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In electric vehicles (EVs), maintaining the battery, motor, electric control, and crew cabin 

at the right temperature for maximum performance is the major goal of thermal 

management. The integrated thermal management system, which is viewed from the 

viewpoint of the vehicle system, coordinates and regulates the vehicle's capacity to disperse 

heat. Electricity is used by the EVs' air-conditioning systems to create a comfortable 

environment within the passenger space. However, if the motor drive gets too hot, its 

effectiveness will decline. A viable battery thermal management approach is needed to 

control the battery temperature within an optimum range and decrease temperature 

inconsistency in the battery module since temperature has a significant impact on the cycle 

life and capacity of the power battery in electric vehicle. This study provides a comparative 

review by discussing the fundamentals of heat transport and thermal management systems. 

Describe the heat generation model of each subsystem's thermal management and 

introduce its thermal management approach, concentrating on the research status and 

operation control of the integrated thermal management system. After compiling the flaws 

of the preceding studies, further research options were recommended. In the near future, it 

will be crucial to conduct extensive research into accurate heat generation models, develop 

a small-footprint integrated thermal management system, and enhance integrated thermal 

management system operation control. 
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1. INTRODUCTION

The two biggest issues the world is currently confronting 

are the escalating energy crisis and environmental degradation 

[1]. Electric cars are superior to conventional cars, including 

better performance [2], lower pollutant emissions [3], and the 

ability to effectively address the energy crisis and 

environmental issues. Electric car development is accelerating 

in all nations. The performance of the battery is significantly 

influenced by temperature [4, 5]. When charging and 

discharging batteries, high temperatures can lead to battery 

degradation, breakdown, or even explosion [6, 7]. It is 

challenging to use the waste heat of an internal combustion 

engine for heating in the winter while an electric car has to be 

cooled in the summer since the compressor is powered by the 

motor [8]. The air conditioning system of electric vehicles uses 

the most energy of all the auxiliary systems [9], which has a 

significant impact on the vehicle's mileage [10]. Additionally, 

the motor drive system's lifespan and efficiency would 

drastically decrease at high temperatures [11]. Therefore, 

creating an effective thermal management system to maintain 

a proper temperature range for the battery, passenger area, and 

motor drive system is a vital step to further the development 

of electric cars. 

With the development of 3D chip stacking technology, the 

integration of electronic devices continues to increase at a rate 

of 40% to 50% per year. In electronic devices, a considerable 

part of the power loss is converted into heat. For example, in 

the 1980s, the heat flux density of integrated circuits was about 

10 W/cm2. it increased to 20~30 W/cm2 in the 1990s, and it 

was close to 100 W/cm2 in 2008, and the current chip-level 

heat flux density has exceeded 1 kW/cm2, and the heat flux 

density of local hot spots can even reach 30 kW/cm2 [12-14]. 

In order to ensure that a large amount of heat generated by 

heat-generating electronic components can be dissipated in a 

timely and effective manner, thermal management has become 

an important aspect to be considered in the assembly of 

microelectronic product systems. 

The automotive thermal management system starts from the 

system integration and overall perspective, and designs the 

relationship between the heat and the engine and the overall 

body, using advanced materials, electronic and intelligent 

means to control and optimize the heat transfer and 

distribution [15-17]. The automotive thermal management 

system includes engine cooling system, heating ventilation 

and air conditioning (HVAC) system and engine exhaust heat 

recovery system, etc. The quality of its working performance 

directly affects the overall performance of the automotive 

power system. The thermal management materials involved in 

the automotive thermal management system are more 

extensive, including thermoelectric materials for vehicle 

exhaust heat recovery and seat temperature regulation [18], 

phase change materials for vehicle preheating and battery 

management (PCM) [19] and nanofluids for high thermal 

conductivity cooling liquids [20], etc. 

For advanced battery systems (lithium batteries, fuel cells, 

nickel-metal hydride batteries, etc.), the thermal management 

system needs to effectively dissipate heat when the battery 

temperature is high, and preheat when the temperature is low 

to increase the battery temperature and ensure that the battery 

temperature is low. At the same time, it is necessary to reduce 

the temperature difference in the battery pack to keep the 
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battery pack in good consistency [21-23]. The advanced 

battery thermal management system needs to be based on the 

influence of temperature on the charge-discharge performance 

curve of the battery, combined with the electrochemical 

characteristics and heat generation mechanism of the battery, 

and based on the optimal charge-discharge temperature range 

of the specific battery, through reasonable design, to solve the 

problem of the battery's temperature over-temperature. To 

improve the overall performance of the battery, the battery 

performance is degraded or even failed due to working under 

high or low conditions. In pure electric vehicles, hybrid 

electric vehicles and other power systems that use power 

batteries as the power source, battery thermal management is 

of great significance, not only related to the overall operating 

efficiency of the car, but also related to the safety performance 

of the car itself. Traditionally, the thermal management system 

of the battery pack is mainly based on liquid cooling or air 

cooling, but the recent application of phase change materials 

in the thermal management of the battery pack makes the 

thermal management begin to develop in the direction of solid 

cooling [24]. 

Thermal Interface Material (TIM) plays a key role in the 

thermal management of electronic components and is an 

important research branch in this discipline [25]. When 

microelectronic materials or devices are bonded to each other, 

the actual contact area is only 10% of the macroscopic contact 

area, while the rest are air-filled gaps. The thermal 

conductivity of air is lower than 0.03 W/(m·K) [26], which is 

a poor conductor of heat, which reduces the system scattering 

efficiency. Filling these gaps with thermal interface materials 

with high thermal conductivity and ductility to create gapless 

contacts between the microelectronic device and the heat sink 

can dramatically reduce contact thermal resistance. 

High thermal conductivity, which lowers the thermal 

resistance of the thermal interface material itself, and high 

flexibility, which ensures that the thermal interface material 

can be used to its fullest under conditions of low installation 

pressure, are two qualities that the ideal thermal interface 

material should possess. Insulation, ease of installation and 

detachment, wide range of applications (both may be used for), 

and modest contact thermal resistance between the thermal 

interface material and the contact surface are the other four. 

Both minor and large holes should be filled [27]. 

As the requirements for safe heat dissipation in 

microelectronics are getting higher and higher, thermal 

interface materials are also constantly developing. Thermal 

grease is the earliest widely used thermal interface material 

and has achieved good results. However, due to its difficulties 

in operation and use and easy failure after long-term use [28], 

it has gradually given way to other new thermal interface 

materials. Polymer-based thermal interface materials 

composited with inorganic nanomaterials is an important 

development direction [29]. 

Inorganic nanofillers are widely used in the mechanical 

reinforcement of polymer materials, the improvement of 

electrical conductivity, and the improvement of thermal 

conductivity. As a thermal interface material, high thermal 

conductivity is required. The thermal conductivity of common 

polymer materials and rubber materials is relatively low. 

Inorganic fillers such as alumina [30], aluminum nitride [31], 

silicon carbide [32], boron nitride [33] and carbon nanotubes 

[34] can effectively improve the thermal conductivity of 

polymer materials, but have the existing problems are: the 

addition of inorganic fillers will make the polymer material 

brittle and hard, and the processability and flexibility will 

decrease, which just makes the advantage of the polymer as a 

highly processable material lost. 

The performance, life and safety of lithium batteries are 

very sensitive to temperature [35-37], and they will suffer 

severe capacity fading [38] below zero degrees Celsius, and 

thermal runaway caused by waste heat accumulation may lead 

to fire or even explosion [39, 40]. An efficient battery thermal 

management system (BTMS) must be used to maintain the 

proper temperature range of the battery and improve its 

operating efficiency and life cycle [41-43]. The medium 

substances of the pure electric vehicle battery thermal 

management system are generally divided into air [44], liquid 

[45, 46], phase change material [47], heat pipe [48] and the 

combination of the above four media. Some scholars have 

proposed that the integrated thermal management (ITM) 

system generally combines the air conditioning system and 

BTMS, and even involves the recovery of waste heat from the 

motor, which reduces the components of the system to a 

certain extent. Compared with the positive temperature 

coefficient heater, the ITM system proposed by [49, 50] can 

reduce the operating cost per 100 kilometers by 20.83%. 

Reference [51] proposed an ITM system that recovers waste 

heat from motors and controllers. On the basis of saving 

operating costs, the payback period is 4.57 to 6.77 years. 

However, most of the current research on ITM propose 

systems that only connect another evaporation branch in 

parallel with the evaporation branch. The composition of the 

ITM system proposed in references [50-56] is generally as 

follows: when cooling, the battery heat exchanger is used in 

parallel with the heat exchanger inside the air conditioning 

system. When heating, the motor heat exchanger is used in 

parallel with the outside heat exchanger of the air conditioning 

system, that is, the system adopts the parallel mode. Reference 

[57] pointed out that the evaporation temperature of the battery 

heat exchanger is relatively high during refrigeration, it is 

placed in front of the heat exchanger in the cabin, that is, the 

system adopts a series mode. It is believed that this can not 

only improve the temperature fluctuation in the cabin, but also 

better ensure the temperature drop characteristics of the 

battery, but not for the heat pump mode. It is worth mentioning 

that the ITM system combined with vapor injection (V-I) and 

waste heat utilization [58]. Compared with the V-I system, it 

has increased by 13.57% and 7.88% respectively. 

The two or three subsystems that make up the integrated 

thermal management system for electric automobiles are the 

thermal management of the battery, the thermal management 

of the passenger compartment, and the thermal management 

of the motor drive system. Each thermal management 

subsystem's performance has an impact on the others, and 

these relationships are intricately coupled. More study 

findings in the fields of battery thermal management, 

passenger compartment thermal management, and motor drive 

system thermal management have recently been made. 

In order to effectively evaluate the performance of various 

methods, the following contributions are outlined: 

·This paper begins by outlining the primary aspects in heat 

transfer and thermal management system. 

·Describe the heat production model of each subsystem’s 

thermal management and introduce its thermal management 

strategy, focusing on the analysis of the integrated thermal 

management system's research status and its operation control. 

·The challenges that need to be overcome in the integrated 

thermal management system study for electric cars are then 
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summarized, along with suggestions for the future. 

The remaining of the paper is organized as follows. In 

Section 2, the heat production model is described in terms of 

mathematical and graphical illustrations. In Section 3, the 

thermal management methods were discussed. In Section 4, 

the Integrated operation system is discussed. In Section 5, the 

performance evaluation is performed while Section 6 

concludes the paper. 

 

 

2. HEAT PRODUCTION MODEL 

 

To effectively address the issue of heat generation and 

transfer inside the vehicle is the function of the thermal system. 

Calculating the cooling and heating demand for the entire 

vehicle helps choose the best air conditioning system. As a 

result, the accurate formulation of the heat generation model 

of each subsystem is the design optimization of the combined 

thermal management system. 

 

2.1 Battery heat generation model 

 

The three classifications that the battery heat generating 

model may be placed under are the electrochemical-thermal 

linked model, the electrical-thermal connected model, and the 

thermal abuse model. In this paper, the electrical-thermal 

coupled model and the electrochemical-thermal coupled 

model are principally introduced under realistic operating 

conditions. The battery's heat generation and heat dissipation 

processes are unstable, per the energy conservation equation, 

since their internal heat source fluctuates over time [59]: 

 

𝜌𝑐
𝜕𝑇

𝜕𝜏
= 𝛻. (𝜆𝛻𝑇) + �̇� (1) 

 

In the formula, ρ is the density of the battery cell, kg.m-3; c 

is the specific heat capacity of the battery unit, J·(kg·K)-1; λ is 

the thermal conductivity of the battery cell, W·(m·K)-1; T is 

the temperature of the battery unit in K; τ is time in s; q̇ is the 

heat production rate of the battery cell, W.m-3. It can be seen 

from Eq. (1) that the heat transfer problem of the battery 

temperature field distribution can be solved by solving the 

differential equation of thermal conductivity of the battery, so 

the calculation of the heat production rate of the battery is one 

of the keys to solve the thermal problem. The Bernardi heat 

production rate model is now the most often used approach for 

determining the battery heat generation rate [60]: 

 

q̇=
I

Vb

(U0-U)-
I

Vb

(T
dU0

dT
) (2) 

 

In the formula, I is the current in A; Vb is the battery volume, 

m3; U0 is the open circuit voltage in V; U is the working 

voltage in V. 

The electrochemical-thermal coupling model is based on 

the heat production of electrochemical reaction, and the law of 

energy conservation is used to study the thermal 

characteristics inside the battery, and then guide the 

microscopic design of the internal parameters of the battery 

cell. The primary methods used to study the thermal properties 

of batteries in recent years include enlarging the model [61] 

and improving the procedures for producing and transferring 

heat [62, 63]. He et al. [64] proposed an electrochemical 

modeling of the thermal coupling (Figure 1) is used to study 

the heat distribution and temperature field prediction of the 

internal layered structure of the battery. 

 

 
 

Figure 1. Illustration of electro-chemical and thermal 

coupling structure 

 

The macro-design of the battery size, electrode size, 

electrode distribution, and battery pack cooling system is often 

guided by the electric-thermal coupled model, which simulates 

the temperature distribution by computing the current 

distribution inside the battery. Lyu et al. [65] established a 

three-dimensional electric-thermal coupled model of LiFePO4 

battery based on the Bernardi heat production rate model. The 

mathematical control equations are: 
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Jp=σcp.∆∅p (9) 

 

Jn=σcn.∆∅n (10) 
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 (11) 

 

∆∅n=
Itn

σcnhnSn

=0 (12) 

 

In the formula, ρp, ρn, ρr are the densities of the positive 

electrode current collector, the negative electrode current 

collector and the battery plate, respectively in kg.m−3; Cp, Cn, 

Cr are the specific heat capacity of the current collector of the 

positive electrode sheet, the current collector of the negative 

electrode sheet and the battery plate in J·(kg·K)−1; kpx, kpy, kpz 

are the thermal conductivity along the x, y and z directions in 
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the positive electrode sheet in W·(m·K)−1; knx, kny, knz are the 

thermal conductivity along the x, y, and z directions in the 

negative electrode sheet in W·(m·K)−1; krx, kry, krz are the 

thermal conductivity along the x , y  and z directions in the 

battery plate in W·(m·K)−1; q̇
p
, q̇

n
, q̇

r
 are the heat production 

rates of the positive electrode current collector, the negative 

electrode current collector and the battery plate in W.m−3; q̇
fp

, 

q̇
fn

, q̇
fr

 are the heat dissipation rates of the positive electrode 

current collector, the negative electrode current collector and 

the battery plate in W.m−3; Jp, Jn are the current density in the 

positive and negative sheets in A.m−3; Ip, In are the currents 

flowing through the positive and negative current collectors, 

respectively in A; Rpp, Rpn are the equivalent polarization 

internal resistances of the positive and negative current 

collectors, respectively, Ω; σcp, σcn are the conductivity of the 

positive and negative plates in S.m−1; ∆∅p , ∆∅n  are the 

potential difference between the positive and negative 

electrodes in V; Itp, Itn are the currents flowing through the 

positive and negative plates in A; hp, hn are the thicknesses of 

the positive and negative plates in m; Sp, Sn are the area of the 

positive and negative plates in the xy plane in m2. The heat 

generation and heat dissipation characteristics of the battery 

under natural cooling and forced air convection heat transfer 

cooling were studied by the model simulation, and the position 

of the air outlet was optimized based on the simulation results 

[66]. 

 

2.2 Air Conditioning cooling and heating load 

 

The determination of the heating and cooling load of 

electric vehicles is based on the calculation method of building 

cooling and heating load, considering the car as a “moving 

building” and the passenger cabin as a “moving room”. The 

calculation methods of cooling and heating load of automobile 

air conditioners can be divided into three types: steady-state 

heat transfer method, quasi-steady-state heat transfer method 

and non-steady-state heat transfer method [67]. Considering 

that there are many factors affecting the cooling and heating 

load of the vehicle, including meteorological parameters, body 

structure and materials, vehicle speed, the number of 

occupants, the calorific value of electrical appliances in the 

passenger compartment and the calorific value of the battery 

pack [67]. At present, the calculation of the heating and 

cooling load of electric vehicles usually adopts the steady-state 

heat transfer method, and the influence of the changes of 

different parameters on the cooling and heating load of the 

whole vehicle is studied in real time through the simulation 

software. Miri et al. [68] used one-dimensional simulation 

software to explore the biggest factor affecting the heat load 

of the vehicle in summer according to Eq. (13). The results 

showed that the lower the absorption ratio and transmittance 

of the front window glass, the greater the installation 

inclination, and the higher the front window glass. The 

incoming heat load is smaller. 

 

Q
E
=Q

e
+Q

b
+Q

a
+Q

p
+Q

g
+Q

ba
 (13) 

 

In the formula, QE, Qe, Qb, Qa, Qp, Qg, and Qba are the total 

heat load of the passenger compartment, respectively, the heat 

load introduced into the passenger compartment through the 

body envelope, the heat load introduced into the passenger 

compartment through the window, and the inside of the 

vehicle. The heat dissipated by the driver and passengers, the 

heat load of the fresh air, the heat load of the electrical 

appliances in the passenger compartment and the heat load of 

the battery pack into the passenger compartment, all in W. 

 

2.3 Motor heat generation model 

 

In the process of converting electrical energy into 

mechanical energy, the motor will generate energy loss, which 

mainly includes iron core loss, winding loss and mechanical 

loss. 

At present, the Bertotti discrete iron loss model [69] is 

commonly used to calculate the iron core loss of the motor, 

and its expression is as follows: 

 

PFe=kh f B α+ ke f 
2
B2+kαf 

1.5
B1.5 (14) 

 

In the formula, the three terms on the right side of the equal 

sign are hysteresis loss, eddy current loss and additional loss 

respectively, f is the frequency of the alternating magnetic 

field in Hz; B is the magnitude of the fundamental magnetic 

flux density in Wb.m−2; kh, ke and kα are loss coefficients. 

The winding loss is mainly the basic copper loss, which can 

be obtained according to the Joule-Lenz law: 

 

Pcui= ∑ Ii
 2Ri (15) 

 

In the formula, Pcui is the copper loss value of the winding 

in W; Ii is the current in the winding in A; Ri is the resistance 

of the winding during operation in Ω. 

The mechanical losses can usually be calculated from 

empirical formulas. 

The above heat production model can basically satisfy the 

calculation of heat production by different heat sources in the 

integrated thermal management system, but it needs to be 

further improved for the description of the complex heat 

production process. 

 

 

3. THERMAL MANAGEMENT METHODS 

 

Electric vehicle batteries, passenger compartments and 

motor drive systems have all developed corresponding thermal 

management methods for their respective thermal 

management needs. The system effect, dynamic response 

characteristics and economy have all put forward more 

stringent requirements, and existing researches focus on 

coupling different thermal management subsystems on the 

basis of optimizing the performance of a thermal management 

system. 

 

3.1 Battery thermal management 

 

The thermal management of batteries comprises heating the 

batteries at low temperatures and cooling them at high 

temperatures. The thermal management of batteries may be 

split into air, liquid, phase change material, and heat pipe 

systems depending on the medium. Due to its benefits of a 

straightforward form, cheap cost, and simple maintenance, the 

air thermal management system was initially used to the 

battery thermal management system [70]. However, with the 

increase of the energy density of the battery pack and the 

development of fast charging technology, the battery pack will 

generate a lot of heat in a short time. The research results show 
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that it is difficult to control the temperature and temperature 

difference of the battery within a reasonable range with air as 

the heat transfer medium [71, 72]. Compared with air, the 

liquid medium has higher heat capacity and heat transfer 

coefficient [73], so the liquid thermal management system can 

better meet the thermal management requirements of power 

batteries [74]. At present, the research on liquid thermal 

management system focuses on the optimization design of 

flow channel geometry [75], the enhancement of heat transfers 

with different cooling media [76], and the control of flow 

velocity and flow direction [77]. The main factor restricting 

the development of liquid thermal management technology is 

that the system is complex, requires more ancillary equipment, 

increases the quality of the vehicle and has the risk of leakage. 

The phase change materials refer to substances that undergo a 

phase change at a specific temperature and absorb or release 

energy. It became a hot spot in battery thermal management in 

recent years due to their low cost, excellent cooling effect, and 

huge energy storage capacity [78]. However, it has low 

thermal conductivity, poor fluidity, and large volume changes. 

Therefore, by adding nanomaterials [79], metal fins [80], 

porous media [81], air [82], and liquid [83], the composite 

thermal management structure composed of equal media has 

become the main research direction. The high-efficiency heat 

transmission components known as heat pipes are created 

using the gas-liquid phase transition theory. They are widely 

used in the energy, chemical, aerospace, electronic power, and 

other fields and have the advantages of quick thermal response 

and compact structure [84, 85]. It is merely a heat transmission 

element, thus when the heat from the battery is exported, it 

must be used in conjunction with other heat dissipation 

techniques. Therefore, the creation of new high-efficiency heat 

pipes or the use of existing heat pipes as high-efficiency heat 

pipes is the major focus of research on the heat pipe cooling 

system [86, 87]. A composite thermal management system is 

created by combining the heat transfer element with air [88], 

liquid [89-93], and phase change material [94]. 

In this Section, various important methods for thermal 

management have been discussed in detail and the 

corresponding systems model were analyzed. 

 

3.2 Passenger compartment thermal management 

 

Electric vehicles need air conditioning systems, much like 

conventional internal combustion engine vehicles, to provide 

driver and passenger comfort and vehicle safety. At present, 

the air-conditioning system of electric vehicles generally 

adopts the combination of vapor-compression single-cooling 

air-conditioning and positive temperature coefficient (PTC) 

electric heater or fuel heater. This air conditioning method has 

the smallest difference from the traditional fuel vehicle air 

conditioning system, and is most favored by automobile 

manufacturers. However, the PTC electric heater consumes a 

large amount of electricity, which will seriously shorten the 

mileage of electric vehicles [95]. The fuel heater system is 

complex, and it also causes environmental pollution problems. 

The heat pump air conditioners can not only cool in summer 

but also heat in winter, and the theoretical operating efficiency 

of heating is greater than 1. The use of heat pump air 

conditioners instead of heating equipment to achieve heating 

in winter has become a hot research topic. However, the heat 

pump air-conditioning system also has some disadvantages, 

such as the decrease of heat pump efficiency and frost 

formation when the temperature is low in winter. Therefore, 

the current research mainly focuses on using auxiliary heaters 

[96], waste heat recovery [97] and other technologies to 

improve the performance of heat pump systems in winter, and 

designing new heat pump circulation loops to solve the 

problems of heat pump defrosting [98] and windshield 

defogging [99]. In recent years, with the increasing awareness 

of environmental protection, traditional chlorofluorocarbon 

refrigerants have been gradually eliminated, and some 

scholars are studying the application of environmentally 

friendly refrigerants [100] in automotive air conditioners. In 

addition, the thermoelectric vehicle air conditioning system 

[101], the magnetothermal vehicle air conditioning system 

[102], the energy storage vehicle air conditioning system [103], 

and the adsorption type vehicle air conditioning system [104] 

are also in the research and development stage. 

 

3.3 Thermal management of motor drive systems 

 

The thermal management of the motor drive system mainly 

deals with the cooling problem, which is divided into air 

cooling and liquid cooling according to different cooling 

media. The effect of air cooling is poor, which will cause 

ventilation loss in the motor and reduce the efficiency of the 

motor. The use of liquid cooling can quickly take away the 

heat generated by the motor drive system, so that it can work 

at a suitable temperature for a long time. At present, the 

research on the thermal management of the motor drive system 

mainly focuses on the optimization design of the cooling 

channel [105] and the selection of the cooling medium [106]. 

 

3.4 Integrated thermal management 

 

Increasing the efficiency of power systems and lowering the 

energy consumption of auxiliary systems are workable 

strategies to increase the driving range of electric cars given 

the existing limitations of battery energy density and vehicle 

quality. Ensuring that the power battery is in a suitable 

temperature range can provide a stable and reliable power for 

the whole vehicle, and the performance improvement of the air 

conditioning system can save more energy, thereby increasing 

the driving mileage of the car. The comfortable temperature 

ranges of the human body and the suitable working 

temperature of the battery interval is close, and the residual 

heat of the motor is an available heat source in winter. At 

present, the common coupling method of integrated thermal 

management system is to take the air-conditioning system as 

the main body, and parallel branch heat exchangers on the 

evaporator side (different in winter and summer), and use the 

cooling or heating process of the air-conditioning system to 

provide additional cold source or recovery for the battery pack. 

While meeting the thermal management requirements of the 

battery or motor drive system, the waste heat of the motor 

drive system can fulfil the thermal comfort of the passenger 

cabin. 

As you can see from the above, there are several thermal 

management techniques for the battery, passenger 

compartment, and motor drive system. Each thermal 

management technique has its own benefits in terms of 

effectiveness, safety, stability, and economy, so pick one that 

best suits your demands. The advantages of the integrated 

thermal management system are mostly due to the coupling 

approach and correct design matching. Following analysis of 

the thermal management needs of a certain vehicle type, as 

depicted in Figure 2, reference [107] presented an integrated 

107



 

thermal management system. The system adopts a single-

cooling type in summer. For air conditioning and refrigeration, 

the parallel branch heat exchanger on the evaporator side is a 

battery package that provides cooling source for heat 

dissipation. In winter, a water heater is used to supply the 

passenger compartment. The outcomes demonstrate that the 

integrated thermal management system is capable of meeting 

the thermal management criteria for both the pool and the 

passenger compartment. According to reference [108], Figure 

3's model was created. The single-cooling version of the 

vehicle thermal management system is also in use. The 

passenger compartment problem and the summer thermal 

management requirements of battery packs are both resolved 

by the method of paralleling heat exchangers on the evaporator 

side of the air conditioner, which was created expressly for 

battery packs. With the liquid cooling circuit, when the 

temperature of the battery pack is between 38 and 45℃, only 

use a liquid cooling circuit to dissipate heat from the battery 

pack. In winter, the PTC directly use electric heaters and 

electric heating membranes add to the crew compartment and 

battery pack, respectively, reducing the link of heating the 

intermediate liquid medium. In addition, the system also takes 

into account the thermal management of the motor drive 

system and optimizes the arrangement of each heat dissipation 

component, due to the surface temperature of the air 

conditioner condenser. The motor radiator is arranged up and 

down and placed in front of the air conditioner condenser. 

 

 
 

Figure 2. Compressor based cooling system for battery heat 

reduction 

 

 
 

Figure 3. System model of EV thermal management 

 

Winter heating can be provided by using the motor's waste 

heat. In order to recover low-temperature heat using heat pump 

technology, a heat exchanger is connected in parallel to the 

motor's conventional liquid cooling circuit. The heat 

exchanger is then linked under parallel to the heat pump 

system's evaporation side (in winter circumstances). Both the 

temperature of the motor drive system and the performance of 

the integrated thermal management system can be enhanced 

by the motor waste heat. As seen in Figure 4, reference [109] 

suggested an electric vehicle integrated thermal management 

system (EVTMS) that combines thermal comfort, battery 

cooling, and motor waste heat recovery. The heat exchanger 

branches are connected in parallel on the two heat exchanger 

sides of the heat pump system, making full use of the benefits 

of heat pump technology. The coupling with heat pump 

technology is accomplished by opening and closing the 

solenoid valves of various circulation branches in the winter 

and summer. The results show that after the battery cooling 

circuit is turned on, the percentage of cooling capacity 

reduction (PCCR) is between 26.3% and 32.1%, and the motor 

waste heat recovery rate is between 18.73% and 45.17%. In 

addition, the EVTMS simulation model is verified by the 

experimental data. The simulation results show that the use of 

battery cooling can reduce the battery charge ratio by 10.60%, 

and the use of motor waste heat recovery can increase the 

heating coefficient of performance (COP) by 25.55%. 

Compared with the PTC heater, the EVTMS increases the 

mileage by 31.71%. 

 

 
 

Figure 4. Four-way thermal management model for EV 

 

 
 

Figure 5. Thermal management in pure EV with HVAC 

assembly 

 

Tian and Gu [110] also conducted relevant study, 

constructed the pure electric vehicle's integrated temperature 

management system as depicted in Figure 5, and conducted 

simulation research in the winter and summer. A favorable 

thermal environment is provided by the engine and battery, 
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particularly for the heating mode in the winter. Compared with 

the PTC electric heater, the pure electric vehicle adopts the 

heat pump system, and the electric energy consumption of the 

whole vehicle during heating operation can be reduced by 

16.4%. The mileage can be increased by 18.3%. The above 

studies show that the application of heat pump technology to 

the integrated thermal management system of electric vehicles 

has broad prospects. 

Some researchers are attempting to integrate the refrigerant 

direct evaporation cooling battery pack technology into the 

vehicle thermal management system in an effort to decrease 

the mass of the vehicle, the volume of the thermal management 

system, and the danger of liquid leakage. As seen in Figure 6, 

Cen et al. [111] presented an integrated thermal management 

system that employs the air-conditioning refrigerant for 

electric cars to cool the lithium-ion battery directly, 

eliminating the heat transfer link of the intermediary liquid 

cooling medium. The two evaporators of the integrated 

thermal management system are set up to cool the battery pack 

and the passenger compartment, respectively. The integrated 

thermal management system makes use of the automatic 

control module to change the opening of the two electronic 

expansion valves in order to regulate the cooling capacity and 

evaporation temperature of the two evaporators due to the 

different heat production and thermal management 

temperature requirements of the passenger compartment and 

the battery pack. An expansion valve is used by the 

conventional dual-evaporation loop integrated thermal 

management system to throttle and then redirect the refrigerant. 

The experimental results show that the integrated thermal 

management system can easily control the temperature of the 

battery pack below 35℃ under extreme ambient temperatures 

as high as 40℃. When the discharge rate is 0.5, 1 or 1.5 C, the 

temperature difference of the battery pack is less than 4℃. 

This shows that for extreme high temperature climatic 

conditions, direct evaporative cooling of refrigerants is a 

feasible way for battery thermal management. 

 

 
 

Figure 6. Experimental setup for thermal analysis 

 

To sum up, different thermal management methods can 

solve a certain problem in the thermal management of electric 

vehicles. The number of thermal management objects in the 

integrated system has gradually increased from two to three, 

and the air-conditioning subsystem has developed from a 

single cooling type to a heat pump cooling and heating type. 

The thermal management medium is transitioned from gas to 

liquid, and the refrigerant is directly cooled, and the integrated 

thermal management system of electric vehicles is developing 

towards the direction of light weight, compactness and 

integration. The current research explores the coupling method 

between different thermal management subsystems, and 

conducts experimental research for a specific working 

condition, without fully considering the variable factors in the 

actual situation. The dynamic response characteristics of the 

system, safety, stability and economy, etc. 
 

 

4. INTEGRATED SYSTEM OPERATION CONTROL 
 

The operation control of the system is especially crucial 

since the integrated thermal management system of electric 

cars couples several thermal management objects. The 

benefits of the integrated thermal management system can 

only be attained by optimizing and managing the operational 

parameters of the system using a sensible and efficient control 

approach. It is not possible to perform a thorough investigation 

of the integrated thermal management system of electric 

vehicles just through tests due to the complexity of the system. 

The simulation system is now constructed, and on the basis of 

confirming the simulation system's correctness, new control 

techniques and simulation parameters are adjusted. 

Schaut et al. [112] studied the powertrain thermal 

management system of a pure electric vehicle, built a 

distributed one-dimensional cooling system including drive 

motor, motor controller and power battery based on AMEsim 

software, and based on the actual bench accuracy of the built 

model is verified. The model predictive controller is designed 

in Simulink software, and the heating power of the heat source 

is used as the disturbance quantity, and the cooling water pump 

flow rate and the fan speed are used as the operating variables 

to optimize the control strategy of the cooling system. The PID 

control and switching threshold control, the thermal 

management system using model predictive control has better 

response performance, can respond to temperature changes in 

advance, and also reduces the energy consumption of the 

cooling system. 

The one-dimensional system simulation model can study 

the matching relationship between different components and 

the impact on the overall performance of the system from a 

system perspective. The 3D model focuses on the analysis and 

optimization of the details of the research object [113]. Liu et 

al. [114] proposed a one-dimensional/three-dimensional co-

simulation framework for the thermal management system in 

the engine compartment of a pure electric vehicle as shown in 

Figure 7 in view of the characteristics of many heat exchange 

components in the engine compartment of pure electric 

vehicles, and the heat exchange process affects each other. The 

algorithm makes the one-dimensional air-conditioning system 

and power system and the three-dimensional engine 

compartment condenser model, battery radiator and motor 

radiator to perform joint calculation, and simulates and studies 

the air-conditioning load change and the condenser, battery 

radiator and motor heat dissipation in the integrated thermal 

management system. The mutual influence between the 

arrangement positions of the devices. The results show that 

when the condenser is placed in front of the motor and battery 

radiator, the cooling effect of the motor and battery cooling 

system will decrease with the increase of air conditioning load. 

When the condenser is placed behind the motor and battery 

radiator, the load change of the air conditioning system has 

little effect on the cooling performance of the power system. 

This study methodology offers a fresh concept for the ideal 

configuration and administration of the integrated thermal 

system of electric vehicles. 
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Figure 7. Framework of 1D/3D co-simulation in EV 

 

From the aforementioned, it can be observed that the one-

dimensional system simulation model may optimize the 

integrated thermal management system of electric cars' control 

strategy from a broad standpoint, enhancing its functionality. 

However, the integrated thermal management system's core 

heat exchange components' three-dimensional structure, 

including their shape, size, and location, cannot be optimized 

using simply the one-dimensional simulation model. 

 

 

5. PERFORMANCE EVALUATION 

 

The integrated thermal management systems in electric 

vehicles include a variety of heat sources, several temperature 

zones, and varying temperatures. Several thermal management 

subsystems are now evaluating the battery thermal 

management system's performance utilizing a variety of 

performance assessment indicators, such as battery 

temperature and temperature difference. The passenger 

compartment thermal management system is evaluated using 

the performance coefficient COP, which measures the benefit 

(cooling or heating) to cost (power consumption) ratio, while 

the thermal management of the motor drive system is 

evaluated using the motor temperature. The objectives for 

thermal management listed above conflict while they are being 

achieved. Realistic factors like procedure, cost, quality, 

strength, and sealing are not included, and there is no 

standardized, all-encompassing system of evaluation. 

The integrated thermal management system for electric cars 

is a thermodynamic system, and the thermodynamic technique 

may be used to optimize the performance from the viewpoint 

of the system. The performance of an integrated thermal 

management system for an extended-range electric vehicle 

was examined in reference [115] using the second law of 

thermodynamics. Each component in the thermal management 

loop was optimized by looking at the system's energy 

efficiency, which increased the performance of the integrated 

thermal management system. The findings of the study 

indicate that the primary causes of the irreversibility of the 

integrated thermal management system are heat exchanges 

between the system and its surroundings and fluid friction 

inside system components. Afzal et al. [116] created an 

integrated thermal management system with car air 

conditioners, batteries, and parallel evaporators installed in the 

air conditioner system to supply phase change materials. 

Octadecane, a phase change material, was employed as the 

cooling medium for the batteries. Exergy research reveals that 

the heat exchanger has the lowest exergy efficiency compared 

to other system components, with a 31% exergy efficiency for 

the entire system and a maximum exergy loss rate of 0.4 kW. 

Based on this, the environmental advantages of the total 

integrated thermal management are also examined. It is 

highlighted that increasing the system's energy efficiency can 

lower greenhouse gas emissions and increase the sustainability 

of the system. The system's highest exergy efficiency and 

minimal cost rate are 34.5% and 1.38 $h-1, respectively, 

according to the findings of the genetic algorithm's 

optimization of the system with these two characteristics. 

There is currently few research on the comprehensive 

evaluation system of the integrated thermal management 

system of electric cars; nevertheless, this comprehensive 

evaluation system may enable the deployment of this system 

in real-world models and act as a roadmap for its evolution. In 

the current study, which focuses primarily on the performance 

optimization of a single system, practical considerations from 

the vehicle level are seldom incorporated in order to 

completely examine the performance of the integrated thermal 

management system. Future study should be based on the 

principles of thermodynamics and should also examine 

applications in order to create a full and standardized 

assessment system. 

 

Table 1. Comparison of thermal characteristics of various state-of-the-art methods 

 
Ref. Coupling method Charge/discharge rate 𝑻𝟏 𝐦𝐚𝐱; ∆𝑻𝟏 𝐦𝐚𝐱 (℃) 𝑻𝟐 𝐦𝐚𝐱; ∆𝑻𝟐 𝐦𝐚𝐱 (℃) 

[64] Liquid cooling 5 C 52.9; 7.9 44.0; 3.2 

[68] Liquid cooling 0.9 C 32; 1.2 30.0; 0.6 

[69] Liquid cooling 12.5 W 60; - 45.1; - 

[73] Liquid cooling 2 C 50.0; 4.1 42.0; 1.2 

[88] Liquid cooling 3 C 45.10; - 41.1; 4.0 

[94] Liquid cooling 2 C 39.00; - 25.0; 1.0 

[107] Air cooling 1 C - 25.6; - 

[108] Air cooling 5 W 46.6; - 35.8; - 

[109] Air cooling 2 C - 51.9; 2.6 

[110] Air cooling 2 C - 37.0 

[110] Air cooling 2.5 W 43.0; - 26.0 

 

In order to give further insight of the battery thermal 

management models, Table 1 compares various important 

parameters of state-of-the-art methods. It shows the 

experimental results of the temperature difference before and 

after the BTM system after coupling liquid cooling or air 

cooling. When the PCM is coupled under the existing liquid 

cooling or air cooling heat dissipation, the maximum 

temperature drop of the system is 8.9~10.8℃, which is a large 

drop and the difference between different PCMs Not obvious. 

Compared with using PCM alone, the maximum temperature 

of the coupled liquid cooling system reaches 25~45.1℃, a 

drop of about 2~14℃; the maximum temperature of the 
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coupled air cooling system is 25.6~51.9℃, and the drop range 

is between 4.9~17℃. Larger, indicating that the liquid 

pipeline, flow rate or air flow path have a significant impact 

on heat dissipation. Even at a high discharge rate of 5 C, the 

coupling system meets the maximum temperature below 50℃, 

and the maximum temperature difference under different 

working conditions is only 4℃, and the energy consumption 

is also reduced to match the thermal management 

requirements. Scholars conducted experiments on innovative 

fluid channels such as honeycomb type, embedded type, and 

side plate type, optimized the airflow organization on the 

surface of the battery, and tried to change the working medium 

in the tube and the tube diameter enhancement system, which 

has uniform heat dissipation characteristics at high discharge 

rates. Valuable suggestions are put forward for the innovation 

of vehicle liquid cooling/air cooling structure. 

 

 

6. CONCLUSIONS 

 

Temperature has a significant impact on how well electric 

cars function, thus creating an effective integrated thermal 

management system for them is crucial to their further growth. 

The integrated thermal management system of electric cars 

still has the following issues that demand immediate attention 

despite the fact that the standards for thermal management 

systems in electric vehicles have improved: 

(1) The integrated thermal management system's design is 

based on the battery heat generation model, the cooling and 

heating load calculation model, and the heat generation model 

of the motor drive system. To increase the predictive 

capability of the models and offer theoretical support for 

equipment optimization design and engineering applications, 

it is necessary to further investigate the mechanisms behind 

the various heat generation models. 

(2) Electric vehicle integrated thermal management systems 

should progress in the directions of lightness, compactness, 

and integration. The performance optimization of a single 

thermal management system is the primary emphasis of 

current thermal management research, which ignores the 

interdependence of the thermal management subsystems. To 

improve the performance of the integrated thermal 

management system of electric vehicles, further study should 

make use of advanced thermal management techniques like 

heat pump technology, heat pipe technology, and direct 

evaporative cooling battery packs. These techniques take into 

account the coupling relationship between the various thermal 

management subsystems from the integrated system level. 

(3) Each component in the integrated thermal management 

system has varying needs depending on the operating 

circumstances of electric cars. In order to meet the thermal 

management needs of electric vehicles under challenging and 

variable operating conditions, further research can be done 

using the 1D/3D co-simulation method to develop targeted 

operation control strategies and optimal control methods for 

various integrated thermal management systems. 

(4) The current research ignores the effect of multiple 

elements such as process, cost, quality, strength, sealing, etc., 

lack of standardization and communication in favor of 

increasing the performance index of a single thermal 

management system. To encourage the development of 

integrated thermal management systems for electric cars, more 

research should completely take into account the restrictions 

between various components in the system, establish 

standardized test procedures, and offer corresponding 

comprehensive assessment indicators. 
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NOMENCLATURE 

 

A amper 

B magnetic flux, Wb.m−2 

BTMS Battery Thermal Management System 

c specific heat capacity of battery, J·(kg·K)-1 

C specific heat capacity of current collector, 

J·(kg·K)-1 

COP Coefficient of Performance 

EV Electric Vehicle 

EVTMS Electric Vehicle Thermal Management System 

f frequency, Hz 

HVAC Heating Ventilation and Air Conditioning 

h thicknesses, m 

I current, A 

J current density, A.m−3 

k Thermal conductivity of electrode sheet, 

W·(m·K)−1 

kh hysteresis loss coefficient 

ke eddy current loss coefficient 

Pcu copper loss, W 

PCM Phase Change Materials 

PTC Positive Temperature Coefficient 

PID Proportional Integral Derivative 

PCCR Percentage of Cooling Capacity Reduction 

q̇ heat production rate, W.m-3 

Q total heat load, W 

R resistance, Ω 

S area, m2 

T temperature, K 

U0 open circuit voltage, V 

U working voltage, V 

V Volt 

Vb battery volume, m3 

 
Greek symbols 

 

∆∅  potential difference, V 

σ conductivity, S.m−1 

τ time, s 

λ thermal conductivity of battery cell, W·(m·K)-1 

ρ density, kg.m-3 

 
Subscripts 

 

n negative 

p positive 

x,y,z cartesian coordinates 
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