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 A B S T R A C T

With the increasing energy density of batteries in electric vehicles (EVs), the design of battery thermal 
management systems with high energy performance and reduced economic and environmental costs has 
become a critical challenge. However, most previous studies have focused mainly on energy or exergy 
analyses, while comprehensive frameworks simultaneously incorporating economic and environmental aspects 
remain limited. In this study, a novel integrated thermal management system is developed to simultaneously 
control the temperature of the battery pack, cabin, and electric motor. The system is evaluated using a 
comprehensive five-dimensional (5E) framework, including energy, exergy, economic, exergo-economic, and 
exergo-environmental analyses. A detailed thermodynamic model of the proposed system is developed and 
validated against experimental data, showing deviations below 6% for key performance indicators. Under 
baseline operating conditions, the system achieves a coefficient of performance (COP) of 3.81, while the overall 
exergy efficiency is 5.5%, revealing a significant gap between energy quantity and energy quality. Exergy 
destruction analysis indicates that the evaporator and condenser are the dominant sources of irreversibility, 
with the condenser accounting for approximately 80% of the total capital cost. The specific cooling cost is 
estimated as 0.055 US$/kWh. Parametric analyses demonstrate that optimal thermodynamic and economic 
performance is obtained at mid-range battery state of charge (SOC ≈ 0.65–0.75). A comparative assessment 
of alternative refrigerants (R152a, R1234yf, and R513A) shows that R152a provides the highest COP (≈ 4.0), 
whereas R1234yf offers superior environmental performance due to its ultra-low global warming potential. 
The results highlight the effectiveness of the proposed 5E framework in identifying dominant inefficiencies and 
trade-offs, and provide practical guidance for the thermodynamic design, refrigerant selection, and sustainable 
optimization of next-generation EV thermal management systems.
1. Introduction

In recent years, the increase in fossil fuel prices and growing con-
cerns about environmental pollution have led to a significant growth 
in the development of electric vehicle (EV) and hybrid electric vehicle 
(HEV) technologies. These vehicles have been proposed as a suitable 
alternative to combustion vehicles in many countries due to their 
high energy efficiency, low emissions, diversity of power sources, and 
quiet operation. They can also balance the distribution network by 
connecting to the electricity grid [1].

Despite these advantages, challenges such as long and frequent 
charging times, insufficient acceleration, and limited driving range 
still prevent their commercial expansion. One of the main reasons for 
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these limitations is the lack of widespread development of charging 
infrastructure and the need to optimally use the energy stored in the 
vehicle, which is directly related to the performance of energy storage 
systems [2,3].

The battery plays a key role in electric and hybrid vehicles, and the 
performance, range, acceleration, safety, and overall cost of the vehicle 
depend on its technical characteristics and efficiency. To achieve higher 
power, more current must pass through the cells, which, according 
to Ohm’s law, leads to the generation of significant heat. If not man-
aged, this heat can dangerously increase the battery temperature. High 
temperatures not only reduce the operating life of the battery and its 
capacity but also increase the likelihood of phenomena such as thermal 
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runaway and fire. This is especially relevant when the temperature 
distribution among the cells is not uniform, as a temperature difference 
of more than 5 degrees Celsius can disrupt the charging and discharging 
process. Therefore, managing operating temperature within the optimal 
range (between 20 and 40 degrees Celsius) is crucial [4].

Given the temperature dependence of lithium-ion battery perfor-
mance, designing an effective battery thermal management system 
(BTMS) in electric vehicles is a fundamental requirement. In the ab-
sence of such a system, hazards such as internal short circuits and 
even battery explosions may occur. Therefore, battery thermal systems 
must be able to provide features such as fast response, high safety, low 
weight, compact design, easy maintenance, and accurate temperature 
control [5–7].

Today, various methods have been proposed for thermal manage-
ment, each with its advantages and limitations. One of the simplest 
and most common is air cooling, which can be used either actively 
or passively. The active method has higher thermal efficiency, but it 
is more expensive to build and maintain, while the passive method 
remains popular due to its simplicity, light weight, and low cost [8,9]. 
Liquids are more effective at cooling than air because of their better 
thermal properties. The active method has higher heat transfer rates 
but it is more energy intensive, while the passive method is simpler, 
safer, and less energy intensive [10,11].

Another effective method for battery thermal management is repre-
sented by Phase-change materials (PCMs), which can support maintain-
ing the proper temperature of the battery by exploiting the PCM’s latent 
heat as a passive method. These systems operate without the need for 
electricity, pumps, or fans, occupy little space, and exhibit good safety 
and thermal stability. However, their low thermal conductivity and the 
potential for leakage are the most significant challenges. Paraffin is one 
of the most commonly used materials in this method [8,12].

Heat pipes are also known as an effective option in heat man-
agement. These devices transfer heat with high efficiency without 
the need for electricity and through the process of evaporation and 
condensation of the internal fluid. Due to their very high equivalent 
thermal conductivity and compact structure, this method is widely used 
in hybrid designs [13].

The thermoelectric method has also been proposed in recent years 
for controlling the temperature of batteries. These systems consist of 
modules that can reduce the temperature of the battery pack through 
the Peltier effect. Their advantages include the absence of moving parts, 
quiet operation, zero greenhouse gas emissions, and low maintenance. 
However, the technology has limitations due to its low efficiency and 
the need to remove heat from the hot side of the module [8,13].

Furthermore, compression refrigeration cycles (similar to the air 
conditioning system in a car) are also an accurate and efficient method 
to cool the battery. Although this method has high efficiency, it is 
more often used in special applications due to its higher complexity 
and cost [8,12,13].

The use of hybrid systems in battery thermal management is a novel 
and effective approach to address multiple requirements of perfor-
mance, safety, and thermal stability. Using the complementary proper-
ties of different components, these systems can overcome the structural 
limitations, low heat transfer, or high energy consumption of individual 
systems. For example, combining PCM with air can provide thermal 
stability and heat storage with a simple structure, while combining 
liquid with a heat pipe enables rapid heat transfer with a compact 
structure [8,12,13].

Hybrid systems provide greater design flexibility in response to 
temperature changes and variable battery thermal loads, which is 
very important in the real-world operation of electric vehicles. These 
systems also have multi-criteria optimization capabilities and can be 
considered a suitable option for industrial development, considering 
energy, cost, and environmental criteria. As a result, a detailed analysis 
of these systems with a comprehensive approach is an important step 
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towards designing a new generation of thermal management systems 
for electric vehicle batteries.

However, for an accurate and multidimensional evaluation of the 
performance of battery cooling systems in electric vehicles, a com-
prehensive analysis known as 5E (including energy, exergy, economy, 
exergo-economic, and exergo-environmental) is of particular impor-
tance. Instead of focusing solely on heat transfer or energy consump-
tion, this approach examines all functional, economic, and environ-
mental dimensions of the system in an integrated manner. Through 
this analysis, it can be determined how much input energy is used 
(exergy analysis), which parts of the system have the most energy loss 
or destruction, how investment and operating costs are justified, and 
what impact they will have on pollutant emissions and environmental 
sustainability.

In the context of battery cooling systems, this type of analysis helps 
to select the best configuration in terms of efficiency, cost, and environ-
mental compatibility, and to make engineering and industrial decisions 
based on quantitative and real data. As a result, 5E analysis is a key 
tool for designing and optimizing next-generation thermal management 
systems in electric vehicles. Several studies have investigated different 
battery cooling approaches; however, important unresolved problems 
remain due to the lack of a comprehensive 5E framework. First, existing 
studies do not quantify the true economic cost of exergy destruction in 
each component, making it unclear which subsystem (e.g., condenser, 
compressor, or evaporator) imposes the highest avoidable cost. Second, 
previous research rarely evaluates battery, cabin, and motor cooling in 
an integrated configuration, leaving the coupled thermodynamic and 
economic interactions among these subsystems unexplored. Third, no 
prior study has assessed how operational variables – such as, battery 
state of charge (SOC) and thermal load – affect cooling costs, ex-
ergy efficiency, and system-level environmental impacts. The present 
work addresses these specific gaps by developing a fully integrated 5E 
assessment for an EV thermal management system.

Hamut et al. [1] analyzed the thermal management system (TMS) 
in extended-range electric vehicles under high-temperature conditions 
using exergy analysis. The results showed that the energy COP ranged 
from 1.8 to 2.4, while the exergy COP ranged from 0.26 to 0.39, 
with ambient temperature identified as a key factor influencing exergy 
performance. Similarly, Lee et al. [14] compared thermal management 
strategies for electric vehicles (EVs) in cold climates and found that the 
heat pump (HP) system outperforms positive temperature coefficient 
(PTC) heaters and hybrid approaches in terms of energy and exergy 
efficiency.

Togun et al. [15] provide a comprehensive review of battery ther-
mal management systems in electric vehicles; they examine a variety 
of cooling methods, including air, liquid, PCM, heat pipe, and hybrid 
systems, and show that liquid cooling and a combination of active–
passive methods perform best for reducing temperature and extending 
battery life. The research also highlights the role of emerging technolo-
gies, such as artificial intelligence for predictive temperature control 
and improving stability and safety.

Wang and Ruan [16] investigated an integrated thermal manage-
ment system (ITMS) – defined as a combined system of battery cooling 
and cabin air-conditioning – based on a two-phase pumped cooling and 
ventilation system for electric vehicles (EVs) was developed. The results 
showed that radiator cooling consumes only about 3% of the energy of 
the chiller cooling mode, while the chiller performs better under harsh 
conditions, indicating the optimization potential of ITMS.

In a study by Wankhede et al. [17], the performance of an air-
cooled system for lithium-ion batteries in student formula cars was 
investigated. The results showed that at an air velocity of 17 m/s, 
the battery temperature remained within a safe range of 30–40◦C, 
indicating the high potential of air-cooled systems in improving thermal 
stability and reducing the risk of thermal runaway. Harshit Pandey 
et al. [18] optimized an air-cooling system for lithium titanate oxide 
batteries, reducing the average temperature to 38.37◦C and achieving 
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16.4% and 14.57% reductions in average and maximum battery tem-
peratures, respectively. An absorption cooling system is proposed by 
Habash et al. [19] for an electric bus, which uses the waste heat of 
the engine as an energy source. By using a silica gel/ethanol pair, the 
coefficient of performance (COP) of the cooling system increased by 
about 9%, which improved battery health and increased the vehicle’s 
driving range.

Kumar et al. [20] investigated cylindrical lithium-ion battery cool-
ing using a 3E approach. Among aluminum, PCM, and foam+PCM 
packages with hybrid nanofluid, the aluminum pack achieved the 
highest thermal and exergy efficiency, while foam+PCM offered better 
temperature uniformity and long-term savings despite a higher initial 
cost.

In the study by Zong et al. [21], a novel R744-based thermal 
management system called Enhanced Parallel Cooling (EPC) was devel-
oped for electric vehicles. The results showed that this system has the 
potential to improve the efficiency and performance of electric vehicles 
by increasing the cooling capacity by up to 27.8% and improving 
the driving range by up to 14.6 km. Song et al. [22] developed a 
carbon dioxide (CO2) heat pump-based thermal management system 
(TMS) for electric vehicles (EVs), tested under World Light Vehicle Test 
Cycle (WLTC) conditions. They showed that optimal pressure and vapor 
quality control improve the coefficient of performance (COP), reduce 
exergy destruction, and enhance battery temperature uniformity by up 
to 10%.

In a study by Wahab et al. [23], single-phase immersion cooling 
was investigated for lithium-ion batteries. The results showed that this 
method can improve the safety, lifespan, and efficiency of electric 
vehicle batteries by enhancing temperature uniformity by 47.7% and 
reducing the peak temperature at a discharge rate of 8C. In the study 
by Sadar et al. [24], an advanced battery thermal management system 
(BTMS) using thermoelectric coolers (TEC) and transformer oil-based 
liquid immersion cooling (LIC) was proposed. The results showed that 
the LIC method significantly reduced the battery temperature com-
pared to natural and forced convection, while in heating mode, it 
was possible to preheat the battery from −25◦C to 0◦C, ensuring safe 
operation and battery service life. An electrochemical–thermal model 
combined with Computational Fluid Dynamics (CFD) simulation was 
developed by Adeniran et al. [25] to optimize the immersion cooling 
system for lithium-ion batteries. Among different dielectric fluids and 
module designs, the optimized U-type module showed reduced pressure 
drop and volume, while maintaining temperature uniformity within an 
acceptable range. These results emphasize the importance of balancing 
cost, safety, and performance. Finally, the integration of phase-change 
materials (PMS) with liquid cooling was investigated by Wu et al. 
[26] for battery performance at high discharge rates. The optimized 
design, including a three-bent S-shaped channel and multi-cell PCM 
encapsulation, reduced the peak temperature to 47.5◦C and improved 
temperature uniformity, ensuring thermal safety under 5C discharge 
conditions.

In this context, the novelty of the present study lies in advancing an 
integrated thermal management system capable of simultaneously con-
ditioning the battery pack, electric motor, and cabin within a unified 
architecture. Such a system-level integration has not been examined 
in previous EV thermal management studies. In addition, this work 
delivers the first comprehensive 5E assessment applied to an inte-
grated EV cooling architecture, providing new insights into subsystem 
interactions, exergy destruction costs, and environmental impacts. 

The main innovations and distinctions of the present research com-
pared to previous studies can be summarized in the following axes:

• Comprehensive five-dimensional (5E) analysis for the first 
time in EV battery thermal management: most of the ex-
isting studies have focused exclusively on energy analysis, and 
in limited cases, a combined energy and exergy analysis has 
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been considered. Such approaches cannot fully capture the mul-
tifaceted behavior of the system. In the present study, a compre-
hensive framework is introduced that simultaneously addresses 
five key dimensions: energy, exergy, economic, exergo-economic, 
and exergo-environmental (5E). This multidimensional perspec-
tive provides a holistic evaluation of system performance, cover-
ing not only thermodynamic efficiency but also cost distribution 
and sustainability aspects.

• Development of a comprehensive exergo-economic frame-
work based on realistic cost data: economic analyses in pre-
vious studies were generally limited to approximate estimations 
of investment and operating costs. In contrast, the present study 
develops a robust exergo-economic framework that incorporates 
real cost data for each component, including investment costs, 
interest rates, equipment lifetime, and operating expenses. This 
enables precise evaluation of the specific cooling cost (SCC) and 
quantification of the economic impact of exergy destruction in 
each component, thus providing valuable insights for industrial 
applications and investment decisions.

• Integration of environmental assessment based on exergy 
principles: environmental and sustainability aspects have often 
been neglected in previous EV thermal management research. In 
this study, a comprehensive exergo- environmental analysis is 
introduced, in which the environmental damage index (EDI) is 
calculated for each component based on its exergy consumption 
and environmental footprint. This novel perspective emphasizes 
that system optimization should not only account for technical 
and economic factors but also consider environmental impacts, 
thereby contributing to sustainable vehicle design.

• Detailed thermodynamic and fluid flow modeling of system 
components: many previous studies have relied on oversimpli-
fied models, in which the main components were considered as 
black-box units with no attention to internal thermal and hy-
draulic behavior. In this work, detailed modeling of each system 
component – including the compressor, evaporator, condenser, 
expansion valve, battery, motor, and cabin – has been carried out, 
with explicit consideration of refrigerant and coolant flow paths. 
This level of detail allows tracking of temperature, pressure, en-
thalpy, and exergy variations across the system, leading to more 
accurate identification of losses and optimization opportunities.

• Integrated thermal management of multiple vehicle subsys-
tems: whereas most previous studies have focused solely on 
battery cooling, the proposed system provides an integrated so-
lution that simultaneously manages the thermal needs of the 
battery pack, motor, and cabin. This integrated design improves 
the overall efficiency of the vehicle thermal management sys-
tem, reduces operational complexity, and eliminates the need for 
multiple independent cooling loops.

• Introduction of new performance indicators for system eval-
uation: in addition to conventional indicators such as the coeffi-
cient of performance (COP) and exergy efficiency, new indicators 
are introduced in this study, including the specific cooling cost 
(SCC) and the environmental damage index (EDI). These indica-
tors enable multi-dimensional assessment of the system and allow 
more comprehensive comparisons with other configurations in 
the literature.

2. Materials and methods

2.1. Process description

Fig.  1 shows the thermal management system analyzed in the 
present work. The combined system is designed to maintain the optimal 
operating range for the critical components of the electric vehicle, in-
cluding the batteries, electric engine, and vehicle cabin. The evaporator 
of the refrigeration system plays a key role in providing the cooling 
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Fig. 1. Schematic diagram of the proposed integrated electric vehicle thermal management system.
required to cool the electric engine and the vehicle cabin. In contrast, 
battery cooling is mainly entrusted to the liquid cooling loop.

The refrigeration process in this system begins with the compressor 
(1), where the refrigerant is compressed from a low-pressure vapor state 
into a high-pressure vapor. This hot vapor then enters the condenser 
(2), where it transfers its heat to the outside environment using a fan 
and turns into a high-pressure liquid. The liquid refrigerant is then 
directed through path (3) to the expansion valve (4). At this point, the 
pressure and temperature of the refrigerant suddenly decrease, and the 
refrigerant enters the evaporator (4).

In the evaporator, the low-pressure refrigerant is responsible for 
absorbing heat from various components, including the electric motor, 
the vehicle cabin, and the battery. After evaporation, the evaporated 
refrigerant returns to the compressor to continue this cycle.

In addition to this refrigeration cycle, a liquid fluid cooling loop 
is also active, which is circulated by a pump (6). This loop feeds the 
coolant into the battery thermal management assembly via path (7). 
Here, the fluid absorbs the heat generated by the battery, after which 
the fluid returns to the evaporator to transfer its heat to the refrigerant 
and re-enter the cooling cycle (5).

The battery configuration in this system is designed as a series–
parallel combination; 21 battery packs are connected in series and 6 
packs in parallel, each containing 20 cells. This structure is designed to 
distribute heat evenly and improve thermal safety. This simultaneous 
interaction between the two cooling loops (refrigerant loop and liquid 
circuit) significantly improves the thermal performance of the system.

Ultimately, this integrated cooling system ensures that key compo-
nents of electric vehicles, including the battery, vehicle cabin, electric 
motor, and inverter, operate at optimal temperature conditions. In Fig. 
1, the refrigerant path is shown in green, the coolant path is shown 
in blue, and the electrical current is shown in red. The working fluids 
used in this system are water (for the liquid cooling circuit) and HFC 
type R134a (for the refrigeration cycle).

2.2. Thermodynamic and heat transfer modeling

A systematic methodology was adopted to evaluate the proposed 
electric vehicle battery cooling system from thermodynamic, exergoe-
conomic, and exergoenvironmental perspectives. This section outlines 
the modeling framework, assumptions, and computational tools em-
ployed in the analysis. First, the physical configuration of the system 
and its components is described, followed by the governing energy and 
exergy equations. Subsequently, the cost and environmental models are 
introduced to enable the 5E assessment.
4 
2.2.1. Cabin thermal modeling
In electric vehicle air conditioning systems, the cooling load re-

quired for the cabin includes the sum of four main heat sources: 
solar radiation, metabolic heat from the occupants, heat generated by 
interior electrical equipment, and convective heat transfer from outside 
air to the cabin. This relationship is expressed as follows [22,27,28]: 
𝑄̇cab = 𝑄̇rad + 𝑄̇human + 𝑄̇electric + 𝑄̇con (1)

Here, 𝑄̇ denotes the heat transfer rate.  Subscripts cab, rad, human, 
electric, and con denote the total cabin heat load, the heat gain from 
solar radiation, the occupants’ metabolic heat, the heat from interior 
electrical devices, and the convective heat transfer from ambient air 
into the cabin, respectively.

In this work, the solar radiation load was considered only across 
the window surfaces, as glazing represents the primary pathway for 
shortwave solar gains in vehicle cabins. Heat absorbed by opaque 
body panels is comparatively small and is treated indirectly through 
the convective heat transfer term. This approach is consistent with 
previous studies [22,27,28] and provides a simplified yet accurate 
representation of the dominant heat gain mechanisms.

The following relation calculates the solar radiation heating load: 
𝑄̇rad = 𝛷solar ⋅ 𝐴window (2)

where 𝛷solar is the intensity of solar radiation and 𝐴window is the total 
surface area of the windows. The internal electrical heat load 𝑄̇electric
is assumed to be constant and equal to 600 W [22,27,28].

To estimate the heat released by human metabolism, the body 
surface area (BSA) is first calculated using the DuBois empirical for-
mula [29]: 
BSA = 0.007184 ⋅𝑊 0.425

𝑔 ⋅𝐻0.725 (3)

where 𝑊𝑔 is the weight and 𝐻 is the height of the person. The total 
metabolic heat gain from passengers is then given by [30]: 
𝑄̇human = BSA ⋅

(

85 + 55 ⋅ (𝑁passenger − 1)
)

(4)

where 𝑁passenger is the total number of occupants. The heat released by 
each passenger is assumed to be 85 W for the driver and 55 W for each 
additional passenger.

The convective heat transfer from the ambient environment is cal-
culated using the external convective heat transfer coefficient, which 
depends on vehicle speed [22,27,28]: 

ℎexternal = 1.163 ⋅

(

4 + 12 ⋅
√

𝑉
3.6

)

(5)

where 𝑉  is the vehicle velocity. Accordingly, the convective heat gain 
through the windows is computed as: 
𝑄̇ = ℎ ⋅ 𝐴 ⋅ (𝑇 − 𝑇 ) (6)
con external window ext cab
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Table 1
Input parameters used in the cabin thermal load model.
 No. Parameter Value/Description Unit  
 1 Cabin air volume (𝑉cab) 2500 liters  
 2 Inlet air velocity (𝑣air) 3 m/s  
 3 Cabin/system pressure (𝑃cab) 100 kPa  
 4 Cabin temperature (𝑇cab) 25 ◦C  
 5 External temperature (𝑇ext) 35 ◦C  
 6 Vehicle velocity (𝑣) 80 km/h  
 7 Passenger average weight (𝑊 ) 80 kg  
 8 Passenger average height (𝐻) 175 cm  
 9 Number of passengers (𝑁passenger) 4 persons 
 10 Window surface area (𝐴window) 2.5 m2  
 11 Solar radiation (𝛷solar) 1000 W/m2  

Here, 𝑇ext and 𝑇cab are the external and cabin air temperatures, 
respectively, and 𝐴window is the window surface area.

In this study, the convective heat gain was formulated with respect 
to the window surfaces, as glazing typically has a higher thermal trans-
mittance compared to opaque body panels and therefore dominates the 
direct convective exchange with the ambient. Heat transfer through 
the roof, floor, and opaque side walls is implicitly included in the 
overall thermal balance but is assumed to contribute less significantly 
than the windows. This simplification, which is also adopted in similar 
works [22,27,28], provides a tractable model while still capturing the 
primary pathways of convective heat ingress into the cabin.

Table  1 shows the input parameters for the cabin thermal modeling 
[22].

2.2.2. Engine thermal modeling
Electric engines in vehicles must overcome rolling resistance, accel-

eration resistance, and drag (aerodynamic resistance), which determine 
the mechanical power required, while losses are typically released as 
heat [22,31], depending on the engine efficiency.

The rolling and acceleration resistance forces, the aerodynamic drag 
force, and the resulting total resistance force are calculated by the 
following relations [31]: 
𝐹roll = 𝑓 ⋅ 𝑚vehicle ⋅ 𝑔 (7)

𝐹acc = 𝛿 ⋅ 𝑚vehicle ⋅ 𝑎 (8)

𝐹drag =
1
2
⋅ 𝐶drag ⋅ 𝐴frontal ⋅ 𝜌air ⋅

( 𝑣
3.6

)2
(9)

𝐹total = 𝐹roll + 𝐹acc + 𝐹drag (10)

where, 𝑚vehicle is the vehicle mass, 𝑔 is the gravitational acceleration, 𝛿
is the rotating mass correction coefficient, 𝑎 is the vehicle acceleration, 
𝐶drag is the aerodynamic drag coefficient, 𝐴frontal is the frontal area of 
the vehicle, 𝜌air is the air density, and 𝑣 is the vehicle speed in km/h, 
converted to m/s by dividing by 3.6. The required mechanical power 
output of the engine is calculated by the following equation: 

𝑃mot =
( 𝑣
3.6

)

⋅ 𝐹total (11)

The final equation calculates the heat loss generated by the engine: 
𝑄̇mot = 𝑃mot ⋅ (1 − 𝜂mot) (12)

where, 𝜂mot is the engine efficiency, and the term (1 − 𝜂mot) represents 
the fraction of power lost as heat. Table  2 shows the input parameters 
used in the electric engine heat generation model [22,31].

2.2.3. Battery thermal modeling
The thermophysical characteristics of the battery used in this study 

are presented in Table  3. This battery is a cylindrical lithium-ion 
battery with a nominal capacity of 2.20 AH and a nominal voltage of 
5 
Table 2
Input parameters used in the electric engine heat generation model.
 No. Parameter Value/Description Unit  
 1 Rolling resistance coefficient (𝑓 ) 0.015 –  
 2 Rotating mass correction coefficient (𝛿) 1.05 –  
 3 Vehicle total mass (𝑚vehicle) 1500 kg  
 4 Vehicle acceleration (𝑎) 1 m/s2 
 5 Aerodynamic drag coefficient (𝐶drag) 0.3 –  
 6 Vehicle frontal area (𝐴frontal) 2.2 m2  
 7 Engine efficiency (𝜂mot) 0.9 –  

Table 3
Geometric and thermophysical characteristics of the selected cylindrical bat-
tery cell.
 No. Property Value Unit  
 1 Nominal capacity 2.20 Ah  
 2 Nominal voltage 3.70 V  
 3 Cell diameter 18 mm  
 4 Cell height 65 mm  
 Positive electrode
 5 Dimensions (L × W × T) 64.5 × 5.8 × 0.144 mm  
 6 Specific heat capacity 755 J/kg K  
 7 Thermal conductivity 0.2 W/m K 
 8 Aluminum foil thickness 0.0164 mm  
 9 Aluminum foil density 2700 kg/m3  
 Negative electrode
 10 Dimensions (L × W × T) 70 × 5.8 × 0.152 mm  
 11 Specific heat capacity 1437 J/kg K  
 12 Thermal conductivity 1.1 W/m K 
 13 Copper foil thickness 0.0107 mm  
 14 Copper foil density 8930 kg/m3  
 Separator
 15 Dimensions (L × W × T) 149 × 6 × 0.020 mm  
 16 Density 1009 kg/m3  
 17 Specific heat capacity 1978 J/kg K  
 18 Thermal conductivity 0.334 W/m K 

3.70 V. The compact dimensions of this cell and the thermal charac-
teristics of its internal components, including the positive electrode, 
negative electrode, and separator, make it a suitable option for electric 
vehicles [32].

To provide the required energy equivalent to 80 kWh at a voltage 
level of 400 V, the battery cell configuration is designed as a combina-
tion of series and parallel arrangements. The cell used is a cylindrical 
lithium-ion type with a nominal voltage of 3.70 V and a capacity of 
2.20 Ampere-hours. Based on these specifications, the number of cells 
required to achieve the voltage and capacity of the entire system is 
estimated to be about 9828.

In order to create a modular and deployable structure, the cells 
are grouped into packages containing 20 cells. Also, considering four 
parallel paths for the passage of the cooling flow, the number of parallel 
packages in each path is considered to be equal to 24. In order to 
maintain the correspondence between the total number of cells and the 
physical structure of the battery packs, the number of series packages is 
also rounded to 21. Thus, the entire system will consist of 504 battery 
packs.

In each cooling path, 24 packages are arranged in parallel, and 21 
packages are arranged in series. This structure, in addition to providing 
the required electrical specifications, allows for uniform heat distribu-
tion and an effective cooling system design. The full specifications of 
this configuration are given in Table  4.

The Bernardi model is one of the simplest and most widely used 
methods for calculating the heat generated in batteries. This model is 
based on energy balance and considers the total heat as the sum of 
reversible heat (due to entropy change) and irreversible heat (Ohmic 
losses). This equation is expressed as follows [33]: 

𝑄̇battery =
𝐼

(

𝐼𝑅int + 𝑇
𝑑𝑈OC

)

(13)

𝑉bat 𝑑𝑇
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Table 4
Final configuration and key specifications of the electric vehicle battery system 
for a 400 V, 80 kWh application.
 No. Parameter Value Unit 
 1 Rated voltage per cell 3.70 V  
 2 Rated capacity per cell 2.20 Ah  
 3 Total required energy 80,000 Wh  
 4 System voltage 400 V  
 5 Number of series cells 108 –  
 6 Number of parallel cells 91 –  
 7 Total number of cells 9828 –  
 8 Cells per package 20 cells 
 9 Number of parallel packages (rounded) 24 –  
 10 Number of series packages (rounded) 21 –  
 11 Total number of packages 504 –  
 12 Cooling lines (Parallel Flow Paths) 4 –  
 13 Parallel packages per line 6 –  
 14 Series packages per line 21 –  
 15 Total packages per cooling line 126 –  
 16 Cells per cooling line 2520 cells 

Table 5
Mass and energy balance equations for each component of the refrigeration 
cycle.
 No. Component Mass conservation 

equation
Energy conservation equation 

 1 Compressor 𝑚̇1 = 𝑚̇2 𝑊̇comp = 𝑚̇1(ℎ2 − ℎ1)  
 2 Condenser 𝑚̇2 = 𝑚̇3 𝑄̇cond = 𝑚̇2(ℎ2 − ℎ3)  
 3 Expansion valve 𝑚̇3 = 𝑚̇4 ℎ3 = ℎ4 (Isenthalpic process)  
 4 Evaporator 𝑚̇4 = 𝑚̇1 𝑄̇evap = 𝑚̇4(ℎ1 − ℎ4)  

In this equation, 𝐼 denotes the current, and 𝑉bat is the terminal 
voltage of the cell. 𝑅int represents the internal resistance, 𝑇  is the 
absolute temperature, and 𝑑𝑈OC

𝑑𝑇  is the temperature derivative of the 
open-circuit voltage.

The internal resistance of the battery cell (𝑅𝑖) and the temperature 
derivative of the open-circuit voltage ( 𝑑𝑈ocv𝑑𝑇 ) are estimated as functions 
of the state of charge (SOC) shown in the following equations [32]: 

𝑅𝑖 = 0.0852 + 0.00623 ⋅ sin
(

𝜋 ⋅ (𝑆𝑂𝐶 − 0.23727)
0.18

)

(14)

𝑑𝑈ocv
𝑑𝑇

= 3.18467 − 62.78706 ⋅ 𝑆𝑂𝐶 + 425.05006 ⋅ 𝑆𝑂𝐶2

− 1330.74155 ⋅ 𝑆𝑂𝐶3 + 2134.38248 ⋅ 𝑆𝑂𝐶4

− 1701.34615 ⋅ 𝑆𝑂𝐶5 + 533.88889 ⋅ 𝑆𝑂𝐶6 (15)

In these equations, 𝑅𝑖 represents the internal electrical resistance of 
the cell varies with the SOC. The term 𝑑𝑈ocv

𝑑𝑇  denotes the derivative 
of the open-circuit voltage with respect to temperature. For the base 
calculation, the SOC and battery set point temperature are considered 
0.7 and 35◦C, respectively.

2.2.4. Refrigeration cycle modeling
The mass and energy balance equations for the electric vehicle 

refrigeration cycle are shown in Table  5
In the energy and mass balance equations of the refrigeration cycle, 

the variable 𝑚̇ represents the mass flow rate, the symbol ℎ denotes the 
specific enthalpy, Heat transfer rate is denoted by 𝑄̇, while 𝑊̇  denotes 
the power input or output. The parameter 𝜀 indicates the effectiveness 
of the internal heat exchange. Subscripts used in the equations include 
‘‘comp’’ for the compressor, ‘‘cond’’ for the condenser, and ‘‘evap’’ for 
the evaporator.

Table  6 shows the input data for the vapor-compression refrigera-
tion cycle.

The required mass flow rate of the refrigeration cycle is calculated 
from the following equation: 

𝑚̇5 =
𝑄̇cab + 𝑄̇battery + 𝑄̇mot (16)
ℎ1 − ℎ4

6 
Table 6
Input data for the vapor-compression refrigeration cycle.
 No. Parameter Value Unit  
 1 Refrigerant type R134a –  
 2 Evaporator saturation temperature (𝑇sat) 5 ◦C  
 3 Subcooling degree 3 ◦C  
 4 Superheating degree 3 ◦C  
 5 Compressor isentropic efficiency (𝜂𝑠) 0.90 –  
 6 Condensation temperature (𝑇cond) 55 ◦C  
 7 Air inlet temperature (Condenser) 25 ◦C  
 8 Air outlet temperature (Condenser) 35 ◦C  
 9 Air velocity across condenser 18 m/s  
 10 Fin thermal conductivity (𝑘fin) 200 W/m K 
 11 Fin length (𝐿fin) 0.008 m  
 12 Fin thickness (𝑡fin) 0.001 m  
 13 Added fin area (𝐴fins) 1.5 m2  

To account for uncertainties and possible performance fluctuations, 
these cooling loads are included in the thermal analysis with a con-
fidence factor of 80%.

The coefficient of performance (COP) of the refrigeration cycle is 
calculated by the following equation: 

𝐶𝑂𝑃 =
ℎ1 − ℎ4
ℎ2 − ℎ1

(17)

2.2.5. Heat transfer analysis
To calculate the required heat exchange area, the logarithmic 

mean temperature difference (LMTD) equation is used, which is as 
follows [34]: 

𝐴 = 𝑄̇
𝑈 ⋅ 𝛥𝑇lm

(18)

𝛥𝑇lm =
𝛥𝑇1 − 𝛥𝑇2

ln
(

𝛥𝑇1
𝛥𝑇2

) (19)

In the above equations, 𝐴 represents the required heat transfer surface 
area. 𝑈 is the overall heat transfer coefficient. The term 𝛥𝑇lm refers to 
the logarithmic mean temperature difference (LMTD) between the hot 
and cold streams. 𝛥𝑇1 is the temperature difference between the hot 
stream inlet and the cold stream outlet, while 𝛥𝑇2 is the temperature 
difference between the hot stream outlet and the cold stream inlet. 
To calculate the convective heat transfer coefficient in single-phase 
flows, the Nusselt number (𝑁𝑢) must first be determined. In this study, 
standard empirical relationships have been used to estimate the Nusselt 
number, as shown below [34]: 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘
=

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

4.36, if 𝑅𝑒 ≤ 2300
(Laminar flow, constant heat flux)

(𝑓𝑟∕8)(𝑅𝑒−1000)𝑃𝑟
1+12.7

√

𝑓𝑟∕8
(

𝑃𝑟2∕3−1
) , if 𝑅𝑒 > 3000

(Turbulent flow, Gnielinski)

(20)

where ℎ is the convective heat transfer coefficient, 𝐷ℎ is the hydraulic 
diameter of the channel, 𝑘 is the thermal conductivity of the work-
ing fluid, and 𝑓𝑟 represents the Darcy friction factor, which can be 
determined empirically or through correlations such as the Blasius or 
Colebrook equations, and is required for the Gnielinski correlation used 
in turbulent flow conditions.

In two-phase flow thermal design of evaporators and condensers, 
the Shah correlation is used as shown below [34]: 
𝑁𝑢tp = 𝑁𝑢lo ⋅

[

1 + 3.8 ⋅ 𝑥0.8tp ⋅ (1 − 𝑥tp)0.76 ⋅ 𝐵𝑜0.04 ⋅ 𝑃−0.38
𝑟

]

(21)

𝐵𝑜 =
𝑄total (22)
𝐺1 ⋅ (ℎ𝑣 − ℎ𝑙) ⋅ 𝐴
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𝑃𝑟 =
𝑃

𝑃crit
(23)

𝑁𝑢lo =
ℎsub ⋅𝐷ℎ

𝑘
(24)

In these equations, 𝐵𝑜 denotes the boiling number, 𝐺1 denotes the re-
frigerant mass flux. ℎ𝑣 and ℎ𝑙 represent vapor and liquid enthalpy. The 
𝑃𝑟 is the reduced pressure. The 𝑃crit denotes the critical pressure. 𝑁𝑢lo
is the liquid-only Nusselt number. Subscript tp denotes the two-phase 
flow.

To calculate the Nusselt number on the air side of the condenser, the 
empirical equation for forced convection of turbulent flow is used [34] 

𝑁𝑢 = 0.026 ⋅ 𝑅𝑒0.8 ⋅ 𝑃𝑟0.33 (25)

To increase the heat transfer rate on the air side of the compressor, 
aluminum fins are used. These fins are 1 mm thick and 8 mm long. The 
efficiency of the fins is calculated for a smooth rectangular geometry 
by the following equation [34]: 

𝑚𝑓 =

√

2ℎair,base
𝑘fin𝑡fin

(26)

𝑡fin denotes the fin thickness. The fin efficiency 𝜂𝑓  is then calculated 
by the following equation [34]: 

𝜂𝑓 =
tanh(𝑚𝑓𝐿fin)

𝑚𝑓𝐿fin
(27)

To determine the overall efficiency of the heat exchange surface, the 
total surface area with fins is first calculated. The base area (without 
fins) is equal to [34]: 

𝐴𝑏 =
𝐴cond
𝜂𝑜

− 𝐴fins (28)

where 𝐴fins is the added area due to the fins, and the total surface area 
is [34]: 
𝐴𝑡 = 𝐴𝑏 + 𝐴fins (29)

The overall surface efficiency 𝜂𝑜, is calculated by [34]: 

𝜂𝑜 = 1 −
(

𝐴fins
𝐴𝑡

)

(

1 − 𝜂𝑓
)

(30)

Finally, the effective convective heat transfer coefficient on the air side 
is calculated by [34]: 
ℎair,eff = 𝜂𝑜 ⋅ ℎair,base (31)

2.2.6. Exergy analysis
Specific exergy (𝑒) can be classified into four main categories: 

physical, chemical, potential, and kinetic exergy [1,35–37]. 

𝑒 =
∑

𝑥𝑖𝑒ch,𝑖 +
𝑉 2

2
+ 𝑔𝑧 + (ℎ − ℎ0) − 𝑇0(𝑠 − 𝑠0) + 𝑇0

∑

𝑥𝑖𝑅𝑖 ln 𝑦𝑖 (32)

In this equation, 𝑉  and 𝑧 represent the velocity and height of the sys-
tem, respectively. The parameters 𝑥 and 𝑦 represent the mass fraction 
and mole fraction of each component in the mixture, respectively. Also, 
𝑠 represents the specific entropy. The subscript 0 refers to the reference 
conditions (or dead state), while the subscripts 𝑖 and ch are used to 
specify the chemical components and their chemical exergy, respec-
tively. The exergy destruction rate (EDR) for every system component 
is shown in Table  7 The total EDR of the refrigerant cycle and total 
system are calculated by the following equations: 
𝐸̇𝑑,cooling cycle = 𝐸̇𝑑,comp + 𝐸̇𝑑,cond + 𝐸̇𝑑,exp.valve + 𝐸̇𝑑,evap (33)

𝐸̇𝑑,system = 𝐸̇𝑑,comp + 𝐸̇𝑑,cond + 𝐸̇𝑑,exp.valve + 𝐸̇𝑑,evap

+ 𝐸̇𝑑,cab + 𝐸̇𝑑,BCP + 𝐸̇𝑑,engine (34)
7 
Table 7
Exergy destruction rate (EDR) expressions for individual system components.
 No. Component Exergy destruction expression (kW)  
 1 Compressor 𝑚̇1(𝑒1 − 𝑒2) + 𝑊̇comp  
 2 Condenser 𝑚̇2(𝑒2 − 𝑒3) + 𝑚̇air,cond(𝑒air,in,cond − 𝑒air,out,cond) 
 3 Expansion valve 𝑚̇4(𝑒3 − 𝑒4)  
 4 Cabin 𝑄̇cab ⋅

(

1 − 𝑇0
𝑇cab+273.15

)

 
 5 Battery cooling path (BCP) 𝑚̇5(𝑒7 − 𝑒5)  
 6 Engine 𝑄̇mot ⋅

(

1 − 𝑇0
𝑇mot+273.15

)

 
 7 Evaporator (𝐸̇𝑑,cab + 𝐸̇𝑑,battery + 𝐸̇𝑑,engine) − 𝑚̇4(𝑒1 − 𝑒4)  

The refrigerant cycle exergy efficiency is calculated by the following 
relation: 

𝜂ex =
𝑚̇5(𝑒1 − 𝑒4)
𝑊̇comp

(35)

2.2.7. Exergo-environmental analysis
Exergy-environmental analysis combines the concepts of exergy 

analysis and environmental impact assessment to measure the side ef-
fects of EDR in energy systems. This approach examines how inefficien-
cies in real-world processes lead to depletion of natural resources and 
environmental damage. To measure the relationship between EDR and 
its environmental impacts, an index named the exergy-environmental 
factor is defined, which can be calculated by the following equa-
tion [36,38,39]: 
𝑓𝑒𝑖 =

EDR
∑

in 𝑚̇𝑒
(36)

The system’s Environmental Damage Effectiveness Ratio (EDE) is de-
fined to measure the impact of the EDR on the environment. This 
parameter can be calculated by the following equation [36,38,39]: 

𝜙𝑒𝑖 =
𝑓𝑒𝑖
𝜂𝑒𝑥

(37)

The Exergy Stability Factor (ESF) evaluates the balance between the 
EDR and the exergy Output rate. This index can be calculated by the 
following equation [36,38,39]: 

𝑓𝑒𝑠 =
EDR

∑

𝑚̇𝑒xtot,out + EDR + 1
(38)

2.3. Economic analysis

Table  8 shows the cost functions for every component of the pro-
posed system. O&M (operating and maintenance) costs are assumed to 
be 6% of the initial

The isentropic efficiency of the compressor is denoted by 𝜂𝑠. 𝐶pump
denotes the corresponding cost exponent, varying with power level. 
The term 𝑚̇ref,a indicates the refrigerant mass flow rate through the 
expansion valve. 𝐶bat, is the cost per unit of battery energy capacity in 
USD/kWh, and 𝐾bat specifies the amount of battery energy (in kWh). 
The total investment cost of the proposed system can be determined by 
the following equation [47–49]: 
𝑍0 = 𝑍comp +𝑍cond +𝑍evap +𝑍pump +𝑍EXV +𝑍bat +𝑍channel (39)

where Z denotes the investment cost of each subsystem.
The impact of the inflation rate can be considered by using the 

following relation [50]: 
𝑍𝑛 = 𝑍0(1 + 𝑖)𝑛 (40)

Here, 𝑖 denotes the inflation rate (equal to 2.5%) and 𝑛 denotes the 
number of years of operation.

The capital recovery factor (CRF) is calculated by the following 
relation [50]: 

CRF =
𝑖(1 + 𝑖)𝑛 (41)
(1 + 𝑖)𝑛 − 1
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Table 8
Cost functions used for the economic modeling of system components.
 No. Component Cost equation Ref  
 1 Compressor 𝑍comp =

(

573 𝑚̇ref
0.8996 − 𝜂𝑠

)(

𝑃cond
𝑃evap

)

ln
(

𝑃cond
𝑃evap

)

 
 𝜂𝑠 = 0.85 − 0.046667

(

𝑃cond
𝑃evap

)

[40]  
 2 Condenser 𝑍cond = 516.621𝐴cond [41]  
 3 Evaporator 𝑍evap = 309.143𝐴evap [41]  
 4 Pump 𝑍pump = 308.9 𝑊̇ 𝐶pump

pump [41]  
 𝐶pump = 0.25 for 0.02 < 𝑊̇pump < 0.3 kW  
 𝐶pump = 0.45 for 0.3 < 𝑊̇pump < 20 kW  
 𝐶pump = 0.84 for 20 < 𝑊̇pump < 200 kW  
 5 Expansion valve (EXV) 𝑍evap,exv = 5000 𝑚̇ref,a [42]  
 6 Battery cooling channel 𝑍channel = 250𝐴bat,channel [43–46] 
 7 Battery pack (for TMS) 𝑍bat = 𝐶bat𝐾bat [41]  
𝑖 denotes the annual interest rate (8%) in this article, and 𝑛 is the 
equipment lifetime (10 years in this study).

The marginal cost of cooling produced by an electric vehicle refrig-
eration system is calculated using the following equation. 

𝐶cooling =
𝑍𝑛

𝐸cooling, annual
(42)

𝐸cooling, annual represents the total cooling energy produced by the 
refrigeration system during 3000 h of operation in one year.

2.4. Exergoeconomic analysis

Exergoeconomic analysis provides a more detailed view of the per-
formance of energy systems by incorporating economic concepts into 
exergy analysis. This method calculates the cost of exergy flows in the 
system and determines the final cost of the product of each component. 
It also identifies the relationship between the costs of flows and the 
investment in different components of the system. For each component 
of the system, a cost balance is considered that includes the flows’ costs 
and the investment cost of that component [51–53].

In this regard, the Specific Exergy Costing (SPECO) methodology 
was adopted to assign monetary values to the exergy streams of the 
system. This approach establishes cost balances for each component 
by linking the unit cost of exergy at the inlet and outlet streams 
with the cost of capital investment and operating expenses. Through 
this procedure, the cost of exergy destruction and losses is quantified, 
allowing identification of the components with the highest economic 
impact [51–53].

The general equation of exergoeconomic analysis is as follows [51–
53]: 

𝐶̇𝑞,𝑘 +
∑

𝑖
𝐶̇𝑖,𝑘 + 𝑍̇𝑘 =

∑

𝑒
𝐶̇𝑒,𝑘 + 𝐶̇𝑤,𝑘 (43a)

𝐶̇𝑖 = 𝑐𝑖 𝐸̇𝑖 = 𝑐𝑖 𝑚̇𝑖 𝑒𝑖 (43b)

𝐶̇𝑒 = 𝑐𝑒 𝐸̇𝑒 = 𝑐𝑒 𝑚̇𝑒 𝑒𝑒 (43c)

𝐶̇𝑤 = 𝑐𝑤 𝑊̇ (43d)

𝐶̇𝑞 = 𝑐𝑞 𝐸̇𝑞 (43e)

The term 𝐶̇ represents the cost rate; Subscripts i, e, q, and w denote 
input, outlet, thermal, and work. The term 𝑍̇𝑘 denotes the capital 
investment and maintenance cost rate attributed to the component. 𝑘
denotes the number of components. 𝑐 is the unit exergy cost.𝐸̇ is the 
exergy flow rate.

The cost rate of the EDR is defined as follows: 

𝐶̇ = 𝑐 𝐸̇ (44)
𝐷,𝑘 𝐹 ,𝑘 𝑑,𝑘

8 
Table 9
Exergoeconomic cost balance equations for system components.
 No. Component Equation  
 1 Compressor 𝐶̇1 + 𝑍̇comp + 𝑐elect ⋅ 𝑊̇𝐶 = 𝐶̇2  
 2 Condenser 𝐶̇2 + 𝐶̇air,in,cond + 𝑍̇cond = 𝐶̇3 + 𝐶̇air,out,cond 
 3 Expansion valve (EXV) 𝐶̇3 + 𝑍̇EXV = 𝐶̇4  
 4 Evaporator 𝐶̇4 + 𝑍̇evap + 𝑐cool ⋅ 𝑄̇total = 𝐶̇1  
 5 Battery cooling channel 𝐶̇5 + 𝑍̇channel = 𝐶̇7  
 6 Coolant pump 𝐶̇5 + 𝑍̇pump + 𝑐elect ⋅ 5 ⋅ 𝑊̇pump = 𝐶̇6  
 7 Battery channel – F-rule 𝐶̇5 ⋅ 𝑚̇7 ⋅ 𝑒7 = 𝐶̇7 ⋅ 𝑚̇5 ⋅ 𝑒5  
 8 Compressor – F-rule 𝐶̇1 ⋅ 𝑚̇2 ⋅ 𝑒2 = 𝐶̇2 ⋅ 𝑚̇1 ⋅ 𝑒1  
 9 Assumption 𝐶̇air,in,cond = 0  

The capital investment rate can be calculated by the following equation: 

𝑍̇𝑘 =
𝑍𝑘 ⋅ 𝐶𝑅𝐹 ⋅ 𝜑

𝑁
(45)

where 𝑁 is the unit’s annual number of operation hours and 𝜑 is the 
maintenance factor. The total cost rate is calculated as follows: 
𝐶̇𝑡𝑜𝑡,𝑘 = 𝐶̇𝐷,𝑘 + 𝑍̇𝑘 (46)

Ultimately, the exergoeconomic factor is given by the following rela-
tion: 

𝑓𝑘 =
𝑍̇𝑘

𝑍̇𝑘 + 𝑐𝑓,𝑘 𝐸̇𝐷,𝑘
(47)

Table  9 shows the exergoeconomic relations for each component plus 
the F-rule auxiliary equation

2.5. Mathematical modeling implementation

The mathematical model presented in the previous sections is de-
veloped in the Engineering Equation Solver (EES) software. All properties 
required for system performance simulation are extracted directly from 
the EES property database. The boundary conditions and operating pa-
rameters used in the simulations (ambient temperature, pressure levels, 
mass flow rates, component efficiencies, and heat transfer coefficients) 
are summarized in Tables  1, 2, 3, 4, and 6, respectively.

To validate the numerical model and also to check the accuracy 
and consistency of the results, a similar computational code is also 
developed completely in Python. In this version of the model, ther-
modynamic and physical property calculations have been done using
CoolProp library. CoolProp is an open-source library for thermodynamic 
properties.

The purpose of developing the model in both EES and Python is 
to examine the consistency of the numerical results, identify possible 
differences in the calculation of thermodynamic properties between 
the two databases, and evaluate the performance of the equation-
solving algorithms in each software. This comparison helps to increase 
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Fig. 2. Flowchart illustrating the calculation procedure of the proposed model.
confidence in the accuracy of the results and the stability of the model. 
The procedure adopted by the simulation model is based on the steps 
described in Fig.  2.

3. Result and discussion

This section presents and discusses the main findings of the ther-
modynamic, exergo-economic, and exergo-environmental analyses of 
9 
the proposed electric vehicle battery cooling system. The results are 
structured to highlight the system’s energy and exergy performance, 
followed by a detailed cost and environmental assessment. Comparisons 
with conventional configurations are provided to demonstrate the ad-
vantages of the proposed layout. Sensitivity analyses are also included 
to evaluate the influence of key design and operating parameters. 
Together, these results provide a comprehensive understanding of the 
system’s technical, economic, and environmental feasibility.
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Table 10
Validation of the proposed model through comparison of simulation and 
experimental results.
 No. Parameter Unit Experimental Simulation Relative error 

(%)
 

 1 Evaporator capacity kW 4.25 4.40 3.53  
 2 Condenser capacity kW 5.85 5.97 2.05  
 3 Compressor power kW 1.60 1.55 3.13  
 4 COP – 2.66 2.83 6.39  

3.1. Model validation

A structured validation procedure was performed for all sub-models 
of the proposed thermal management system, including the cabin, 
motor, battery, and refrigeration cycle models.

Experimental data from field tests performed at the Guangzhou 
Higher Education Center [22,27] were used to validate the cabin 
thermal model. The comparison between measured and simulated cabin 
temperatures showed a maximum absolute deviation of 3.53◦C and 
a relative error below 5%. In addition, the conductive thermal load 
measured using an HFM-215 heat flux meter was approximately 900 W, 
in good agreement with model predictions. Statistical indicators con-
firmed the robustness and reliability of the cabin model.

The motor heat generation model was validated using data reported 
in [22,31]. In the reference study, a 42.9 kW electric motor with an 
efficiency of 42.9% produced approximately 40 kW of thermal losses 
with a heating efficiency of 70%. Comparison with the present model 
demonstrates an error margin of less than 3%, confirming the accuracy 
of the thermal formulation.

The internal resistance and thermal entropy coefficient of the bat-
tery were computed using empirical relationships from [32]. The orig-
inal data-fitting process reported coefficients of determination of 𝑅2 =
0.82 for internal resistance and 𝑅2 = 0.97 for thermal entropy. These 
high determination coefficients confirm the suitability of the correla-
tions for battery thermal modeling.

The refrigeration cycle model was validated using experimental 
measurements from [54]. The same inlet conditions as the laboratory 
tests were applied to the numerical model, and key parameters, includ-
ing evaporator and condenser capacity, compressor power, and COP 
were compared.

The results of the validation process is reported in Table  10 where 
it can be observed that the models are in agreement with the results 
from the literature, since all relative errors remaining within acceptable 
engineering limits.

3.2. Energy and exergy analysis results

Table  11 shows the physical properties at various points of the 
system. The table shows data on mass flow rates, pressure, temperature, 
specific enthalpy, entropy, and exergy. Table  12 presents the key values 
of thermal loads, power consumption, and performance indicators of 
the proposed refrigeration cycle. The cabin cooling load is 3.83 kW, 
which is calculated from the sum of the effects of solar radiation, 
heat generated by the occupants, electrical equipment, and engine heat 
losses, and is consistent with the reference values for summer weather 
conditions. The engine thermal power (4.4 kW) and solar radiation 
(2.5 kW) are also consistent with the experimental values of electrical 
losses and ambient radiation conditions, confirming the accuracy of the 
thermal model. The evaporator cooling capacity and condenser heat 
capacity are 16.1 and 20.2 kW, respectively. The compressor power 
consumption is also 4.2 kW, resulting in a coefficient of performance 
(COP) of 3.81. This value is within the appropriate performance range 
for electric vehicle cooling systems and indicates favorable energy 
efficiency. Also, the thermal load of the battery is estimated to be 
10 
Table 11
Physical properties at each point of the revised system configuration.
 No. Fluid 𝑚̇ (kg/s) 𝑃 (kPa) 𝑇  (◦C) ℎ (kJ/kg) 𝑠 (kJ/kg K) 𝑒 (kJ/kg) 
 1 R134a 0.1235 349.9 8.00 256.1 0.9386 2.943  
 2 R134a 0.1235 1492 65.55 290.1 0.9487 34.20  
 3 R134a 0.1235 1492 52.00 126.5 0.4508 7.126  
 4 R134a 0.1235 349.9 5.00 126.5 0.4729 1.057  
 5 Water 0.1858 100 25.00 104.9 0.3672 4.157  
 6 Water 0.1858 100 25.00 104.9 0.3672 4.157  
 7 Water 0.1858 100 15.00 63.08 0.2244 1.449  

Table 12
Summary of thermal and performance parameters.
 No. Parameter Symbol Value Unit 
 1 Cabin cooling load 𝑄̇cab 3.83 kW  
 2 Electric component heat load 𝑄̇electric 0.60 kW  
 3 Human body heat load 𝑄̇human 0.49 kW  
 4 Engine heat load 𝑄̇mot 4.40 kW  
 5 Radiation load 𝑄̇rad 2.50 kW  
 6 Total condenser heat rejection 𝑄̇cond 20.2 kW  
 7 Total evaporator heat absorption 𝑄̇eva 16.1 kW  
 8 Compressor power input 𝑊̇C 4.2 kW  
 9 Battery thermal load 𝑄̇Battery 7.8 kW  
 10 Total thermal load 𝑄̇Total 16 kW  
 11 Coefficient of performance COP 3.81 –  
 12 Exergy efficiency 𝜂ex 5.5 %  

7.8 kW, which is consistent with the actual operating conditions of 
batteries in electric vehicles.

The calculated value for the exergy efficiency of the entire system 
is 5.5%. This value, compared to the COP of 3.81, clearly shows 
that although the COP value of 3.81 confirms that the system pro-
vides an acceptable energy performance, the exergy efficiency of only 
5.5% highlights a substantial gap between energy quantity and en-
ergy quality.  The low exergy efficiency of the system (5.5%)  is 
fundamentally linked to the nature of the battery thermal manage-
ment cycle, whose main components operate under highly irreversible 
conditions. The evaporator and battery cooling heat exchanger impose 
large temperature differences between the refrigerant and the thermal 
load, generating significant entropy during heat transfer. Another major 
contributor is the compressor, where non-ideal compression, mechan-
ical friction, and pressure drops increase the entropy generation and 
reduce the available exergy of the refrigerant. The throttling valve 
is also inherently highly irreversible due to its isenthalpic expansion 
process, leading to additional exergy losses. Finally, the thermal level 
mismatch between the battery (about 30–40◦C) and the evaporating 
refrigerant temperature (about −5 to 5◦C) forces the cycle to operate 
across large 𝛥T values, which further intensifies irreversibility. These 
combined factors, rather than simple overall system inefficiency, are 
the underlying reasons for the low exergy efficiency.

These results highlight an important point in the design of thermal 
management systems for electric vehicles: components that perform 
reasonably well in terms of COP may still contribute significantly to 
exergy degradation. Therefore, using COP alone cannot provide an 
accurate picture of the true efficiency of the cycle and may lead to 
incorrect design decisions. Furthermore, the findings show that even 
relatively small reductions in the heat exchanger temperature differ-
ence or in compressor loading can lead to significant improvements in 
exergy efficiency. This highlights the importance of considering energy 
quality-based criteria and provides a clear path to increasing system ef-
ficiency by reducing irreversibilities, improving heat exchanger design, 
and optimizing operating conditions. 

Fig.  3 shows the percentage distribution of the EDR in each compo-
nent of the cooling system.

Fig.  3 indicates that the evaporator exhibits the highest share of 
EDR, accounting for nearly half of the destruction. This dominance 
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Fig. 3. Percentage distribution of the EDR in each component of the cooling 
system.

arises from its operating conditions – low pressure, low temperature, 
and large thermal load from the battery, motor, and cabin – which 
intensify thermodynamic irreversibilities. The condenser also shows 
a considerable contribution due to the large temperature difference 
between the refrigerant and ambient air. In contrast, the compressor 
and expansion valve contribute marginally, confirming that most irre-
versibilities originate from the heat exchangers rather than mechanical 
components.

Identifying the evaporator and condenser as the dominant sources of 
EDR highlights their priority for system optimization. Improving heat 
exchanger design — such as, increasing heat transfer area, reducing 
pressure drop, and optimizing flow distribution – can significantly re-
duce thermodynamic losses. Refrigerant selection also plays an impor-
tant role, as fluids with more favorable thermophysical properties can 
reduce the temperature lift and compressor work. Finally, system-level 
improvements can be achieved through optimized operating conditions 
(flow rates, pressures, and temperatures) and the use of advanced 
control strategies capable of adapting performance to varying loads. 
These measures collectively provide a clear pathway for reducing ex-
ergy destruction and improving the overall efficiency of EV cooling
systems.

These results provide an important insight into the thermodynamic 
behavior of electric vehicle cooling systems: a large part of the ir-
reversibility is not due to mechanical components, but rather to the 
temperature difference required to exchange heat with the environ-
ment. Therefore, improving system performance is not achieved by 
increasing the efficiency of the components alone, but rather by fo-
cusing on reducing the temperature difference of the heat exchangers 
and better managing the heat transfer conditions. The dominance of 
EDR in the evaporator and condenser indicates that the design of future 
generations of electric vehicle thermal systems should prioritize reduc-
ing the temperature mismatch under variable load conditions, as this 
has a direct impact on the vehicle’s driving range, battery degradation, 
and overall system energy consumption. This exergy-based analysis not 
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Fig. 4. Percentage distribution of the EDR in each subsystem.

only identifies the location and severity of losses, but also outlines new 
priorities for the design of future thermal management systems. 

Fig.  4 shows the percentage distribution of the EDR in each sub-
system. The cooling cycle has the largest share of EDR. This is due to 
the large number of active components in the cooling cycle and the 
presence of phase change processes.

The electric engine is the second-highest EDR in the system due 
to electrical losses, mechanical friction, and heat generation. The EDR 
in the cabin and battery subsystems is relatively lower, which could 
indicate better performance of these subsystems.

In general, this graph shows that the greatest potential for im-
proving the exergy efficiency of the system lies in optimizing the 
components of the cooling cycle and reducing the heat losses in the 
engine. Focusing on improving the design of heat exchangers, using re-
frigerants with better thermodynamic performance, and optimizing the 
performance of the compressor and evaporator can lead to a significant 
reduction in the EDR of the entire system.

In the case of electric engines, the reduction of EDR can be achieved 
through a set of targeted measures. One of the most important solutions 
is to reduce mechanical friction in the moving parts of the engine, 
which is possible by optimizing the design of bearings, using lubricants 
with appropriate thermophysical properties, and reducing unnecessary 
backlash.

In addition, improving the thermal and electrical properties of the 
insulating materials used in the windings and engine core, such as 
using composite materials with appropriate thermal conductivity and 
high dielectric strength, can reduce losses due to ohmic heating and 
hysteresis, and thus limit the amount of thermal irreversibility.

In addition, the implementation of intelligent and responsive ther-
mal control systems is also of great importance. Such systems, using 
temperature sensors and advanced control algorithms, are able to adjust 
the operating conditions of the engine in real time and prevent the 
occurrence of high temperatures or performance fluctuations that cause 
a drop in exergy efficiency. These integrated approaches are not only 
effective in optimizing engine performance but also will make a signif-
icant contribution to reducing the EDR of the entire thermal system of 
electric vehicles.
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Fig. 5. Comparison of 𝑓𝑒𝑖, 𝜑𝑒𝑖, and 𝑓𝑒𝑠 for the electric vehicle refrigeration 
cycle.

3.3. Exergo-environmental analysis results

Fig.  5 examines three key indicators in exergy-environmental analy-
sis. The relatively high value of 𝑓𝑒𝑖 indicates that the EDR is significant 
compared to the inlet exergy rate. This clarifies that a considerable 
part of the inlet exergy rate is lost because of the irreversibility of 
the processes that are not converted into useful work or effective 
exergy output. In fact, the higher the value of 𝑓𝑒𝑖, the greater the 
share of EDR relative to the energy input, indicating lower efficiency 
and more environmental impacts due to irreversibility. A high value 
of 𝜑𝑒𝑖 indicates that the EDR in the system is very high compared 
to the exergy efficiency. From a thermodynamic point of view, this 
indicates an unbalanced operation of the system and the presence of 
irreversible processes. In such conditions, a significant part of the input 
exergy is lost without being converted into useful work or cooling, 
which leads to a decrease in exergy efficiency and an increase in the 
depletion of energy resources and the environment. Finally, a high 
value of 𝑓𝑒𝑠 indicates that the contribution of exergy destruction to 
the useful exergy output is high, which indicates low thermodynamic 
performance and inefficient utilization of energy resources. This state 
leads to increased consumption of primary resources and increased 
negative environmental impacts.

The high values of 𝑓𝑒𝑖, 𝜑𝑒𝑖, and 𝑓𝑒𝑠 in this system indicate that a 
major part of the environmental impacts is caused by processes that oc-
cur with large temperature differences in the heat exchangers. In other 
words, the largest contribution of exergy destruction, and consequently 
the largest environmental impacts, does not come from mechanical 
components such as the compressor, but from the evaporator and 
condenser, where the highest thermodynamic imbalance occurs. This 
indicates that to reduce the environmental impacts of the cycle, the 
focus should be on reducing temperature lift, improving the design 
of the exchangers, and selecting refrigerants with appropriate ther-
modynamic performance. This analysis also highlights that increasing 
exergy efficiency is not only a technical goal but also an environmental 
imperative, as reducing exergy degradation directly leads to lower pri-
mary resource consumption and reduced environmental impacts. Such 
insight provides a clear path for designing more sustainable thermal 
management systems for electric vehicles. 

3.4. Economic analysis results

Fig.  6 shows the cost distribution of the main components of the re-
frigeration cycle. As can be seen, the condenser accounts for the highest 
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Fig. 6. Cost breakdown of the main components in the cooling cycle.

cost with a share of 79.4%, followed by the compressor and evaporator 
with 14.6% and 5.1%, respectively. EXV has a very small share of the 
total system cost. The high share of the condenser in the total cost is 
mainly due to the need for large heat transfer surfaces for cooling the 
working fluid of the cycle. These results indicate that economic and 
thermodynamic optimization of the refrigeration cycle should be fo-
cused specifically on improving the performance and reducing the costs 
of the condenser and compressor, because improvements or changes in 
components with a low cost share will not have a significant impact 
on reducing the total cost of the system.  So, the development of new 
technologies in the design of condensers, increasing the efficiency of 
compressors, optimizing heat transfer processes, and using advanced 
materials can play an effective role in improving the overall cycle 
efficiency and enhancing the economic aspects of refrigeration systems. 

Based on the calculations performed in the economic model, the cost 
of cooling produced by the electric vehicle cooling system is obtained 
as 0.055 US$/kWh. In these calculations, 3000 annual operating hours, 
an inflation rate of 2.5%, an annual interest rate of 8%, and a life 
time of the equipment equal to 10 years are considered.  From a 
thermodynamic engineering perspective, the cost of cooling depends 
on the performance and efficiency of the main components of the 
system, including the compressor, condenser, evaporator, and cooling 
channels. Improving the efficiency of these components can reduce 
energy consumption and, as a result, improve the cost of cooling. 

3.5. Exergo-economic analysis results

Table  13 presents the values of the cost rate (𝐶̇) and the specific 
exergy cost (𝑐) for various system components, which are used in the 
exergoeconomic analysis to calculate the cost of exergy flows and the 
economic evaluation of the components.

According to the results, the highest exergy cost rate is associated 
with the condenser, with a value of 𝐶̇ = 13.82 (US$/s). This high value 
indicates that the condenser contributes the most to the exergoeco-
nomic cost of the system. The reason for this is the significant heat 
exchange with the ambient air and the reduction in energy quality 
during the condensation process. The compressor also has a consid-
erable cost share, with 𝐶̇ = 1.189 (US$/s), which is due to its direct 
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Table 13
Calculated values of cost rate (𝐶̇) and unit cost (𝑐) for system components.
 No. 𝐶̇ 𝑐  
 1 1.189 3.271  
 2 13.82 3.271  
 3 0.2991 0.3399  
 4 0.3004 2.302  
 5 0.01385 0.05144 
 6 0.0762 0.2831  
 7 0.03972 0.05144 

consumption of electrical energy to compress the refrigerant. Its specific 
exergy cost (𝑐 = 3.271𝑈𝑆$) is also relatively high, indicating the high 
quality of the energy input.

Although a large pressure drop occurs in the expansion valve, its 
exergy cost is relatively low. This is because it does not directly con-
sume any energy, but the EDR resulting from the isenthalpic expansion 
process leads to a cost rate of 𝐶̇ = 0.2991 (US$/s). For the evaporator, 
the specific cost value (𝑐 = 2.302𝑈𝑆$) is relatively high, which reflects 
the thermal importance of this component in absorbing heat from the 
battery and vehicle cabin.

In the battery cooling section, components such as the cooling chan-
nel and its outlet show very low cost rates, calculated as 𝐶̇ = 0.01385
(US$/s) and 𝐶̇ = 0.03972 (US$/s), respectively. This indicates that 
the battery cooling subsystem does not impose a significant economic 
burden on the system. The coolant pump, with 𝐶̇ = 0.0762 (US$/s) and 
a relatively low specific cost, plays a low-cost role in circulating the 
coolant.

Overall, the results show that in addition to key components such 
as the compressor and condenser, which impose high economic costs 
on the system, components like the pump and cooling channels have 
a lower economic impact. This information can be utilized to optimize 
system design and reduce investment and operational costs.

Fig.  7 shows the cost rate of exergy destruction (𝐶̇𝐷) for the main 
components of the electric vehicle cooling system. According to these 
results, the largest contribution to the cost of exergy destruction is 
related to the condenser. This section causes the largest energy quality 
losses due to the intense heat exchange with the ambient air in the 
condensation process. From a physical point of view, these losses are 
due to entropy generation and heat rejection at a lower temperature 
level to the environment. From an engineering point of view, the use 
of optimal heat exchange surfaces or improved airflow design can help 
reduce this destruction.

On the other hand, the evaporator is responsible for absorbing heat 
from the battery, vehicle cabin, and motor, and experiences significant 
exergy destruction due to the high temperature difference between the 
cooled fluid and the refrigerant. Non-ideal processes, such as incom-
plete heat transfer or pressure drop in the flow path, can also increase 
this cost. Optimization of temperature distribution, better design of 
internal surfaces, and flow control are some of the solutions to reduce 
these losses. Further in-depth analyses taking account different evapo-
rator configurations would allow to understand deeply the influence of 
the main design technical parameter on the exergy destruction of the 
investigated system.

The compressor has a moderate contribution to the cost of ex-
ergy destruction. In this section, high-quality electrical energy enters 
the system, and the compression process increases the temperature 
and pressure of the refrigerant. Exergy losses in this component are 
mainly due to non-ideal thermodynamic processes and mechanical fric-
tion. Improving isentropic efficiency and choosing a more appropriate 
compressor type can reduce losses in this section.

Finally, the expansion valve has the least contribution to the cost of 
exergy destruction. Although this component does not consume energy, 
the isenthalpic process creates a severe pressure drop that leads to the 
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destruction of part of the exergy. The use of internal heat exchangers 
or alternative designs can reduce this type of loss.

These results show that the bulk of the cost of EDR in the system 
is concentrated in the heat exchangers, not in the mechanical compo-
nents. This shifts the design priority from improving compressor per-
formance to reducing the temperature difference and irreversibilities 
in the condenser–evaporator pair. From a systems engineering per-
spective, this means that even small improvements in heat exchanger 
efficiency, better refrigerant selection, or better airflow management 
can significantly reduce the overall cooling cost. Thus, exergo-economic 
assessment not only quantifies the current losses but also provides a 
clear path for economic optimization and design of the next generation 
of thermal management systems for electric vehicles. 

Fig.  8 shows the exergo-economic factors of the components of 
the electric vehicle cooling system. Low values of this factor in dif-
ferent components of the cooling system indicate that the share of 
costs due to the EDR is dominant compared to the investment and 
maintenance costs of the components. In other words, the largest part 
of the costs associated with each component is due to thermodynamic 
inefficiencies.

From an exergo-economic perspective, this situation indicates that 
focusing solely on reducing investment costs without improving the 
thermodynamic efficiency of components cannot effectively reduce the 
costs of the entire system. Therefore, optimizing the design of compo-
nents with the greatest EDR can significantly contribute to reducing the 
total system cost.

3.6. Parametric analysis results

Fig.  9 shows the effect of the SOC on the cooling cost and the total 
cost rate. These two values are decreased with SOC from 0.2 to about 
0.7. This trend is due to reduced heat generated in the battery and 
improved energy efficiency. The minimum point is observed at about 
SOC = 0.7, indicating the optimal conditions from a thermodynamic 
and economic perspective for the operation of the cooling system. 
After passing approximately SOC ≈ 0.7, due to the gradual increase in 
internal resistance and also the growth of the derivative of the open-
circuit voltage by temperature, the amount of heat returned to the 
system increases, and consequently, the cooling cost and the total cost 
rate increase.

In general, the economic and exergoeconomic performance of the 
battery cooling system is optimum in the mid-SOC ranges (particularly 
between 0.65 and 0.75), and designing thermal management strate-
gies within this range can lead to improved energy sustainability and 
reduced operating costs.

Fig.  10 shows the effect of changing the dead state temperature (𝑇0) 
on the exergy efficiency and the EDR of the system. As can be seen, both 
indices tend to decrease as the reference temperature increases from 1 
to 5 degrees Celsius.

Exergy efficiency (𝜂𝑒𝑥) is strongly dependent on the difference be-
tween the operating temperature of the system components and the 
dead state temperature. As 𝑇0 increases, the temperature difference 
between the components (such as the evaporator and condenser) and 
the environment decreases, and as a result, the potential for doing 
useful work decreases. In other words, a larger part of the input energy 
remains in the system as heat loss, and the ability to be converted into 
useful work is lost. This is the main reason for the sharp decrease in 
exergy efficiency with increasing 𝑇0.

These results show that increasing the reference dead temperature 
has a dual effect: on the one hand, it drastically reduces the exergy 
efficiency, because the potential for useful work production becomes 
smaller; and on the other hand, the EDR apparently decreases, because 
the difference between the actual and reference conditions is consid-
ered smaller. Therefore, the choice of reference temperature in exergy 
analyses plays a very decisive role and should be chosen carefully based 
on physical and practical considerations.
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Fig. 7. Cost rate of exergy destruction for each component in the cooling system.
Fig. 8. Exergo-economic factor for the main components of the electric vehicle cooling system.
Fig. 9. Effect of the battery state of charge (SOC) on the cooling cost and total cost rate of the electric vehicle cooling system.
Fig.  11 shows the changes in the total cost rate of the electric vehicle 
cooling system against the difference in 𝛥𝑇𝐸 . As is clear from the graph, 
with a gradual increase in 𝛥𝑇𝐸 from 2 to 18 degrees Celsius, the total 
cost rate of the system also increases uniformly and upward. This trend 
indicates that an increase in the operating temperature difference in the 
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system components, especially in the evaporator and condenser, leads 
to an increase in investment and operating costs.

At the same time, in accordance with the results obtained from 
the previous figure, an increase in 𝛥𝑇𝐸 leads to an improvement in 
the thermodynamic performance of the cooling system; in such a way 
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Fig. 10. Comparison of exergy efficiency and exergy destruction rate of the electric vehicle cooling system under varying dead state temperature (𝑇0).
Fig. 11. Variation of total cost rate of the electric vehicle cooling system concerning 𝛥𝑇𝐸 .
that both the coefficient of performance (COP) and exergy efficiency 
show an upward trend with an increase in 𝛥𝑇𝐸 . This is because a 
larger temperature difference provides more favorable conditions for 
heat exchange, increases the useful heat transfer rate, and reduces the 
entropy generation in the system.

However, an inverse relationship is observed between improving 
thermodynamic indices and increasing costs. In other words, although 
the system performance improves in terms of energy and exergy, the to-
tal cost of cooling production also increases, which can be economically 
challenging.

Fig.  12 shows the changes in the 𝑓𝑒𝑖 and 𝑓𝑒𝑠 indices as a function 
of 𝛥𝑇𝐸 . The results indicate that with increasing 𝛥𝑇𝐸 , the 𝑓𝑒𝑖 index in-
creases uniformly. From an engineering perspective, this trend suggests 
that a higher superheat temperature leads to greater EDR in compo-
nents such as compressors, heat exchangers, and auxiliary elements. 
In other words, the rise in the evaporator outlet vapor temperature 
causes the system to operate further from ideal conditions, resulting 
in greater non-recoverable energy losses, which are directly associated 
with increased environmental emissions.

Conversely, the 𝑓𝑒𝑠 index, which indicates the share of exergy 
destruction relative to the total system output exergy, decreases with 
increasing 𝛥𝑇 . From an engineering standpoint, this reduction reflects 
𝐸
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an improvement in the relative efficiency of system output. That is, al-
though absolute exergy destruction increases, its proportion compared 
to the total system output exergy declines, implying a better capacity 
of the system to preserve exergetic efficiency under higher superheat 
temperature conditions.

These findings highlight that selecting an appropriate range for the 
superheat temperature at the evaporator outlet plays a crucial role in 
balancing exergetic efficiency and environmental impacts. Therefore, 
in the design and optimization of electric vehicle cooling systems, 
careful consideration must be given to the optimal value of 𝛥𝑇𝐸 to 
simultaneously minimize environmental damage and manage energy 
losses.

Fig.  13 shows the sensitivity of the economic and exergoeconomic 
indicators of the system to changes in the interest rate. As can be 
seen, with an increase in the interest rate, the total cost rate (𝐶̇𝑡𝑜𝑡, 𝑘) 
decreases. This behavior is because, as the interest rate increases, 
the annual investment cost in exergoeconomic calculations decreases, 
because the initial capital is depreciated in a shorter period. In contrast, 
the cooling cost (𝐶𝑐𝑜𝑜𝑙𝑖𝑛𝑔) has an increasing trend, indicating that the 
production cost of each cooling unit is directly affected by financial and 
economic conditions.
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Fig. 12. Variation of 𝑓𝑒𝑠 and 𝑓𝑒𝑖 of the electric vehicle cooling system concerning 𝛥𝑇𝐸 .
Fig. 13. Sensitivity of cooling cost (𝐶𝑐𝑜𝑜𝑙𝑖𝑛𝑔) and total cost rate (𝐶̇𝑡𝑜𝑡,𝑘) to variations in interest rate.
This figure clearly shows that the index 𝐶̇𝑡𝑜𝑡,𝑘, as a main parameter 
in the exergoeconomic analysis, considers a combination of investment 
cost and the cost of exergy destruction of components. Therefore, 
changes in financial assumptions, such as interest rates, can have a 
significant effect on the distribution of costs among different system 
components and ultimately affect the results of optimization analysis 
and design decisions.

Fig.  14 shows that with increasing ambient temperature, both the 
total cost rate and the exergy destruction rate of the system increase. 
From an exergy perspective, increasing ambient temperature increases 
the condensing temperature, the undesirable temperature difference in 
the exchangers, and also the compressor work, all of which increase 
entropy production and, as a result, increase exergy destruction. From 
an exeroeconomic perspective, increasing exergy destruction in the 
main components of the cycle increases the cost of exergy destruction 
and directly increases the cost rate of the entire system. Therefore, it is 
observed that warmer ambient conditions not only reduce the quality 
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of usable energy but also impose a greater economic burden on the 
system, which highlights the importance of optimizing thermal design 
and control in such conditions.

3.7. Extension of the study to other working fluids

To conduct comprehensive analyses in the fields of energy, exergy, 
exergo-economic, exergo-environmental, and economics, in continua-
tion of this research, a preliminary study will be conducted on three 
alternative refrigerants, including R-152a, R-1234yf, and R-513 A.

The selection of R152a, R1234yf, and R513 A as candidate refrig-
erants is motivated not only by their thermodynamic performance but 
also by their environmental and safety characteristics. From an envi-
ronmental perspective, R134a (the baseline fluid) has a relatively high 
global warming potential (GWP = 1430), which makes it incompati-
ble with forthcoming EU F-Gas regulations and long-term automotive 
standards. In contrast, R1234yf is an HFO with an ultra-low GWP of 4, 
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Fig. 14. Comparison of total cost rate and exergy destruction rate of the electric vehicle cooling system under varying ambient temperature (Outdoor temperature).
Table 14
Comparison of thermophysical and environmental properties of R-152a, R-
1234yf, and R-513A.
 No. Property R-152a R-1234yf R-513A 
 1 Molecular weight (g/mol) 66 102 108.4  
 2 Boiling point (◦C) −24.7 −26.1 −29.2  
 3 Critical temperature (◦C) 113.5 101.1 96.5  
 4 Critical pressure (bar) 45 40.67 37.65  
 5 Heat of vaporization (kJ/kg) 279.1 217.2 217.4  
 6 Specific heat (Liquid, 25◦C) (kJ/kg K) 1.803 1.44 –  
 7 Specific heat (Vapor, 25◦C) (kJ/kg K) 1.25 0.85 –  
 8 Liquid density (25◦C) (kg/m3) 899 1206 1253.3  
 9 Vapor pressure (25◦C) (bar) 4.13 6.661 –  
 10 Viscosity of liquid (25◦C) (cP) 0.160 0.202 –  
 11 Surface tension (25◦C) (mN/m) – 8.09 –  
 12 GWP (IPCC AR4) 124 4 573  
 13 ODP 0 0 0  
 14 Flammability Yes Yes No  

while R152a has a moderately low GWP of 124, and R513 A (a blend of 
R1234yf/R134a) has a GWP of 573, all of which represent significant 
reductions compared to R134a. In terms of ozone depletion potential 
(ODP), all three alternatives have ODP = 0, making them suitable for 
long-term environmental compliance.

Table  14 shows these working fluids’ physical and thermodynamic 
properties [55–57].

Table  15 shows the results of the calculations of key thermody-
namic and economic indicators for four different refrigerants, including 
R134a, R152a, R1234yf, and R513 A. R152a refrigerant offers the 
highest efficiency with a COP of 4.0. These differences are due to 
the thermodynamic properties of these refrigerants and their ability 
to improve the inlet conditions to the compressor and increase the 
evaporation capacity in the evaporator.

R152a exhibits a significantly higher latent heat of vaporization 
compared to R1234yf and R513 A, which increases the cooling capacity 
per unit mass flow. Moreover, its higher critical temperature reduces 
irreversibility in the condenser, since the temperature difference during 
heat rejection becomes smaller. In contrast, R1234yf has a lower latent 
heat of vaporization and operates with a higher compression ratio 
due to its lower evaporating pressure. These characteristics increase 
compressor work input and consequently reduce the COP. The exergy 
efficiency values for the four refrigerants are quite close to each other, 
17 
ranging from 5.1% to 5.8%. Although COP shows noticeable variation 
among the refrigerants, the exergy efficiency does not change signifi-
cantly because exergy destruction is dominated by components whose 
irreversibilities are largely insensitive to the refrigerant type. Further-
more, the thermal boundary conditions of the battery and ambient 
environment do not change with the refrigerant, which limits the extent 
to which exergy efficiency can improve.

From an economic perspective, the cooling cost (𝐶cooling) for all 
refrigerants is very close to each other, around 0.055 US$/kWh, indicat-
ing that the use of alternative refrigerants does not make a significant 
difference in terms of operating cost. However, the total capital cost 
rate (𝐶̇tot,𝑘) shows significant differences. R1234yf refrigerant has the 
highest capital cost rate with 21.6 US$/h, while R152a has the lowest 
with 18.72 US$/h. These differences can be due to differences in 
the technical needs of the equipment, safety requirements and costs 
associated with the design of specific systems for each refrigerant.

Finally, the comparison of the exergoenvironmental indices (exer-
goenvironmental index 𝑓𝑒𝑖,sys and sustainability index 𝑓𝑒𝑠,sys) shows that 
these values are very close for all refrigerants. The values of the exer-
goenvironmental index range from 1.83 to 1.87 and the sustainability 
index range from 0.86 to 0.87. These results indicate that although 
refrigerant substitution can affect the thermodynamic and economic 
performance of the system, its impact on environmental indicators is 
less noticeable due to the overall similarity of exergy performance and 
the proximity of environmental losses. However, in terms of global 
warming potential (GWP), alternative refrigerants, especially R1234yf, 
have significant advantages over R134a, which is of great importance 
in holistic environmental analyses.

Safety considerations are also of great importance: according to 
the ASHRAE classification, R152a and R1234yf are classified as mildly 
flammable (A2L), while R513 A is non-flammable (A1). This difference 
has direct implications for system design, safety requirements and 
capital costs. For example, R152a, despite its higher efficiency, may 
require additional safety measures in automotive applications due to 
its flammability. In contrast, R513 A, although non-flammable, has a 
higher Global Warming Potential (GWP) and relatively lower efficiency 
than R1234yf. R1234yf has been widely used in the automotive sec-
tor due to its very low GWP and regulatory acceptance, despite its 
flammability and higher cost. Therefore, including these three refrig-
erants in this study not only allows for comparison of thermodynamic 
and exergo-economic performance but also provides a more balanced 
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Table 15
Comparison of thermodynamic and exergo-environmental indicators for different refrigerants.
 No. Parameter Symbol Unit R134a R152a R1234yf R513a 
 1 Coefficient of performance COP (-) 3.807 4.0 3.5 3.6  
 2 Exergy efficiency 𝜂ex (%) 5.5 5.8 5.1 5.3  
 3 Cooling cost 𝐶cooling US$/kWh 0.055 0.054 0.056 0.055  
 4 Total capital cost rate 𝐶̇tot,𝑘 US$/h 20.26 18.72 21.6 21.3  
 5 Exergoenvironmental index 𝑓𝑒𝑖,sys (-) 1.86 1.87 1.83 1.84  
 6 Sustainability index 𝑓𝑒𝑠,sys (-) 0.86 0.87 0.87 0.87  
assessment of their environmental impacts, safety classifications, and 
long-term applicability in electric vehicle cooling systems.

A multi-criteria evaluation highlights the trade-offs among perfor-
mance, safety, environmental impact, and economic feasibility. R152a 
offers the highest COP due to superior thermodynamic properties, but 
requires additional safety measures. R1234yf provides the lowest GWP 
and strong regulatory acceptance at the cost of reduced efficiency. 
R513 A delivers a non-flammable alternative with moderate perfor-
mance and a higher capital cost. Therefore, the optimal refrigerant 
choice depends on the design priorities of the electric vehicle cooling 
system, whether efficiency, safety, environmental compliance, or cost 
is the primary constraint. 

4. Conclusions

This study developed and analyzed an integrated thermal manage-
ment system for electric vehicles that combines a vapor-compression re-
frigeration cycle with a liquid cooling circuit to simultaneously regulate 
the operating temperatures of three critical components: the battery, 
vehicle cabin, and electric motor. A comprehensive 5E framework 
(energy, exergy, economic, exergoeconomic, and exergoenvironmental 
analyses) was applied to provide a multidimensional assessment of the 
system’s technical performance, cost structure, and sustainability.

Model validation against experimental data demonstrated high re-
liability, with deviations below 6% for key indicators such as cabin 
temperature and coefficient of performance (COP), confirming the suit-
ability of the model for optimization studies and engineering decision-
making. Under baseline operating conditions, the system achieved a 
COP of 3.81 and an exergy efficiency of approximately 5.5%. Ex-
ergy analysis revealed that the evaporator and condenser were the 
dominant sources of irreversibility, accounting for the majority of 
exergy destruction within the cycle. The cabin cooling load, compressor 
power, evaporator load, and condenser heat rejection were found to 
be 3.83 kW, 4.2 kW, 16.1 kW, and 20.2 kW, respectively, clearly 
identifying the heat exchangers as priority components for performance 
enhancement.

From an economic perspective, the specific cooling cost was cal-
culated as 0.055 US$/kWh. Capital cost analysis showed that the 
condenser represented nearly 79% of the total investment cost, fol-
lowed by the compressor (14%) and evaporator (5%). Consistently, 
the condenser also exhibited the highest exergy destruction cost rate 
(13.82 US$/s), highlighting a strong alignment between thermody-
namic inefficiencies and economic penalties. These results indicate that 
improving condenser design – through increased heat transfer area, re-
duced pressure drop, and advanced materials – can yield simultaneous 
gains in energy efficiency and cost-effectiveness.

Sensitivity analysis demonstrated that battery state of charge (SOC) 
and evaporator superheat temperature play a critical role in system 
performance. Optimal operation was achieved for SOC values between 
0.65 and 0.75, ensuring a balance between thermal stability and eco-
nomic efficiency. In addition, increasing superheat temperature im-
proved both COP and exergy efficiency, with exergy performance show-
ing higher sensitivity, emphasizing the importance of advanced control 
strategies for real-world operation.

Finally, refrigerant comparison showed that R-152a delivered the 
highest COP and lowest capital cost, while R-1234yf emerged as the 
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most environmentally favorable option due to its ultra-low global 
warming potential. R-513 A provided enhanced safety but at the ex-
pense of slightly lower energy efficiency. These findings confirm that 
refrigerant selection should be based on a multi-criteria assessment 
rather than a single performance indicator.

The outcomes of this study provide clear guidance for the practical 
design of electric vehicle thermal management systems. First, the com-
bined energy–exergy–economic results demonstrate that the evaporator 
and condenser are the dominant sources of both exergy destruction and 
total system cost. Therefore, engineering efforts should prioritize ad-
vanced heat exchanger design – such as reducing temperature lift, im-
proving heat transfer area, and minimizing pressure losses – rather than 
focusing exclusively on compressor efficiency. Moreover, the strong 
dependence of cooling cost and exergy destruction on the battery 
state of charge indicates that thermal management strategies should 
be coordinated with the battery management system to favor operation 
within mid-SOC ranges (approximately 0.65–0.75), where both thermo-
dynamic and economic performance are optimal. Finally, refrigerant 
selection should be treated as a multi-criteria engineering decision. 
While high COP is important, safety classification and environmental 
compatibility (particularly global warming potential constraints) must 
be considered simultaneously to ensure regulatory compliance and 
robust real-world implementation.

Future research will extend the present framework by incorporating 
dynamic and transient simulations under real driving cycles, such as 
WLTC and US06, to capture rapid load variations during acceleration, 
braking, and stop–go operation. In addition, integration of the proposed 
thermal management model with advanced control strategies, including 
model predictive control (MPC), need to be investigated to enable 
real-time optimization of energy, exergy, and economic performance. 
Finally, coupling the 5E framework with a comprehensive life-cycle 
assessment (LCA) will allow evaluation of long-term environmental 
impacts and support sustainability-oriented design decisions for electric 
vehicle thermal systems.

Nomenclature

Symbols

 𝐴 Heat transfer surface area [m2]  
 𝐴𝑏 Base (unfinned) surface area [m2]  
 𝐴𝑡 Total surface area (base + fins) [m2]  
 𝐴cond Condenser surface area [m2]  
 𝐴evap Evaporator surface area [m2]  
 𝐴bat,channel Battery cooling channel area [m2]  
 𝐴window Window surface area [m2]  
 𝐴fins Added fin area [m2]  
 𝐵𝑆𝐴 Body surface area [m2]  
 𝐵𝑜 Boiling number [–]  
 𝐶 Cost [USD]  
 𝐶̇ Cost flow rate [USD/s]  
 𝐶̇𝑞,𝑘 Thermal exergy cost rate for component 𝑘 [USD/s]  
 𝐶̇𝑖,𝑘, 𝐶̇𝑒,𝑘 Inlet/exit exergy cost rate [USD/s]  

 



M. Aliehyaei et al. Applied Thermal Engineering 290 (2026) 129920 
 𝐶̇𝑤,𝑘 Cost rate of work for component 𝑘 [USD/s]  
 𝐶̇𝐷,𝑘 Cost rate of exergy destruction [USD/s]  
 𝐶̇tot,𝑘 Total exergoeconomic cost rate [USD/s]  
 𝑐 Unit exergy cost [USD/kWh]  
 𝑐𝑞 Unit cost of thermal exergy [USD/kWh]  
 𝑐𝑤 Unit cost of work exergy [USD/kWh]  
 𝑐𝑖, 𝑐𝑒 Unit cost of inlet/outlet flows [USD/kWh]  
 𝑐𝑓 Cost per unit exergy destruction [USD/kWh]  
 𝐶pump Pump cost coefficient (power-based) [–]  
 𝐶𝑂𝑃 Coefficient of Performance [–]  
 𝐶𝑅𝐹 Capital Recovery Factor [–]  
 𝐷ℎ Hydraulic diameter [m]  
 𝑒 Specific exergy [kJ/kg]  
 𝑒𝑖, 𝑒𝑒 Specific inlet/exhaust exergy [kJ/kg]  
 𝐸 Energy [kWh]  
 𝐸̇𝑑 Exergy destruction rate [kW]  
 𝐸̇𝑞 Exergy rate associated with heat transfer [kW]  
 𝐸̇cooling,annual Annual cooling energy [kWh/year]  
 𝑓 Rolling resistance coefficient [–]  
 𝐹 Force [N]  
 𝑓𝑟 Darcy friction factor [–]  
 𝑓𝑘 Exergoeconomic factor [–]  
 𝑓𝑒𝑖 Exergy-environmental factor [–]  
 𝑓𝑒𝑠 Exergy stability factor [–]  
 𝑔 Gravitational acceleration [m/s2]  
 𝐺1 Refrigerant mass flux [kg/m2 s]  
 ℎ Specific enthalpy [kJ/kg] or heat transfer coefficient 

[W/m2 K]
 

 ℎ𝑣, ℎ𝑙 Enthalpy of saturated vapor/liquid [kJ/kg]  
 ℎsub Subcooled liquid heat transfer coefficient [W/m2 K]  
 𝑚̇ Mass flow rate [kg/s]  
 𝑚̇𝑖, 𝑚̇𝑒 Inlet/outlet mass flow rate [kg/s]  
 𝑘 Thermal conductivity [W/m K]  
 𝑘fin Fin thermal conductivity [W/m K]  
 𝐿fin Fin length [m]  
 𝑚vehicle Vehicle mass [kg]  
 𝑚𝑓 Fin shape parameter [m−1]  
 𝑁𝑢 Nusselt number [–]  
 𝑁𝑢tp Two-phase Nusselt number [–]  
 𝑁𝑢lo Liquid-only Nusselt number [–]  
 𝑃 Pressure [Pa]  
 𝑃crit Critical pressure [Pa]  
 𝑃𝑟 Prandtl number [–]  
 𝛷solar Solar radiation intensity [W/m2]  
 𝑄̇ Heat transfer rate [W]  
 𝑄̇cab Total cabin heat gain [W]  
 𝑄̇rad Solar radiation heat gain [W]  
 𝑄̇human Metabolic heat of passengers [W]  
 𝑄̇electric Electrical devices heat gain [W]  
 𝑄̇con Convective heat gain [W]  
 𝑄̇battery Battery heat generation [W]  
 𝑄̇mot Engine heat generation [W]  
 𝑅𝑖 Internal resistance of battery cell [Ω]  
 𝑅𝑒 Reynolds number [–]  
 𝑆𝑂𝐶 State of charge [–]  
 𝑇 Temperature [◦C or K]  
 𝑇cab, 𝑇ext Cabin/Ambient temperature [◦C]  
 𝑈 Overall heat transfer coefficient [W/m2 K]  
 𝑉 Velocity (linear) [m/s or km/h]  
 𝑊̇ Power [kW]  
 𝑊̇comp Compressor power input [kW]  
 𝑊̇pump Pump power [kW]  
 𝑥tp Vapor quality in two-phase flow [–]  
 𝑍 Investment cost [USD]  
 𝑍0 Initial investment cost [USD]  
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 𝑍𝑛 Updated cost with inflation [USD]  
 𝑍𝑘 Component investment cost [USD]

Greek symbols

 𝛼 Thermal diffusivity [m2/s]  
 𝛿 Rotating mass correction coefficient [–]  
 𝜀 Effectiveness of heat exchanger [–]  
 𝜂 General efficiency [–]  
 𝜂𝑠 Isentropic efficiency of compressor [–]  
 𝜂𝑓 Fin efficiency [–]  
 𝜂𝑜 Overall surface efficiency (finned) [–]  
 𝜂mot Engine efficiency [–]  
 𝜂ex Exergy efficiency [–]  
 𝜙𝑒𝑖 Environmental damage index (EDE) [–]  
 𝑓𝑒𝑖 Exergy-environmental factor [–]  
 𝑓𝑒𝑠 Exergy stability factor [–]  
 𝑚𝑓 Fin parameter [m−1]  
 𝛥𝑇 Temperature difference [K]  
 𝛥𝑇lm Logarithmic mean temperature difference (LMTD) [K]

Subscripts

 0 Reference (dead) state  
 1–6 State points of refrigeration cycle 
 air Air side  
 bat Battery  
 cab Cabin  
 comp Compressor  
 cond Condenser  
 crit Critical value  
 elec Electrical  
 evap Evaporator  
 ext External  
 fins Fin surface  
 human Human-related  
 in, out Inlet, Outlet  
 lo Liquid-only  
 mot Engine  
 passenger Passenger-related  
 pump Pump  
 rad Solar radiation  
 ref Refrigerant  
 solar Solar-related  
 sys System  
 tp Two-phase  
 window Window surface

Abbreviations

 AH Ampere-hour  
 BTMS Battery Thermal Management System  
 BSA Body Surface Area  
 COP Coefficient of Performance  
 CRF Capital Recovery Factor  
 EDR Exergy Destruction Rate  
 EDE Environmental Damage Effectiveness  
 ESF Exergy Stability Factor  
 EV Electric Vehicle  
 EXV Expansion Valve  
 HEV Hybrid Electric Vehicle  
 HVAC Heating, Ventilation, and Air Conditioning 
 LMTD Logarithmic Mean Temperature Difference 
 PCM Phase Change Material  
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  PCS Phase Change Slurry  
 TMS Thermal Management System  
 O&M Operation and Maintenance  
 OCV Open Circuit Voltage  
 SOC State of Charge  
 TMS Thermal Management System
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