113.3 31.0 
Critical pressure (kPa) 4,059 3,382 4,520 7,380 
Vapor specific heat @ 5°C 
(kJ/kg-K) 

0.921 0.949 1.187 0.850 

Latent Heat @ 5°C (kJ/kg) 194.7 160.7 301.4 234.5 
Liquid density @ 50°C 
(kg/m3) 

1,102 989.9 830.5 762 

Vapor density @ 10°C 
(kg/m3) 

17.2 20.8 9.9 1.833 

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at  http://dx.doi.org/10.1109/TVT.2020.2988468

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



VT-2019-00962 6

In a recent study, a phase change material (PCM) cold 
storage heat exchanger was developed into the evaporator of the 
A/C system [70]. This type of cold storage is an effective 
solution especially for the stop-and-go-type of hybrid vehicles 
to provide cabin cooling during engine standby. The key 
parameters for a cold storage are refrigerant circuit 
configuration, and fin height density. These parameters can be 
modified for an optimal design. However, the research results 
demonstrated that the volume rate of the incoming air and air 
temperature had an important effect on the system performance 
of the cold storage [70]. 

Vehicle simulations aided by advanced thermal manikin 
measurement were used for evaluating zonal cooling 
configuration, which resulted in range improvements of the 
electric vehicle between 6% and 15% depending on the driving 
cycle [63]. The range could be further increased by 
incorporating the zonal cooling and thermal load reduction 
strategies to form a combined cooling configuration. On the 
other hand, solar irradiance may have a significant effect on the 
cabin temperature in hot climates [71], [72]. The heating effect 
of solar irradiance can be reduced by different window material 
and technologies such as solar protection film [73], [74]. An 
outdoor thermal soak test was carried out to determine the 
reduction in temperatures by using solar control PVB 
(polyvinyl butyral) windshield [75]. The analysis concluded 
that around 4% reduction in air conditioning power capacity 
could be achieved and EV range increased from 0.7% to 1.5% 
depending on the driving cycle. The glass glazing typically has 
a constant transmissivity although better solution would be to 
have variable transmissivity being higher in cold weather and 
lower in hot weather conditions by using for example 
photovoltachromic or electrochromic glazing technologies. In 
general, reducing the cabin heat load coming from the solar 
radiation would be an efficient way of reducing the required 
cooling capacity for the cabin. 

V. CABIN HEATING 

A. System Overview 

In cold ambient temperatures, the vehicle cabin needs to be 
heated to ensure passenger comfort. Based on a validated 
simulation model, the cabin heating may reduce the driving 
range of an electric vehicle up to 50% in cold climatic 
conditions [76]. A cabin heating and ventilation system is also 
important for defrosting and defogging the windshield to insure 
operating safety with adequate visibility [77], [78]. In 
conventional vehicles, the ICE typically produces enough waste 
heat, which can be extracted from the engine cooling circuit by 
a heat exchanger (heater core) to heat up the cabin. The modern 
diesel engines are energy efficient and produce less waste heat 
than before therefore additional electric heaters are used for 
faster engine warm-up and better passenger comfort [12]. 

In hybrid and electric vehicles, electric heaters have to be 
used because there is not enough waste heat available either 
from the engine or from the powertrain. PTC heaters are usually 
used as the electric heaters in vehicle applications. Low voltage 
electric heaters have heating capacity up to 1 kW, which is 

usually enough for auxiliary heaters used with engines. In 
hybrid and electric vehicles, high voltage heaters with much 
higher heating capacity is required, typically between 5 and 7 
kW [10]. An electric heater can be integrated into the cooling 
system to heat the coolant medium while the cabin heat is 
extracted from a heat exchanger. Alternatively, cabin PTC 
heater can be installed directly into the cabin ventilation tunnel 
though it is not a popular approach because of the high voltage. 
Typical characteristics for PTC heaters include thermal self-
regulation, energy efficiency, high safety standard (no glowing 
parts), rapid thermal response time, wide temperature range, 
long service life, and compact design [79]. The self-regulation 
resistance of PTC heaters have been seen as an enhanced and 
important safety feature. The cabin heating demand for a 
midsize electric vehicle was investigated in a recent study by a 
simulation model with a dedicated cabin thermal model [9]. The 
average heat flows from the cabin to the ambient environment 
were calculated for different cabin elements in different 
operating temperatures as shown in Fig. 6. The simulation 
results show that the heat flow through the sides, thus the doors, 
is rapidly increasing in cold and hot temperatures. 

Cabin heating is a major challenge especially for battery 
electric vehicles because heating with battery energy can reduce 
significantly the operating range [9]. According to Kambly and 
Bradley, the cabin heating is considered as a technical 
bottleneck for electric vehicles in the cold regions [37]. The 
maximum driving range of today’s midsize EV is about 250 to 
300 km and many studies demonstrate that the range decreases 
about 40-50% by the operation of the cabin electric heating  [9], 
[48]. The challenge is to improve the heating system efficiency 
and minimize the energy consumption, having only limited 
amount of heat available. 

B. Energy Efficiency 

Different solutions have been developed and introduced to 
improve the cabin heating efficiency [80]. In the literature, fuel 
cell systems [81] and fuel heaters [82], [83] have been proposed 
and investigated as heat sources in electric vehicles. Fuel 
heaters provide a very effective solution for the vehicle heating 
but the produced emissions are problematic to the otherwise 
zero emission vehicles [82], though it is possible to use more 
environmentally friendly fuels such as biodiesel [83]. 

 
 

 
Fig. 6. Simulated cabin heat flows for a midsize electric vehicle [9]. 
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Fuel heaters in electric vehicles would also require higher 
reliability than those in conventional vehicles due to the more 
frequent usage. In a recent study [84], an integrated heating 
system was modeled numerically for a cabin and battery to 
investigate heat transfer in an electric vehicle. The model 
consisted of a coolant heat exchanger, air heat exchanger, and 
fuel burner for combustion. 

In comparison, heat pumps have been considered as one of 
the most efficient cabin heating systems in hybrid and electric 
vehicles  [14], [58]. Heat pumps have been commonly used for 
residential and commercial buildings as heating devices 
because of their high energy efficiency [85]. Even though heat 
pump technology is a beneficial choice for heating in EVs, it 
still has limitations such as low efficiency under cold conditions  
[13], [86]. Typically, under -20 ºC, heat pumps are less efficient 
than electric heaters and cannot fulfill the cabin heating power 
requirement of typical passenger vehicles. Therefore, a system 
combining a heat pump and a PTC heater has been proposed for 
electric vehicles [9], [87]. Different methods of range extension 
in cold conditions for electric vehicles were reviewed by Zhang 
et al. [88]. They focused on the reduction of climate loads such 
as ventilation, ambient, and heating loads, and different heat 
pump systems. It was shown in the research that reducing 
ventilation loads and using a heat pump system are the most 
promising solution for increasing the vehicle range. 

Jeffers et al., studied zonal heating strategies by experimental 
evaluations and over a 20-minute warm-up period their results 
showed between 5.5% and 28.5% reduction for the energy 
consumption of cabin heating energy [48]. Another study on 
localized heating and cooling by Chen et al. indicated that 
HVAC energy consumption could be reduced by 37% [89]. 
Thermoelectric (TE) cooling and heating modules were used in 
this study for controlling the cabin thermal comfort. The local 
cooling and heating can adapt to the number of passengers 
easily while zonal control allows more flexibility. However, the 
system itself can be quite expensive and requires substantial 
amount of control development.  

The reuse of the excess recuperation energy for cabin heating 
was evaluated to increase overall energy efficiency of electric 
vehicles [90]. A 6 kW brake resistor was used which produced 
up to 12% reduction in total energy consumption. The highest 
benefit was obtained at 5-15 ºC because higher heating portion 
of the cabin could be covered. In another study, an active 
control strategy was introduced for regenerative braking taking 
into account the battery thermal response [91]. In plug-in hybrid 
vehicles, the vehicle system control can have important 
influence on cabin thermal management and total energy 
consumption. For instance, fuel saving potential was evaluated 
by optimizing PHEV system control and using engine waste 
heat for cabin heating [92]. 

A recent research summarized studies showing the influence 
of cabin thermal loads on driving range [88]. There are basically 
two ways to reduce the power consumption of cabin thermal 
management in EVs; 1) reduction of cooling and heating loads, 
and 2) improvement of the thermal system efficiency. Based on 
the analysis, it seems that the best benefits would be achieved 
with novel HVAC system structures and advanced controls 

rather than purely using advanced cabin materials or increasing 
thermal isolation. Furthermore, one key issue in improving the 
global efficiency of cabin heating is taking into account the 
increasing variability in winter weather meaning that the system 
should be able to adapt to local climate conditions. One solution 
could be the higher modularity of the HVAC and heating 
system allowing to choose suitable system configuration and 
control settings for given weather conditions. 

VI. CABIN PRECONDITIONING 

Cabin preconditioning can reduce substantially the energy 
required to ensure the cabin thermal comfort. In conventional 
vehicles, cabin preconditioning is usually done by an additional 
portable electric heater or by fuel-operated heaters. For 
rechargeable hybrid and electric vehicles, the charging system 
can provide power for the vehicle cooling and heating system 
to precondition the vehicle. Many research studies show that the 
benefit of the cabin preconditioning can be significant 
especially in cold climate conditions. Based on the simulations 
of two cycle test in the Environment Protection Agency (EPA) 
by Barnitt et al., the plug-in hybrid vehicle electric range could 
be increased by 19% and electric vehicle range by 4% by cabin 
preheating in -6.7 ºC ambient temperature [93]. Regional and 
temporal differences on operating range were investigated by 
Kambly and Bradley and they concluded that the 
preconditioning in warm conditions could increase the electric 
vehicle range by almost 10% [94]. It was also found that the 
benefits available from cabin preconditioning are strongly 
dependent on the time of day. An active battery thermal 
management with cabin preconditioning was found to improve 
the EV energy efficiency by 9% in 40 ºC and 8% in -10 ºC [95]. 
The cabin preconditioning was considered better than standby 
battery thermal management in order to lower the energy 
consumption during driving. The effects of cabin 
preconditioning time and ambient temperature on an electric 
Nissan Leaf were investigated by Nerling et al. [96]. At -6 ºC 
ambient temperature, a 20-minute preconditioning increased 
the range by 5% whereas 150-minute preconditioning could 
extend the range by 14%. 

Cabin preconditioning is also interesting when a vehicle is 
exposed to the sun that may increase radically the interior 
temperature. For decrease the cooling load and increase 
passenger comfort, different methods have been proposed for 
cooling down the cabin temperature before driving. Al-Zareer 
et al. proposed a portable system that has one-liter container of 
liquid compressed air [97]. The system is very simple and the 
liquid to vapor flashing lasts only five second, and after 55 
seconds, all the liquid air is vaporized. According to the 
research results, the one-liter container with 5.0 bar pressure 
was able to reduce temperature by 12.0 °C and 15.2 °C when 
the pressure was 9.0 bars. A research study by Pan et al. 
evaluated the benefits of a solar collector mechanism with 
supercapacitors and wireless power transfer to cool down the 
vehicle cabin [98]. The maximum efficiency of the wireless 
power transfer was little over 60% and maximum output power 
only about two watts. Two preconditioning approaches for an 
electric vehicle cabin were introduced based on a secondary 
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Fig. 7. Simulated cabin preconditioning with different HVAC system 
configurations [9]. 

 
loop water-to-water heat pump system in [99]. The first 
approach was a user triggered cabin preconditioning and the 
second approach was using monitored information of the driver 
movements to trigger correctly the preconditioning. 

Fig. 7 illustrates a simulated cabin preconditioning of an 
electric vehicle cabin with two thermal management systems in 
different ambient temperatures [9]. The thermal management 
configurations of the HVAC system are A) A/C and PTC heater 
of 5 kW, and B) Heat pump and PTC heater of 4 kW. The 
simulated results show that the heat pump provides much faster 
cabin preconditioning to 20 °C temperature. 

 

VII. STATE-OF-THE-ART TECHNOLOGIES FOR CABIN 

THERMAL MANAGEMENT 

A. Heat Pumps 

Due to the increase of electrified vehicles, more attentions 
have been directed to the development of automotive heat 
pumps. Several review studies have been published that 
describe the air conditioning and heat pump system including 
operation, configurations and performance characteristics [14], 
[58], [85]. The current heat pump systems in vehicles are using 
the vapor compression cycle (VCC) that can provide cabin 
cooling and heating. Often, a 4-way valve for reversing the 
refrigerant flow does the change between cooling and heating 
operation. Other heat pump technologies have been proposed 
for automotive use such as magnetocaloric heat pumps [100] 
and thermoelectric heat pumps based on Peltier-effect [101]. 
The vapor-compression systems in vehicles are reaching their 
maximum efficiency, which has directed the development 
towards using more innovative technologies that can further 
improve the performance of standard systems. This section 
concentrates on presenting research studies that introduce 
different technologies or methods for improving current 
performance of automotive heat pumps. 

Heat pump technology is considered as promising heating 
solution for electric vehicles. Research studies indicate that in 
mild conditions, ambient temperature higher than -10 ºC, the 
heating capacity of a heat pump using R134a refrigerant is high 
enough for passenger thermal comfort but in colder conditions 
an additional heater is required [102], [103]. Fig. 8 presents a 
heat pump operation for heating and cooling of the cabin. Feng 
and Hrnjak studied the performance of an air conditioning-heat 

 
Fig. 8. Heat pump operation: Cooling cycle on the left side and heating on the 
right side. 

 
pump system based on the platform of Nissan Leaf [13]. They 
evaluated the effects of indoor and outdoor airflow rates, 
compressor speed, and expansion valve opening on heating 
capacity. The experimental results showed that the heating 
capacity was insufficient at very low ambient conditions but by 
controlling sub-cooling with the expansion valve could reduce 
energy consumption by 10% with R134a refrigerant and even 
more with other type of refrigerants [13]. In addition, they 
found that the refrigerant charge amount was much larger in 
A/C operation than for heating operation. 

The heating performance of heat pumps can be improved by 
using waste heat from powertrain electrical components. Cho et 
al. demonstrated this when they evaluated the performance of a 
coolant-source heat pump in an electric bus [104]. A 
performance evaluation of a heat pump using R134a refrigerant 
in connection with a diesel engine was performed in [105]. In 
the experimental system, the heat pump used ambient air, 
engine coolant, and engine exhaust gas as heat sources. The 
results showed that the highest coefficient of performance 
(COP) was reached with engine coolant as heat source. The 
feasibility was investigated for a dual-source heat pump that 
used air and waste heat as heat sources. Performance 
measurements were carried out at various operating 
temperatures of the heat pump and in various modes including 
air source-only, waste heat-only and with both heat sources 
[106].  

Three different methods for cabin heating are presented in 
Fig. 9 [9]. Many of the first electric vehicle models have only 
an A/C system with a powerful PTC heater for cabin heating as 
illustrated in the first option (A) in Fig. 9. The option B is 
getting more common in many of the modern BEVs and plug-
in hybrid vehicles. Because of the heat pump, the size of the 
PTC heater can be significantly reduced. The option C includes 
the possibility to harvest waste heat typically from powertrain 
components. This technology is getting more and more 
attention as the harvesting methods are getting more efficient 
and cost effective. 

Heat pumps may suffer from a lower performance due to the 
frosting particularly when ambient temperature is low and 
humidity high. Therefore, the development of defrosting 
technologies is considered as a crucial for the application of 
heat pump systems in electrified vehicles. Zhou et al. carried 
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Fig. 9. Different configurations for cabin heating and cooling system. 

 
out a research study with an experimental heat pump system 
designed for low temperature operation having a defrost 
technology [107]. They found that the exterior heat exchanger 
got frost easily in cold and high humidity conditions and 
proposed a fast defrosting method based on an increased 
temperature and enhanced gas injection. The experimental 
results showed that at ambient temperature of -20 ºC and 
relative humidity of 80%, for fully defrosting an exterior heat 
exchanger could be controlled under 100 seconds [107]. Ahn et 
al. proposed a dehumidifying heat pump that uses a waste heat 
source for improving the system efficiency but not reducing the 
heating capacity typical to electric vehicles [108]. Ahn et al. 
also studied effective dehumidification by a heat pump with a 
dual-evaporator system in electric vehicles [109]. A research 
study by Steiner and Rieberer concluded that incorrectly chosen 
defrost starting time reduced the efficiency of the heat pump 
system significantly [110]. 

An anti-fogging air curtain concept with continuous 
operation for windshields was proposed in [111] in order to 
maximize the utilization of recirculated air in winter conditions. 
The study evaluated the performance of an air-source heat 
pump with different return air ratios by experimental tests at -
20 ºC. In the ambient temperatures from -5 ºC to -20 ºC, the 
research result showed 46-62% reduction in heating demand in 
comparison to using fresh air for cabin conditioning. The 
maximum ratio of return air was found to be 65-79%, which 
depends on ambient temperature and driving speed [111]. 

Li et al. evaluated the performance of a heat pump system 
with an air-cycle and integration to a blower, turbocharger and 
heat exchanger [112]. Based on the developed thermodynamic 
models, it was concluded that the heating performance was 
better when the heat pump was using an installation in which 
the blower and turbocharger were before the compressor in 
comparison a configuration where the blower would be before 
the turbine. The developed air-cycle with the turbocharger was 
compared to an electric heater system with a PTC in similar 
operating conditions and about 23% power savings was 
observed. It was also concluded that the temperature range for 
operation could be wider in cold conditions in comparison to 
the conventional heat pumps using vapor compression cycle 
[112]. 

Alternative refrigerants have been proposed and some are 
already implemented in automotive A/C systems and heat 
pumps, because of to the weak performance of R134a heat 
pumps at low operating temperatures. Two alternative 
refrigerants, R744 and R445A, were investigated because of 
their relatively low Global Warming Potential (GWP) and 
benefits over R134a in heat pump systems [15]. As these 
refrigerants are operated at higher system pressures, the heat 
pump performance is improved at low operating temperatures. 
The higher refrigerant densities at the compressor inlet is a part 
of the reason for the better performance. The research 
concluded that R445A had marginally lower performance in air 
conditioning operation compared to R134a but it was overall a 
good option for A/C-HP systems based on its overall 
performance. The R744 had much higher COP and heating 
capacity than R134a especially in low ambient temperatures.  

Heat pump technology using CO2 as refrigerant is an 
established technology for building thermal management [113]. 
The performance characteristics of a CO2 heat pump system in 
fuel cell vehicles were investigated by Kim et al. [114], [115]. 
Their research focused on improving the efficiency of a heat 
pump by recovering heat from the fuel cell stack exhaust with 
different heat exchanger arrangements. Steiner and Rieberer 
developed a transient model of a reversible heat pump system 
with CO2 refrigerant aiming at analyzing the influence of 
defrosting start time [110]. 

At very low ambient temperatures, the performance 
degradation of heat pump systems is practically unavoidable. 
Different solutions have been proposed among others is 
injecting vapor refrigerant that has been used as a solution to 
reduce the degradation in heat pump systems of residential 
buildings. This technology has also been proposed for electric 
vehicle applications. Kwon et al. investigated a heat pump 
system that was using an electric scroll compressor for the 
vapor injection [86]. Their research demonstrated that the heat 
pump performance was improved because of the higher 
workload of the compressor and increased heat recovery at the 
evaporator. Qin et al. showed that in an air-to-air heat pump 
using a refrigerant injection the heating capacity is possible to 
increase more than 30% and the heat pump could cover heating 
demand in -20 ºC with 50% cabin air recirculation [116]. 
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Many studies show significant energy savings by using a heat 
pump A/C system in electrified vehicles. However, the industry 
lacks on practical application for overcoming some important 
obstacles among others efficiency in cold conditions, exterior 
heat exchanger defrosting, component and overall system 
optimization. Some solutions have been presented in the 
literature for these obstacles but more experimental research 
and development work is needed especially for the robust and 
efficient operation of cooling and heating. For instance, 
exploiting waste heat is beneficial for heating mode but not 
necessarily for cabin cooling. 

B. Thermal Energy Buffering and Heat Exchangers 

Different types of sensible or latent thermal energy storages 
could provide solutions for efficient thermal management of 
cabin. A simulation of a TES (thermal energy storage) for 
improving the performance of cabin heating in electric vehicles 
was recently presented [117]. The results suggested thermal 
energy storage could reduce the energy consumption by 25%. 
A thermal battery concept by exploiting advanced metal 
hydrides was introduced for vehicle cabin cooling and heating. 
The idea of having higher energy density was based on the 
differences occurring in hydrogen equilibrium pressures [118]. 
The working hydrides have matching thermodynamic 
properties, consisting of MgH2 (high temperature hydride) and 
TiMnV (low temperature hydride). The developed concept 
thermal battery was successfully tested in a laboratory. In 
addition, the capability of storing heat in an evaporator as a part 
of the air conditioning was analyzed by Zhang and Canova 
[119]. Fuel economy increased by 2% with dynamic 
programming optimization and by using PCM as an energy 
buffer in the evaporator, the energy storage capability was 
significantly increased. However, increased cost and weight are 
typically not justified for thermal energy storage with the 
current limited benefits of increasing heating efficiency. 

Because of the lack of excess heat in electrified vehicles, 
thermal storages could be used for providing an effective 
storage density and thermally high discharging power for 
heating. A novel concept for thermal energy storage was 
introduced by Dreißigacker and Belik [120]. The storage has 
high operating temperature that is generated by direct resistant 
heating. The heat is directed into the cabin via a bypass 
operation. The main design factors of the system influencing on 
efficiency and system flexibility were found to be the geometric 
design, material properties, and thermal insulation. The 
research results indicated that alternative thermal technologies 
such as PCM or thermochemical systems would provide 
elevated storage densities but require more complicated heat 
transfer systems, which in turn would decrease the effective 
storage density and operational flexibilities. 

Heat exchangers (HEX) are among the most important 
components in the vehicle thermal management [121]. In HEX, 
the heat transfer coefficient and temperature distribution can be 
non-uniform depending on the configuration of fins of a heat 
exchanger [122]. In vehicle thermal management, heat 
exchangers are typically used for transferring heat between a 
fluid and surrounding air (e.g. radiator), and between two fluid 

circuit systems such as in secondary loop heat pumps [121]. 
Depending on the design, a typical heater core can also work as 
heating and cooling heat exchanger [123]. Advanced thermal 
system development requires accurate simulation model that 
could be challenging to develop especially because the thermal 
transfer can be different depending on the operating conditions 
[123]. However, detail component thermal models enables 
further development even the basic thermal components and 
create optimal designs [124]. 

C. Thermal System Control 

For PHEVs, the engine temperature tend to fluctuate due to 
the engine shuts down and the loads vary. When there is not 
enough waste heat provided by the engine, the heat will be 
provided by the battery system, motors, generators, and power 
electronics. Conventionally, the vehicle thermal management 
concentrates on the heat production of the combustion engine. 
In PHEVs, the energy and thermal management is a trade-off 
[125]. It is typically a multi-variable optimization problem, in 
which several variables are taken into account such as battery 
state-of-charge and engine internal temperature [126]. Based on 
simulation results, cabin thermal loads can have a significant 
influence on the energy management system (EMS) [127]. In 
general, the prediction of vehicle power demand in variable 
temperatures is challenging with high non-linearity [125]. 
Cabin heating and cooling are taken into account when 
considering the energy management strategy of PHEVs [19], 
[84], [128]. For example, Shin et al. developed an integrated 
powertrain energy and thermal management simulation model 
in MATLAB/Simulink for a PHEV [19]. The simulation results 
showed a fuel economy increase of 9.5% in comparison to a 
conventional EMS. Gissing et al. developed a predictive energy 
and thermal management model for a hybrid vehicle with a 
range-extender [128]. The objective was to increase the use of 
the engine waste heat without influencing on the acoustic 
comfort characteristics. The simulations with a verified model 
demonstrated a 12% saving in operation costs compared to the 
reference control strategy. Vehicle electric auxiliary devices 
such as water pumps and compressors facilitate the 
development of advanced control system [129]. 

The combustion engine excess heat can be used for heating 
the battery and cabin in plug-in hybrid vehicles. However, the 
excess heat may not be available for heating purposes in cold 
conditions because the engine temperature has to be considered 
for energy efficient operation and exhaust emission control 
[127]. In general, plug-in hybrid vehicles should have a 
dedicated thermal management system that incorporates the 
engine and battery operation as well as cabin heating and 
cooling. A multi-domain simulation model of a HEV that 
includes power flow of the powertrain and cabin heat flow was 
presented in [130]. The investigation revealed that with a 
simple energy management strategy, the over-consumption was 
19% because of the heating system. In comparison, with more 
advanced control strategy, the over-consumption was reduced 
to 12% [130].  

An energy efficient passenger comfort control based on a 
Markov Decision Process was recently developed by Brusey et 
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al. [35]. They showed that Reinforcement Learning could 
reliably produce a controller that deliver better passenger 
control while using less energy in comparison to existing hand-
coded control approaches. On the other hand, thermoelectric 
devices still suffer from low efficiency therefore more research 
needs to be done to make them beneficial in vehicles [131]. 

Model predictive control (MPC) based optimization has been 
implemented into cabin thermal management of hybrid and 
electric vehicles for improved energy efficiency. Amini et al. 
demonstrated up to 5.3% fuel savings for cabin and battery 
cooling by using hierarchical two-layer MPC control [132]. 
Wang et al. presented that by using nonlinear model predictive 
control (NMPC) to minimize the energy consumption of the 
A/C system and regulate the cabin temperature for hybrid and 
electric passenger cars, up to 9% of energy efficiency 
improvement can be resulted in the energy efficiency of the A/C 
system [133]. Esen et al. discussed the advantages of using 
MPC for hybrid vehicles cabin heating, where up to 3% fuel 
savings can be achieved compared to a reference baseline 
controller [134]. 

D. Other Technologies 

Rather than the centralized HVAC cabin thermal 
management, that is typically implemented, zoned heating and 
cooling provide passenger tailored thermal conditioning and 
better energy efficiency. Heated seats are popular in most of the 
passenger cars while cooled seats, or “seat conditioning”, 
methods have been introduced to maintain passenger conform 
while reducing cooling energy [135], [136]. Chest, lap, face, 
and other localized cooling are also effective methods to 
achieve targeted local cooling [137]. Thermoelectric (TE) 
devices for localized cooling have been studied and predicted 
to achieve 29% compressor power saving while meeting 
equivalent comfort compared to traditional HVAC system 
[138]. Due to the need of reducing thermal energy consumption 
in electric vehicles, approaches that are more complete have 
been introduced [20], [139]. Steiner and Mladek introduced an 
occupant centered holistic approach for reducing energy 
consumption including technologies of energy harvesting with 
photovoltaic cells and shock absorbers, and preconditioned 
battery as heat source [110]. Because electrified vehicles do not 
have a lot of excessive heat for the cabin heating, zonal and 
local heating solutions can be considered well suitable for 
increasing the heating energy efficiency.  

Passive thermal management technologies are typically used 
for powertrain components that generate heat and are sensitive 
to high temperature environment such as battery pack, engine, 
motors, and power electronics [140]. Recently, there are also 
trends to integrate passive thermal management systems 
between powertrain and cabin thermal management 
components. Zou et al. presented an integrated thermal 
management system with heat pipe heat exchanger for electric 
vehicle battery cooling as well as heat pump air conditioning 
system pre-heating [141]. The results showed that the system 
met the basic cabin cooling demand under different working 
conditions, while it can supply about 20% additional cooling 
capacity without input power increase.  

A passive thermal energy storage system was modeled and 
simulated for rechargeable electric vehicles by Shahidinejad et 
al. [142]. The system uses PCM for maintaining a set point of 
temperature in the vehicle cabin. The PCM system is charged 
by absorbing heat generated with an electric heater, which is 
connected to the electric grid. According to the simulation 
results, the cabin temperature was held on 15 °C and 21% 
increase in the electric range was observed. Similar study was 
presented in [143] where the development of a heat exchanger 
with PCM was introduced. The design tests indicated that the 
electric range could be extended by 20% in winter conditions. 
The heat exchanger design mass was 33 kg and volume of 31 
liters. 

Photovoltaic system was used in the roof of an electric car to 
provide ventilation for cabin thermal management [144]. The 
research objective was to evaluate the ventilation benefit during 
car parking. The ventilation was done by fans that remove the 
hot air from the cabin. The measurement results showed that the 
cabin temperature could be lowered close to the ambient 
temperature when using the ventilation. 

VIII. DISCUSSION AND CONCLUSIONS 

A broad review and analysis about cabin thermal 
management for electrified passenger vehicles is presented in 
this paper. The review takes into account various vehicle 
technologies and thermal management systems as thermal 
management has a vital role for ensuring the safe and robust 
operation of electrical components as well as passenger 
comfort. In addition, various vehicle cabin thermal modeling 
techniques and cabin thermal comfort have been discussed, 
with emphases on the new challenges for electrified vehicles. 
Last but not the least, the state-of-the-art thermal system control 
technologies have been reviewed and presented. 

For electrified vehicles, an efficient thermal management is 
essential for battery protection and performance as well as 
thermal comfort and adequate driving range. Energy 
consumption can drastically increase in hot and cold ambient 
conditions. Because of the lack of natural heat sources, 
electrical components and cabin heating require considerable 
amount of energy that is taken from the battery. Thermal 
management of electrified vehicles have been recently 
improved by introducing heat pump systems, which can 
significantly increase the heating efficiency especially in mild 
temperature conditions. However, more research and 
development work is required for ensuring the practical 
robustness and efficiency of the combination heat pump and 
A/C systems. Thermal energy storages have been studied but 
often the increased cost and weight cannot be justified with the 
limited benefits of increasing heating efficiency. 

Because most of the vehicles operate in the areas where the 
climate is more likely to be warm than cold, air conditioning is 
often being used and can be considered as the most important 
thermal load for passenger vehicles. Automotive air 
conditioning systems can be considered as mature technology 
but there is increasing amount of research focusing on the 
alternative refrigerants. Currently used refrigerants have high 
global warming potential; hence, restrictions have already been 
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put in place for automotive refrigerants in the European Union. 
The alternative refrigerants may need new system designs and 
have different performance characteristics. Especially CO2 as 
refrigerant (R744) has drawn a lot of interest because of the low 
global warming potential and non-toxicity. However, an air 
conditioning (or heat pump) system using R744 would be 
entirely new system in comparison to conventional systems due 
to the much higher operating pressure and different operating 
characteristics. 

Traditionally, many cabin thermal management solutions are 
designed for consumer benefit, and therefore, energy efficiency 
may not have been the primary focus area in relation to 
consumer experience. Through electrification, passenger cars 
have become more energy efficient and the importance of 
thermal management have increased especially for reducing 
energy losses. New technologies have been introduced and 
proposed (e.g. heat pumps and thermal storages) due to the lack 
of excess available heat or need to conserve energy especially 
in battery electric vehicles. Electric heaters are a powerful 
solution for the cabin heating but alternatives have been 
developed to reduce the cabin thermal losses. In cold regions, 
cabin preheating is common practice being efficient solution for 
electric and hybrid vehicles. 

As the number of electrified vehicles is increasing, the cabin 
thermal management and HVAC technology are becoming 
more important in the future. However, only the mature 
technologies are typically implemented in production vehicles. 
For instance, among zonal heating and cooling technologies 
many mature technologies are already being implemented in 
vehicles. An apparent future trend is the development of 
advanced system controls with the aid of modern simulation 
tools. This approach facilitates the adoption of active 
management technologies but may increase the software 
development costs. 

Reducing the heat load of the cabin have been often 
recognized as a key factor for improving the thermal 
management efficiency and lowering the HVAC load. 
Considering that hotter weather conditions are more frequent, 
cabin thermal soak is going be to an important factor for cooling 
demand. Due to the large window area of present day vehicles, 
more focus should be given for the development of adaptive 
materials such as photovoltachromic devices. 

It is reasonable to envision that adaptability of the vehicle 
thermal system may not be easily implemented, at least not cost 
effectively. Therefore, the local climate could be taken into 
account by optimizing the thermal system efficiency based on 
whether if it is mostly cold or hot weather. In conventional 
vehicles, the engine block heater has only been used in cold 
regions. Furthermore, the system adaptability is definitely topic 
that needs more research focus in the future. 
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