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ARTICLE INFO ABSTRACT

Keywords: A multifunctional energy recovery system using phase change materials (PCM) and thermoelectric generators
Electric vehicle (TEG) was designed to utilize battery-derived waste heat in electric vehicles. System performance was evaluated
Heat pump

using four different cycle fluids: R134a, R152a, R1234yf, and R1234ze, at discharge rates from 0.2C to 5C. In
winter conditions, both TEG-I and TEG-II provided electricity generation, while in summer mode, only TEG-II
was active. At 5C-rate, the total electricity generation from TEG-I and TEG-II was calculated to be 199 W. The
highest COP of 3.47 was achieved for R1234ze, while the maximum second-law efficiency of 57.14 % was
achieved with R1234ze. The New Concept (NC) system was observed to offer a 9.80 % advantage in second-law
efficiency and an 7.39 % advantage in COP compared to the Conventional System (CS). Furthermore, in eco-
nomic evaluations, the highest Net Present Value (NPV) of $1265.25 was calculated for R1234ze fluid at 2000
kPa. These findings suggest that the proposed integrated system may offer notable improvements in energy ef-
ficiency and economic sustainability in electric vehicles. The payback period (PBP) 1C-5C discharge rates ranges

Li-ion battery
Thermoelectric generators
Waste heat recovery

from 3.26 to 5.64 years.

1. Introduction

In recent years, challenges such as global climate change, energy
security, and the environmental impacts of fossil fuels have driven the
transportation sector toward alternative fuels and electric vehicle
technologies. In this context, electric vehicles (EVs) are becoming
increasingly important for zero-emission policies and sustainable energy
use. Furthermore, increasing energy efficiency, decreasing operating
costs, and advances in battery technologies make the economic and
technological advantages of electric vehicles even more attractive [1-3].
Compared to internal combustion engines, electric vehicles offer lower
carbon emissions, higher energy efficiency, and lower operating costs
[4,5]. However, one of the most critical elements in EV energy man-
agement is the thermal control of battery systems. One of the most
important factors affecting battery life, safety and performance depends
on the operating temperature [6-8]. The ideal operating temperature of
lithium-ion batteries used in EVs is generally limited to between 25 °C
and 40 °C [9,10]. Temperatures outside this range can lead to capacity
loss, cell imbalance, and the risk of fire. Therefore, effective heating and
cooling systems are required to maintain batteries within a certain
temperature range [11,12]. At the same time, the energy consumption of
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these systems directly affects the driving range and system efficiency. In
this context, a steady-state equivalent resistance electro-thermal analog
model for prismatic cells was developed and it was shown that such
simplified steady-state approaches can effectively predict the thermal
behavior of lithium-ion batteries under different cooling conditions,
thus providing a reliable basis for energy consumption evaluations
[13,14]. Steady-state analyses and transient electrothermal modeling
were performed together. Developed a time-dependent electrothermal
model for a prismatic Li-ion cell and solved it using a finite difference
approach in MATLAB. The model was validated with experimental data
from the literature under air-cooled conditions. The study investigated
the cell temperature variation with time under scenarios of 1C-5C
discharge rate, 1-5 m/s air speed, and 15-35 °C inlet temperature. The
maximum temperature values and temperature distribution under load
steps and short driving profiles were compared. The transient solution
provides more precision results in some parameters than steady-state
analyses by revealing the maximum temperature increases and short-
term fluctuations caused by thermal inertia and load steps throughout
the drive cycle. However, the model remains at the single cell/sub-
module level. Only air cooling is considered. Humidity/condensation
effects and temperature-dependent changes in material properties are
not taken into account. They also noted that battery pack-level
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Nomenclature

Area (m?)

Discharge rate, Cell capacity (Ah)
Specific heat capacity (kJ/kg K)
Maintenance cost ($)

Hydraulic diameter (m)

Diameter (m)

Open circuit voltage (V)

Forced convection-boiling factor
Mass velocity (kg/m?s)

Heat transfer coefficient (kW/mK)
Discharge current (A)

Culborn factor, Current density (A)
thermal conductivity (W/mK) / Isentropic exponent
Mass flow rates (kg/s)
Depreciation period

Total number of cycles

Total number of pipes

Nusselt number

Pressure (kPa)

E

~.
vzzzRIATSFQEMmADOOO>

Pr Prandtl number

Q Heating capacity (kW)

qs Joule heat (J)

q Heat production rate (W)
R Resistance (2)

Re Reynolds number

S Effectiveness factor

s Entropy (kJ/kg K)

T Temperature (K)

Tg Battery temperature (K)
U Overall heat transfer coefficient (kW/mK)
We Compressor power (kW)
x Dryness fraction
Subscripts

f Saturated liquid

g Saturated vapor

i Inlet

[4 Outlet

k Bubble boiling

z Forced convection coefficients
Greek symbols

€ Exergy efficiencies (%)

S Wing thickness (m)

u Viscosity (kg/ms)

n Energy efficiency (%)

c Surface tension (N/m)

p Density (kg/m>)
Abbreviations

ATEG Automotive Thermoelectric Generator
PBP Payback period

COP Coefficient of performance
Con Condenser

Comp Compressor

CS Conventional system

EV Electric vehicle

EG Electric generation

Evap Evaporator

ExV Expansion valve

GWP Global warming potential

HVAC  Heating, ventilation, and Air conditioning
HPAC Heat pump air conditioner

ICC Initial capital cost (USD)

ITMS Integrated thermal management system
LHTS Latent Heat Thermal Energy Storage
MSDM  Multi-Scale Multi-Domain Model

NTGK Newman, Tiedemann, Gu, and Kim

NPV Net present value

NC New concept

oDP Ozone depletion potential
PCM Phase change material

SEI Solid Electrolyte Interphase
soc State of charge

TEG Thermoelectric generator
T™S Thermal management system

integration and related control strategies was excluded from the scope
[15]. Another study examined the thermal management system under
both steady-state and transient conditions. Four different connection
configurations were evaluated in the study. The steady-state analysis
revealed the effects of ambient temperature, battery heat generation
rate, and mass flow rate on COP, cooling capacity, and battery surface
temperature. The findings indicated that the series configuration pro-
vided the highest steady-state performance, while the parallel configu-
ration provided the lowest. Furthermore, the transient analysis
examined the system’s time-dependent response to driving cycles. In
particular, it has been reported that series and series—parallel configu-
rations maintain more uniform battery temperature distribution during
load changes [16]. Thermal management systems of EVs are of critical
importance not only for the battery but also for cabin climate control
[17,18]. In this context, utilizing the waste heat generated in electric
vehicles carries great potential to increase energy efficiency. The waste
heat generated from the battery, inverter, motor, and cooling systems
can be used for both cabin heating and energy recovery [19,20]. In this
regard, heat recovery applications not only increase system efficiency
but also contribute to maintaining thermal stability by preventing bat-
tery overheating.

Among the systems developed for utilizing waste heat, PCM and TEG
stand out [21-23]. In this context, the dual validation approach for TEG-

based waste heat recovery stands out as a method that ensures the
compatibility of design conditions with real-world driving conditions.
ANSYS-based numerical modeling and on-board prototype testing. The
method aims to more reliably determine the performance band under
real-world driving conditions by calibrating steady-state predictions
with transient measurements. Indicate that design parameters such as
temperature difference, Seebeck coefficient, leg length, string connec-
tion, and geometry are first computationally screened and then vali-
dated with static and dynamic on-board experiments. However, it is
noted that dynamic flow and temperature fluctuations can lead to
limited deviations in power output compared to laboratory or static
predictions, and uncertainties remain regarding long-term durability,
contact resistance/aging, and generalizability to different driving sce-
narios [24]. TEG integration into electric vehicle battery systems can
simultaneously improve BTMS performance by converting waste heat
into electricity, while the integrated use of PCM and TEG minimizes
source temperature fluctuations through phase-change-based thermal
energy storage. It also supports the creation of a sustainable temperature
difference (AT) across the TEG, offering the potential to increase effi-
ciency and operating time under both steady and transient operating
conditions [25,26].

PCM equipped heat exchangers are particularly effective in
balancing both cooling and heating loads during seasonal transitions.
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They increase temperature uniformity by keeping the maximum tem-
perature in battery packs approximately 12 °C lower than in air cooled
systems. and by reducing the temperature difference to less than 1 °C, it
extends cell life and increases energy density [27,28]. Bhakta and Kundu
[29] stated that the main problem encountered in TEG applications for
waste heat recovery in the automotive industry is that conversion effi-
ciencies generally remain at the level of 3-5 %. This limitation arises
from factors such as material properties, thermal matching, and inte-
gration challenges. Liu et al. [30] emphasized that TEG-PCM hybrid
systems can simultaneously perform both heat storage and electricity
generation, and that the PCM’s high latent heat capacity allows for
increased performance by maintaining a more stable TEG temperature
difference. However, the same study also noted that limitations such as
low thermal conductivity, phase separation, and thermal instability
during long cycles limit the applicability of hybrid integration. PCMs,
thanks to their high latent heat storage capacity, can limit temperature
fluctuations in battery systems, while TEG systems directly generate
electrical energy using the temperature difference [31]. Liu et al. [31]
reported that PCM-TEG systems can increase energy conversion effi-
ciency by 1 %-16 % compared to TEG alone. Furthermore, it is stated
that appropriate geometric alignments can improve second-law effi-
ciency by reducing entropy production [32,33]. They reported that the
maximum efficiency level was approximately 4 % under the applied
thermal load. In an experimental study conducted by Imran et al. [34], a
configuration in which four TEG modules were integrated into the en-
gine exhaust system produced a maximum voltage of 24.2'V, a current of
3.22A, and an electrical power of 78.05 W. In this system, the water-
cooled heat exchanger effectively maintained the temperature differ-
ence and optimized energy conversion. Similarly, Shi et al. [35] exper-
imentally investigated a PCM-assisted TEG system and reported a total
electrical output of 3211.6 J with a thermal energy input of 225 kJ. The
average energy conversion efficiency calculated during this process was
determined to be 1.472 %. It was also emphasized that heat source
power is the most decisive parameter for system performance. These
studies demonstrate that PCM-TEG systems provide a more stable tem-
perature profile by balancing the effects of transient heat sources and
offer an efficient option for meeting the energy needs of auxiliary sys-
tems in electric vehicles. The integrated use of these two technologies
enables both thermal management and energy recovery, thus increasing
overall system efficiency. PCM-TEG hybrid systems, in particular, can
meet the energy needs of auxiliary systems by converting waste heat
from the battery or condenser into electricity. Shi et al. [36] showed that
a TEG system integrated with a PCM improved system stability against
transient temperature changes, and improved open-circuit voltage by
0.7 % and power output by 1.16 %. PCM-TEG hybrid systems, in
particular, can meet the energy needs of auxiliary systems by converting
waste heat from the battery or condenser into electricity. Mao et al. [37]
experimentally demonstrated that a TEG system integrated with a PCM
increased the total energy production by approximately 25 %. Al Janabi
et al. [38] investigated the potential of TEG modules to generate elec-
tricity through the effect of temperature differences. In the tests, an
output voltage of 4.13 V was obtained, and operating temperatures
reached up to 116 °C. Furthermore, system efficiency varied between
3.6 % and 15.9 % depending on the temperature difference. These re-
sults demonstrate that TEG systems can be used effectively to generate
electricity from waste heat. In this context, PCM and TEG systems offer
significant advantages in battery-based waste heat recovery, while in-
tegrated heat pump-supported structures represent a strong alternative
in terms of energy and exergy performance.

These systems, developed for both cabin heating and battery cooling
in electric vehicles, increase energy efficiency and system flexibility
when applied together with waste heat recovery [39]. The shift towards
low-GWP refrigerants (R1234yf, R744/CO,, R290) in EV heat pumps
has accelerated; life cycle climate performance (LCCP) analyses show
that these options can reduce emissions from both direct leakage and
indirect energy consumption compared to R134a [40]. Considering
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regional climate conditions, R744-VI configurations have been found to
be more suitable in cold regions and R1234yf-based cycles in warm-
temperate regions [41]. In the study of Tang et al., a heat pump sys-
tem with R134a refrigerant without PCM integration was tested in a
—5 °C environment; approximately COP 3.2 and 3.6 kW heating ca-
pacity were reported, and exergy destruction was given as 55 % for the
compressor, 28 % for the expansion valve, 12 % for the condenser, and 5
% for the evaporator [42]. In the analyses conducted on PCM-integrated
systems, the exergy efficiency was found to be approximately 31 % [43].
In addition, in a study by Rezaei et al., the driving range of an electric
vehicle with a PCM-based HVAC system was increased by 11 % in
cooling mode and 19 % in heating mode [44]. From an economic
perspective, optimizing the design of an efficient BTMS significantly
reduces life cycle costs. Lander et al. reported a 27 % reduction in LCC
(from $0.22/km to $0.16/km) by switching to surface cooling [45],
while Asef et al. studied the total BTMS cost for a hybrid electric vehicle
under different driving cycles and reported that the best possible return
was around $200 [46]. These data was showed that PCM-supported heat
pump systems have a positive effect on both energy and exergy effi-
ciency and increase the thermal stability of the system against seasonal
conditions. In the evaluation of these systems, not only energy efficiency
but also economic feasibility is of great importance. NPV analyses are
used as a fundamental tool in determining the payback period of the
investment cost and the economic viability of the system [47]. Li et al.
[48] examined the energy, exergy, and economic performance of the
TEG system they developed for the automotive sector. Analyses con-
ducted under different structural designs showed that the system could
amortize its investment within approximately 2-3 years and provide a
positive NPV. In a study conducted by Tian et al. [49], the energy effi-
ciency and economic performance of the waste heat recovery mecha-
nism integrated into the thermal management system of electric vehicles
were investigated. In addition, the system provides annual operating
cost savings of €162-249 compared to the PTC heater, and thus the
payback period is between 4.57 and 6.77 years. Ji et al. [50] reported
that a new generation Automotive Thermoelectric Generator (ATEG)
system with integrated heat pipes produced 613.2 kWh of electricity
annually, resulting in an economic gain of $85.85. They reported that
the cost recovery period was 2.86 years, while for conventional ATEG
this period was 1.83 years and the production was 423.4 kWh.

This study examined a waste heat recovery system that integrates
PCM and TEG and can operate according to seasonal conditions. In
winter conditions, the battery temperature was kept constant at a
maximum of 40 °C, and the waste heat generated from the water-cooled
battery was utilized in the PCM-TEG I integrated heat exchanger, which
contributes to cabin heating. A second PCM-TEG II block, located at the
condenser outlet, generated electricity at two different points within the
system. In summer conditions, the battery was cooled by ambient air
and its temperature was controlled to not exceed 60 °C. This high-
temperature waste heat was utilized through the PCM-TEG II block,
which functions as an evaporator. System performance was analyzed in
detail under different C-rate values and environmental conditions, using
heat exchanger structures specifically designed for both modes. The
proposed configuration was compared with the conventional system,
and an NPV analysis was conducted in addition to energy and exergy
performance. Discounted payback periods (DPB) was calculated ac-
cording to different C-rates.

2. System description

In order to utilize the waste heat released from the battery in electric
vehicles, a two-stage thermal management cycle with integrated phase
change material (PCM) and thermoelectric generator (TEG) was
designed. In heating mode, the battery is cooled with water, first
transferring the heat to the PCM-TEG1 block, and then to the PCM-TEG2
block. This process generates electricity through both TEG1 and TEG2,
while the hot surface of TEG2 effectively heats the vehicle cabin. In
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Fig. 1. (a) PCM and TEG integrated new generation heating—cooling system (NC) and (b) conventional system (CS).

cooling mode, the battery is cooled with air, occupied only by the PCM-
TEG2 block. In this mode, the cabin is cooled by the cold surface of
TEG2, while electricity is generated through TEG2. The flow diagram of
the heating and cooling states of the system and the conventional system
is given in Fig. 1.

This study presents a new two-stage system design integrated into
the thermal management system of electric vehicles. The primary
objective of the design is to perform in vehicle heating and cooling
through heat energy recovery, while also generating additional elec-
tricity through the TEG.

In the initial design, operating conditions for the battery at different
discharge rates (C-rates) were evaluated, taking winter conditions into
account. The waste heat amounts corresponding to C-rates of 0.2C, 0.3C,
0.5C, 1C, 3C, and 5C were calculated based on thermal equilibrium. The
battery temperature was maintained at a maximum of 40 °C, which is
considered ideal for cell safety and performance [51]. The maximum
temperature was limited to not exceed 40 °C. The battery was cooled
with water, and the waste heat generated from this coolant was trans-
ferred to the first phase change material block, PCM1. PCM1's temper-
ature was maintained by the waste heat transferred from the battery

coolant. The temperature of PCM2 was determined by the dual-phase
refrigerant circulating in the vehicle’s heating system. Electricity gen-
eration was achieved through TEG1 based on the fixed temperature
difference created between these two PCM blocks. A similar structure
was also built around a second TEG module, taking into account the
fixed temperature difference created between PCM3 and PCM4 blocks.
The temperature of PCM3 was determined by the temperature of the
refrigerant circulating in the vehicle’s cooling circuit. The temperature
of PCM4 was fixed by considering the external ambient conditions and
the vehicle cabin target temperature. Thus, a second temperature
difference-based electricity generation process was implemented
through TEG2. The use of PCM in both TEG units improves the system’s
thermal equilibrium conditions and allows the heat flow to be directed
in accordance with the Second Law of Thermodynamics.

In the second design, the system was reconfigured for in-car cooling
in summer conditions. This design, consistent with the first system,
considered the same battery operating conditions. However, in this
system, the battery was cooled directly by ambient air. For this purpose,
a fan was placed in front of the battery. Fan-assisted airflow controlled
the battery temperature to a maximum of 60 °C. In this design, the
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PCM1, PCM2, and TEG1 elements used for heating were excluded from
the system. Instead, a condenser was integrated into the system struc-
ture. The heat generated by this condenser was transferred to the in-car
air conditioning system. Electricity generation was also provided by
TEG2, placed between the PCM3 and PCM4 blocks. The temperature of
PCM3 was determined by the temperature of the refrigerant circulating
in the cooling cycle, while the temperature of PCM4 was determined by
the temperature of the outside air and the in-car air conditioning con-
ditions. This aims to maintain the temperatures of both PCM blocks
consistently, enabling electricity generation based on the temperature
difference via TEG2. In this arrangement, heat transfer occurs from the
vehicle’s cooling system to the battery side. Thus, heat flow from higher
to lower temperatures is achieved for both heating and cooling the
vehicle interior, as required by the Second Law of Thermodynamics.

In the HPAC cycle, the vapor-phase refrigerant first enters the
compressor, where its pressure is increased to match the system’s
operating conditions (point 1). The elevated pressure and temperature
refrigerant is then delivered to the condenser (point 2). The heat
released during condensation in the condenser is transferred to PCM3,
which melts and stores the heat. At the same time, the hot surface of
TEG2 is connected to PCM3, which generates electricity from the tem-
perature difference between PCM3 and the cold side. The cold surface of
TEG2 is created by PCM4. Outdoor air (point 9) is delivered to PCM4
and sent into the cabin to meet the heating needs of the vehicle cabin
(point 10). The refrigerant leaving the condenser is in liquid phase and is
sent to the expansion valve (ExV) (point 3). The pressure and temper-
ature of the isenthalpicly expanding refrigerant in ExV decreases. The
resulting liquid-vapor mixture was directed to PCM2, which forms the
cold side of the evaporator (point 4). In this region, the refrigerant
evaporates, absorbing heat from the evaporator. PCM2 forms the cold
side of TEG1 to generate electricity from TEG1. The BTMS refrigerant
(point 6) leaving the battery transfers its waste heat to PCM1. PCM1
melts and stores the heat, and this surface forms the hot side of TEG1.
The refrigerant that releases its heat (point 5) leaves PCM1 and returns
to the battery as cooled water. When the 4-way valve is changed in
cooling mode, the heat exchanger in the battery section operates as a
condenser. The refrigerant condenses there, exits in gaseous form at
point 7, and returns to the main circuit via line 8. In this mode, the
PCM1-PCM2 blocks and the TEG1 line was disabled.

Because PCM operates in a closed volume, there is no mass exchange
with the environment, and mass losses due to leakage was not consid-
ered. Leakage due to volume instability during melting is a significant
problem for PCMs. However, encapsulation and/or form-stable com-
posite design with a porous carrier framework effectively prevents
leakage. Indeed, experimental leakage tests have demonstrated that no
leakage is observed in expanded graphite (EG)-supported composites,
even at a 75 % PCM fraction. Furthermore, it has been reported that
form-stable PCMs with recyclable frameworks prevent leakage through
capillary effects and surface tension, and that sealing/stability can be
maintained even after > 2000 thermal cycles. [52,53]. In this context,
the stability of the PCM reported in the literature appears to have
approximately the same life cycle as a vehicle battery. In this study, the
electrical outputs of the TEG were taken directly from the manufac-
turer’s specifications, based on the temperature difference between its
two surfaces. Because these specifications include thermal and electrical
losses within the module, the reported power values represent the final
net output. Therefore, no additional thermal losses for the TEG were
added to the model. Furthermore, since the study was considered a new
system and was conducted theoretically, integration into existing EVs
was not considered.

In the conventional model, Battery temperature control is achieved
through the water cooling circuit in winter operating conditions,
whereas it is achieved through the air cooling circuit in summer oper-
ating conditions. This system includes an intermediate heat exchanger in
the Battery section. Therefore, energy recovery components such as the
PCM and TEG are not integrated into this section. The flow diagram of
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the conventional system is presented in Fig. 1b. To ensure a reliable and
equal simultaneous comparison with the new system (NC), the same
operating conditions were defined for heating and cooling modes. In this
context, the cabin heat load for both systems was kept constant, and
differences in compressor power and performance due to waste heat
utilization were evaluated based on the methodology. In the NC, Battery
waste heat is utilized through the PCM and TEG modules without
passing through the intermediate heat exchanger, resulting in electricity
generation and additional profit. In the CS, however, because it includes
an intermediate heat exchanger, there is no PCM-TEG section. Using this
method, the CS and NC systems were compared with respect to different
heat recovery strategies, and the results were evaluated in detail in terms
of energy efficiency, exergy balance, and economic performance
indicators.

2.1. Heat generation in the battery

To perform a proper thermal analysis of a battery module, it is crucial
to accurately determine the amount of heat generated during operation.
The Bernardi formula is widely used for this purpose in lithium-ion
batteries [54]. The heat generated within the cell consists of three
main components: Joule heat due to ohmic losses, reversible heat due to
entropic changes, and heat generated by side chemical reactions such as
electrolyte degradation and solid electrolyte interface (SEI) layer for-
mation. Among these components, Joule heat is the most heat source,
especially in cells operating under high currents. Entropic heat can be
positive or negative depending on the direction of operation and tem-
perature, while the heat from side reactions is negligible under normal
operating conditions [55-57]. The total heat generation in the cell was
defined by the following expression developed by Bernardi et al. [58]:

2 OE
q=PR-IT @

In this equation, g represents the total amount of heat generated in
the battery cell per unit time (W); I represents the current flowing
through the cell (A), R represents the internal resistance of the battery
(Q), Trepresents the temperature of the battery (K), and g—? represents the
rate of change of open-circuit voltage with respect to temperature (V/K).
The term IR in the equation represents the Joule (ohmic) heat gener-
ated as a result of the internal resistance of the battery cell. This
component is the irreversible energy loss due to resistance during the
passage of electric current through the cell. This term generally con-

tributes to the total heat generation. The second term in the equation, IT
E
T
actions in the battery cell and the temperature-dependent effect of this
change. This expression demonstrates that reversible heat generation in
the cell was related to the changes in current, temperature, and open-

circuit voltage with respect to temperature.

represents the entropy change occurring during electrochemical re-

2.2. Battery operating conditions

In this study, the thermal operating conditions of the electric vehicle
battery vary depending on the vehicle’s heating and cooling re-
quirements in summer and winter. In winter, the battery is cooled with
water, and its temperature is controlled to not exceed 40 °C. In this
mode, the heat generated due to different discharge rates is directed to
the TEG unit for interior heating. In summer, the battery is cooled by
ambient air, and its temperature is limited to not exceeding 60 °C.

In the calculations performed in this context, the battery temperature
is limited to not exceeding 40 °C, and waste heat values are obtained at
C-rates between 0.2C and 5C. This range covers a wide range of real-
world usage scenarios, from low-load city driving to highway opera-
tion and fast acceleration, and is consistent with typical electric vehicle
driving profiles reported in the literature [59]. In this study, a steady-
state approach is adopted to evaluate the fundamental thermal
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Fig. 2. Battery surface temperature profile under cooling conditions.

Table 1

Battery specifications [51].
Property Value
Battery Chemistry LiMn,O4
Cell nominal voltage 4.2V
Cut-off voltage (cell) 3.0V
Cell capacity 14.6 Ah
Total number of modules 360

Connection type Series-Parallel Combination
System capacity 292 Ah

System voltage 453V

Total power 132.4 kWh

behavior of the proposed thermal management system. This approach is
supported by literature findings that show that once the battery surface
temperature reaches a certain threshold, the heat generation rate re-
mains relatively constant throughout the discharge process, especially
under controlled thermal conditions and constant discharge rates [60].
In this context, when the battery operates at a constant discharge rate,
heat generation increases more rapidly during the initial phase of
discharge; however, once the battery reaches the target temperature of
40 °C, the heat generation rate approaches a largely stable level. At the
same time, the discharge rate was chosen to represent dynamic driving
conditions within the range of 0.2C-5C. This range varies between
approximately (0.2-0.5C) for idle/cruise, approximately (1-2C) for
urban acceleration, approximately (2-3C) for highway crossings, and
approximately (3-5C) for sudden accelerations. Therefore, each C value
was solved as a separate operating point, and the thermal loads for the
acceleration-cruise-deceleration sections were represented using
equivalent power levels. The 5C upper limit includes short-term sudden
peaks on the safe side, while the 0.2C lower limit captures the need for
thermal management at low load. Thus, the results can be generalized to
dynamic conditions without being tied to a specific driving cycle. As
illustrated in Fig. 2, the battery surface temperature stabilizes around
40 °Cin a short time under various C rates, indicating that it can balance
the dynamic heat generation. Therefore, the modeling approach based
on steady-state behavior was considered as a suitable option to compare
the effectiveness of the thermal management system (TMS) under
different discharge scenarios.

The simulations were performed using ANSYS Fluent 2020R1, and
the modeling process utilized the MSDM (Multi-Scale Multi-Domain
Model) approach. The NTGK (Newman, Tiedemann, Gu, and Kim) bat-
tery module was employed to model the electrochemical and thermal
behaviors of the battery cells. The selected battery cells are based on the
LiMn,04 chemistry, with a total power output of 132.4 kW. Initially, six
lithium-ion cells with a rated capacity of 4.2 V and 14.6 Ah were con-
nected in series, resulting in a module with 25.2 V voltage and an energy
capacity of 367.92 Wh. Subsequently, 20 of these series-connected
modules were connected in parallel, providing a total capacity of 292
Ah and an energy output of 7384 Wh. In the final stage, 18 of these
parallel-connected units were arranged in series, forming a battery pack
with a total voltage of 453.6 V and an approximate energy capacity of
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Fig. 3. Validation of simulation results [51].
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Fig. 4. Amounts of waste heat obtained from the battery at different
discharge rates.

132.4 kWh. The properties of the battery system are given in Table 1.

This study is based on the results of numerical simulations conducted
with ANSYS Fluent to evaluate the thermal performance of the proposed
heat pump system. To support the accuracy of the battery model, the
same operating conditions reported in the referenced study were
adopted, and simulations were performed at 1C, 3C, and 5C discharge
rates using the battery properties given in Table 1. The analysis confirms
that the proposed system operates consistently under identical thermal
conditions across different discharge rates. The results of the CFD
analysis performed to evaluate the electric vehicle battery as a waste
heat source were validated in the authors’ previous work [51]. The
battery system’s validation results is given in Fig. 3.

The validation analyses determined the average percentage error
(MAPE) values between 0.3580 % and 0.5538 %. The correlation co-
efficients (R%) were calculated as 0.987, 0.971 and 0.963. In this regard,
the simulation results are highly agreeable with the literature. The
amount of thermal energy transferred to the TEG I at different discharge
rates in the in-vehicle heating mode, with the battery cooled by water, is
given in Fig. 4.

According to Fig. 4, when the battery temperature is 40 °C, the
amount of waste heat generated from the battery varies depending on
the discharge rate. The lowest waste heat was approximately 0.288 kW
at a 0.2C discharge rate, while the highest was 6.192 kW at a 5C rate. In
the system design where the electric vehicle battery is air-cooled, the
battery temperature is limited to a maximum of 60 °C. Furthermore,
different temperature ranges were determined for the battery tempera-
tures used in the analyses, not exceeding 30 °C, 35 °C, 40 °C, 45 °C, and
50 °C. The battery was cooled using ambient air as the cooling medium.
The air temperatures used were set at 25 °C, 30 °C, 35 °C, 40 °C, 45 °C,
and 50 °C. Cooling was performed only under conditions where the
ambient temperature was lower than the battery temperature. There-
fore, for each air temperature, only temperature matches corresponding
to higher battery temperatures were considered. This approach aimed to
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Fig. 5. Amounts of waste heat obtained at different battery temperatures.

effectively cool the battery and maintain it within the target tempera-
ture range. Accordingly, the amounts of waste heat generated during the
battery cooling process is given in Fig. 5.

According to Fig. 5, increasing battery temperature leads to a sig-
nificant increase in the amount of waste heat generated. In the analyses
performed, the minimum and maximum waste heat values corre-
sponding to each battery temperature were calculated. Accordingly, at a
battery temperature of 25 °C, the waste heat amount ranged from 0.146
kW to 4.748 kW, while at 60 °C, these values ranged from 0.471 kW to
9.846 kW. Similarly, the waste heat ranges for temperatures of 30 °C,
35 °C, 40 °C, 45 °C, and 50 °C were determined as 0.216-5.126 kW,
0.269-5.662 kW, 0.288-6.192 kW, 0.4248-7.963 kW, and 0.45-8.596
kW, respectively. These results demonstrate that increasing battery
temperature increases waste heat. As temperature increases, battery
internal resistance and Joule heat losses also increase, especially under
high C-rate conditions. This directly was impacted the cooling load
transferred to the thermal management system. Therefore, controlling
battery temperature is critical not only for cell safety but also for opti-
mizing waste heat management.

2.3. Performance losses in Li-ion batteries

An increase in temperature leads to both a decrease in capacity and a
decrease in energy efficiency due to the accelerated degradation pro-
cesses in the electrochemical balance and interface structures of lithium-
ion batteries. Especially at temperatures above 40 °C, mechanisms such
as electrolyte degradation and SEI layer thickening accelerate. This re-
duces the amount of energy the battery can store and reduces overall
system energy efficiency. Therefore, temperature control stands out as a
critical parameter for sustainable battery performance [61]. The report
that SEI layer growth is largely limited by diffusion and exhibits a
gradually slowing rate with time (root-in-time scaling). Side reactions
accelerate as temperature increases; SEI thickening becomes more pro-
nounced, triggering capacity loss and increased internal resistance,
reducing energy efficiency. The C-rate/current density and SoC level can
increase the side reaction current by changing the anode potential.
Therefore, degradation is accelerated at high C-rate and high tempera-
ture conditions. Because this study focuses steady-state performance, a

Applied Thermal Engineering 281 (2025) 128608

detailed analysis of SEI kinetics is not included. Therefore, the impor-
tance of temperature control is paramount [62]. After 500 cycles at a
constant temperature of 60 °C, the capacity retention rate of LiMnyO4
cells was determined to be 83.7 %. In this study, the operating energy
was calculated as 91.98 kWh.

Epm=V.CN (2)

This equation was used to calculate the total theoretical amount of
energy (Wh) that the battery can produce over the number of cycles
under ideal operating conditions (25)-(30) °C). Where, V represents the
average cell voltage; C represents the capacity per cell (Ah); and N
represents the number of cycles.

In the calculations, capacity and energy loss in LiMnyO4 cells were
investigated using a nonlinear approach. Cyclic degradation and cal-
endar aging were evaluated using empirical relationships that include
temperature and time dependencies. The equation for cyclic aging is
given below [63,64].

AQqy(N) = kN 3)

AQcyc(N), Relative capacity/energy loss due to cycle at the end of N
cycles, N number of cycles, k Calibration constant, # The nonlinear decay
exponent is usually taken to be in the range 0.5 < p < 0.8 for mecha-
nisms such as diffusion limited/SEI growth. It was taken as 0.5 in the
calculation. Calendar aging is as follows [63-65]:

4

EH.C[Z
AQeu(t) = aﬁexp( - RT1>

AQcq (t) Relative capacity/energy loss due to calendar time at the
end of time t, t time, a calibration coefficient (obtained from experi-
mental data). Eg . Activation energy for calendar aging (J/mol). R is the
universal gas constant (J/molK), T temperature (K). Total losses are;

AQ(Na t) = AQcal(t) + AQcyc (N) 5)

Capacity loss analyses were carried out by considering nonlinear
degradation trends, and the capacity losses were calculated for 1500
cycles. The results are presented in Table 2.

The table compares the capacity, energy efficiency, cycle life, and
performance of LiMn,O4 batteries at operating temperatures between
40 °C and 60 °C. The results reveal that electrochemical degradation
within the battery results in a decrease in usable capacity and total
energy output as the temperature increases. In particular, at 60 °C, ca-
pacity loss reached 28.2 %, and cycle count loss reached 245 cycles. This
demonstrates that operating battery systems at high temperatures
negatively impacts both energy efficiency and long term performance.

According to the values in the table, the highest COP of 2.47 was
achieved at the optimum point when the battery temperature was 40 °C.
As the battery temperature increased, performance decreased, with the
COP dropping to 1.287 at 60 °C. It decreased to 1.319 at 45 °C, 1.310 at
50 °C, and 1.297 at 55 °C. This indicates that performance decreases
with temperature, with the highest COP achieved at 40 °C.

2.4. Selection of refrigerants and comparison of their properties

Environmental impacts, heat transfer performance, and safety

Table 2

Capacity and energy losses due to temperature increase (LiMn,O,4 battery, 4.2 V, 14.6Ah, 1500 cycles) [66,67].
Temperature (°C)  Capacity utilization rate depending on temperature (%) Energy  Energy loss(%) 1C discharge time (min) Cycle Cycleloss COP

(kWh)

40 °C* - - - - - - 2.47
45°C 88.76 81.63 19.47 48.3 1305 195 1.319
50 °C 87.07 80.08 22.39 46.6 1276 224 1.310
55°C 85.39 78.54 25.31 44.8 1247 253 1.297
60 °C 83.07 76.40 28.23 43.1 1218 282 1.287

*Optimal point.
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Table 3

Thermophysical properties of the selected fluids [68-71].
Property Unit Refrigerant

R134a R1234yf R1234ze R152a

Type - Wet Dry Dry Wet
ODP - 0 0 0 0
GWP - 1200 4 6 124
p* kg/m? 4.258 4.859 4.775 2.759
* kJ/kg-K 0.85124 1.183 0.887 1.051
k* W/m-K 0.0133 0.0134 0.0135 0.0141
Teriical °C 101 94.7 109 113.3
Pritical kPa 4067 3382 3630 4496
Flammability — Al A2L A2L A2
AIT °C 770 405 368 454

*at 25 °C and 1 atm, AIT: Auto ignition temperature.

criteria are of paramount importance in the selection of refrigerants to
be used in electric vehicle thermal management systems. In this study,
four different refrigerants: R134a, R152a, R1234yf, and R1234ze, was
evaluated due to their low environmental impact and distinct thermo-
physical characteristics. In particular, the “wet” and “dry” vapor char-
acteristics of the refrigerants was considered due to their impact on the
two-phase heat transfer mechanism. The refrigerant properties pre-
sented in Table 3 is provided for the purpose of comparing and
describing their thermophysical parameters at standard reference con-
ditions. In contrast, energy and exergy analyses were performed based
on the actual operating temperatures and pressures at each point. State
properties such as enthalpy, entropy, and density were obtained from
the REFPROP (NIST) database. Thus, cycle performances were calcu-
lated by considering point-specific thermodynamic conditions. In this
context, the basic thermophysical properties of the selected fluids is
given comparatively in Table 3.

In the proposed new system, four different refrigerants R134a,
R152a, R1234ze, and R1234yf was selected based on their thermody-
namic performance, environmental impact, and operational safety.
Refrigerant selection was based on three key criteria. high convective
heat transfer coefficient, low environmental impact, particularly low
ozone depletion potential (ODP) and low global warming potential
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(GWP), and efficient operation over a wide temperature range. Although
R134a is being phased out due to its high GWP, it is still widely used in
many countries, particularly in Turkey, and was considered the refer-
ence refrigerant in the proposed system. R152a, on the other hand, has a
very low GWP, high latent heat capacity, and heat transfer capability.
However, it requires caution due to its low flammability. Despite being
classified as slightly flammable (A2L), R1234ze is a strong candidate for
low-GWP applications thanks to its low environmental impact and stable
thermophysical properties. R1234yf, on the other hand, was developed
directly to replace R134a in mobile air conditioning systems. It is a
refrigerant widely adopted in the automotive sector today, boasting
both a low GWP and acceptable energy efficiency. Furthermore, the
“wet” and “dry” vapor characteristics of the selected refrigerants were
also taken into account, as they directly impact two-phase heat transfer
mechanisms. This aimed to ensure stable and efficient evaporation and
condensation processes. As a result, the selected refrigerants offer an
environmental approach compatible with international climate targets
while also providing the energy performance necessary for sustainable
and effective thermal management in electric vehicles.

The battery is actively maintained at 40 °C or below, effectively
preventing thermal runaway scenarios and keeping the temperature
well below the autoignition points of the two-phase fluids. The refrig-
erant circuit is physically isolated from high-voltage battery compo-
nents, and non-flammable insulation materials are applied within the
battery compartment to minimize ignition risks from external sources. In
the event of a collision or structural damage, automatic shut-off valves
are activated to immediately seal the refrigerant loop. With these
combined strategies-tight thermal regulation, physical isolation, leak
detection, and emergency shut-off-the system ensures that two-phase
fluids can be safely utilized in electric vehicle thermal management
applications.

3. Modelling of thermoelectric generator (TEG)

The designed system utilizes TEGs to utilize waste heat from electric
vehicle batteries and meet in-vehicle air conditioning (heating and
cooling) loads. The TEG modules are integrated into a specially designed
heat exchanger structure equipped with PCMs.The system is structured

Tedé0 O |
AICICICIORRCIE
1©000©

90900 ©)|
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v

Fig. 6. Tube and fin arrangement of the finned tube heat exchanger.
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Table 4

Geometric configuration parameters of the finned tube heat exchanger.
Geometric Specifications R134a Water Air
Tube inner diameter (d;) 6 mm 12 mm 10 mm
Pipe outer diameter (dy) 9 mm 18 mm 15 mm
Fin outer diameter (Do) 14 mm 25 mm 26 mm
Fin spacing (s) 3 mm 3 mm 3 mm
Fin length (b) 2 mm 2 mm 3 mm
Fin length (L) 5 mm 4 mm 6 mm
Thermal conductivity tube (kr) 170 kW/mK 170 kW/mK 170 kW/mK
Thermal conductivity fin(ke) 250 kW/mK 250 kW/mK 250 kW/mK

in two stages. In the first stage, waste heat generated from the battery
cooling water is used for in-vehicle heating, while in the second stage,
heat energy generated from the in-vehicle cooling process is utilized to
generate electricity. The temperature difference between the PCM
blocks is optimized to maintain a constant temperature, aiming to
maximize electricity generation from the TEG units.

Although the theoretical number of TEGs is determined to utilize all
waste heat in the system, the physical space occupied by each TEG
module creates application limitations. The number of TEGs required to
generate the required electricity increases depending on the amount of
waste heat in the system. The maximum number of TEGs is limited by
design parameters. Taking into account realistic electric vehicle di-
mensions, the heat exchanger dimensions are set at a maximum of 400
mm x 360 mm x 325 mm. Therefore, considering the system’s space,
the maximum number of TEG modules is limited to 90 TEG modules, not
exceeding the total capacity. Even if the available waste heat exceeds
this capacity, the number of modules is not increased, and excess heat is
removed from the system. All PCM mass placed in the heat exchanger
designed for these limited dimensions was melted. However, due to
physical constraints, not all of the waste heat in the system could be
utilized. Only the amount needed to melt the PCM mass that could be
accommodated in this volume was used, and the remaining heat was
removed from the system. Finned tube heat exchangers, thanks to their
expanded surface area, increase heat transfer, providing more efficient
heat exchange. Especially in systems operating at low temperature dif-
ferences, the finned structure achieves high heat transfer capacity with
compact dimensions. This improves both thermal performance and
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provides a design advantage by increasing the system’s volumetric ef-
ficiency. The geometric structure of the layout is given in Fig. 6.

Where, pt represents the horizontal center-to-center pitch of the
pipes, pc represents the vertical center-to-center distance of the pipes.
The pt/2 and pc/2 values indicate the half-pitch distances between
opposing pipes in this arrangement, and are particularly important for
fin arrangement and flow field symmetry. The geometrical properties of
the circular finned tube heat exchanger in which the PCM and TEG
components are placed are given in Table 4.

The tube layout used in a finned-tube heat exchanger is designed
with varying axial spacing in the horizontal and vertical directions.
Radial fins located around each tube aim to increase heat transfer effi-
ciency by increasing surface area. This configuration was chosen to
balance compact design with high thermal performance. The structural
layout of the TEG unit is given in Fig. 7.

The sizing of the circular finned tube, PCM-supported heat exchanger
was determined based on the amount of waste heat generated in the
system and the number of Thermoelectric Generators (TEGs), which
were determined by the melting temperature of the PCM. The sizing
calculations for the TEG-I and TEG-II units were based on the maximum
waste heat values the battery could generate under different operating
conditions. The technical specifications of the TEG modules used in the
system is given in Table 5 [72].

In this study, paraffin wax, an organic material, was chosen as the
phase change material (PCM) for the system due to its chemical stability,

Table 5
Performance and structural properties of the TGM-127-1.4-1.2 thermoelectric
module.

Parameter Value Unit
Width of the TEG module (Wrgg) 40 mm
Length of TEG module (Ltgg) 40 mm
Height of TEG module (hrgg) 3.5 mm
Thermocouple pairs (n) 127 -
Width of the thermocouple (Wrc) 1.4 mm
Leg length (L) 1.2 mm
Seebeck coefficient 3.24x10* V/K
Thermal resistance(R,) 1.28 K/W
Outpower (P) 7.5 w

Fig. 7. Structure of PCM supported TEG unit.
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Table 6
PCMs characteristic.

Characteristic ~ k Pliquid  Psolid  Pex Tmelting Cp Liuc
w/ (% %) (0 (kJ/ (kJ/
mK) m®) m®) kgk) kg

RT15 0.2 0.77 0.88 12,5 15 2 155

RT17 0.2 0.77 0.88 12.5 17 2 150

RT21 0.2 0.77 0.88 14 21 2 190

RT25 0.2 0.77 0.88 14 25 2 230

RT30 0.2 0.76 0.83 12.5 30 2 165

RT35 0.2 0.77 0.88 12 35 2 240

RT40 0.2 0.76 0.88 12.5 45 2 165

RT45 0.2 0.77 0.88 12 45 2 160

RT50 0.2 0.77 0.88 12.5 50 2 160

RT55 0.2 0.77 0.88 14 55 2 170

RT60 0.2 0.77 0.88 12 60 2 160

longevity, and easy availability. Furthermore, its high latent heat stor-
age capacity in compact volumes is another important advantage that
distinguishes paraffin wax [73]. The thermophysical properties of the
PCMs used in the study is given in Table 6 [74].

In TEG analyses, the internal electrical resistance (Rjy) arised
depending on the thermal and electrical properties of the materials in
the thermal module used [75,76].

_ ppLP + ann

R;
int A, A,

(6)
where, A, and A, represent the cross-sectional areas of the p-type and n-
type semiconductors, respectively, and pp and pn represent the electrical
resistivity of the respective materials. L, and L, represent the lengths of
the p-type and n-type thermoelectric elements, respectively. The ther-
mal conductivity Krgg (W/K) of the thermoelectric conductor pair is:

Ak, Ak,
ek e A Wi
L L

where, k, and k;, represent the thermal conductivity coefficients of p-
type and n-type thermoelectric materials, respectively [77]. At
maximum power point condition, i.e. when the load resistance is equal
to the internal resistance (R = Rint), the module current is given by [77]:

)

Kize =

I= o (Thot - cold)

2R ®)

where, a is the Seebeck coefficient of the thermoelectric module (V/K),
Thot and Toig, With Tper and Teo)g indicating the temperatures at the hot
and cold junctions, respectively. (K), Ry, is the external load resistance
(€2). Based on the Seebeck effect, the electrical output of a thermo-
electric generator is enhanced as the temperature gradient between the
two sides increases. Output power is given [78]:

2 Ro

P=PR = a*(Thot — Teo)*———
( hot cold) (RL+R)2

©)]

The maximum output power (Ppay) of a TEG module is produced
when the external load resistance is equal to its internal electrical
resistance. Pp,y is given [79]:

o 2 (Thot - Tcold)2

Ppox =IPR = iR

(10

The heat flow at the hot junction was expressed by the following
relation [80]:

: 1

Qhot = ((aThotI) - (512R> +KTEG (Thnt - Tcold) ) (11)
The corresponding cold-side heat rate reads:

: 1

lecl = ((aTcoldI) + <512R> +KTEG (Thot - Tcold) ) (12)

10
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where, legs thermal conductance (Krgg).Where, Tho and Tcoq represent

the temperatures on the hot and cold surfaces of the TEG module,

respectively. TEG efficiency is,
_ Pou

n=
Qhut

The number of TEG modules to be placed on the heat exchanger

13)

depending on the amount of waste heat (QWH) is expressed as Nrgg.

14)

where, n represents the number of thermocouple pairs in each TEG
module. After determining the total number of TEG modules, the heat
exchanger sizing process was completed. At this stage, the horizontal
and vertical placement of the TEG modules is optimally arranged. The
amount of heat passing through a single tube within the heat exchanger
is expressed as follows.

1

Qpipe
1 Ao A To Ao
ngki A + 2k, In <di) + 21Ky

pipe

_ Tin + Tout
2

where, kyjp, represents the heat transfer coefficient of the pipe material;
ki represents the heat transfer coefficient of the fluid passing through the
pipe, and kpcy represents the PCM heat transfer coefficient. d; and d, are
the inner and outer radii of the pipe, respectively. Apipe represents the
heat transfer surface area of the pipe. Tpcprmerr is the melting tempera-
ture of the PCM; Nu; is the Nusselt number of the fluid within the pipe;
and Nupcy is the Nusselt number of the PCM [80]. The efficiency of the
heat exchanger was taken as 0.98, taking into account the conduction
losses [81]. Appe is given:

Apipe (TPCM— melt

do 1 1
In (di) + M N“PCl\ngCM

Upipe

(15)

Apipe = Abare + N¢ Afin (16)
Abare = 271:1.11-‘ (17)
Aﬁn.single = 2nrot; + Jt(rg - I‘f) (18)

where L is lelght of tube, Apae is bare tube surface area, r; is the tube
outer radius, tris fin thickness, and r5 is fin outer radius. The overall heat
transfer coefficient for a circular finned tube is given [82,83]:

1 1 +5r+1
Ur nfho ke h

19

where h, is the external convective heat transfer coefficient corre-
sponding to the finned surface, h; is internal coefficient for the tube side,
§; indicates the tube wall thickness, k; is tube material thermal con-
ductivity, and 7, is fin efficiency. For circular fins, fin efficiency is given:

_ tanh(mly)

Y= (20)
2h;
= Ko 21)

where Ly is fin lenght, kg, is defined as the fin material’s thermal con-
ductivity. In the design and thermal analysis of both TEG-I and TEG-II
systems, circular finned tubes are utilized as heat exchangers, where
the outer surface of the tubes is surrounded by phase change material
(PCM). Accordingly, Upjpe incorporates the convective heat transfer
from the PCM side. In both systems, the external convective heat transfer
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coefficient (h,) is assumed to be the same, since PCM is used as the
surrounding medium in both configurations.

h, = Nupcwkpem (22)

D
Nupcy is calculated based on natural convection, using the following
correlation [84]:

0.35(Grpr)"/*

9/16 \ 4/9

In the evaluation of the system for the TEG-I and TEG-II modules, the
internal convective heat transfer coefficients vary as a result of varia-
tions in the working fluids used inside the tubes. In the TEG-I unit, and
its internal convective heat transfer coefficient (hi) is calculated using
empirical correlations for forced convection of gaseous flows. For the
under laminar flow conditions, the Nusselt number is calculated using
the empirical correlation given in [85]:

Nupey = (23)

Nug, = 0.664 Re'/?pr'/3 249

where Re corresponds to the Reynolds number, while Pr corresponds to
the Prandtl number.

mD

Re= 0 (25)
_ G
Pr=—7 (26)

where D is tube diameter, m is mass flow rate, A is cross-sectional area of
the tube and p is dynamic viscosity.

_ gﬂ(Tx - Tref)L3
= 7[/2

Gr 27)
where, g Gravitational acceleration (m/sz), B Volumetric thermal
expansion coefficient (1/K), Ts Surface temperature (K), Ty fluid tem-
perature (K), L length (m), v Kinematic viscosity m2/s).

In contrast, for the TEG-I unit, where liquid water circulates inside
the tube to transfer heat to the PCM, the internal convective heat
transfer coefficient is determined based on the thermal properties of
water. Under laminar flow conditions, the Nusselt number for fully
developed flow in a circular tube is taken as:

Nu = 3.66 (28)
Nu number for turbulent flow:
Pr
Nu= é (Re —1000) (05 < Pr
14127,/ (Pr® - 1)
< 2000and 3000 < Re < 5 x 10°) (29)
f=1(0.79In(Re) — 1.64) > (30)

In the TEG-II module, the hot surface is in contact with the dual-
phase PCM3, while the cold surface is in contact with the air. In this
region, heat transfer from PCM3 to the TEG is based on dual-phase
convection behavior. Heat transfer on the other side of the TEG, sur-
rounded by PCM4, was modeled using appropriate Nusselt number
correlations [86].

Nug; = 0,.023Re*8pro3 (31)

Convection heat transfer due to air flow within a pipe was calculated
using an empirical correlation based on the Nusselt number. The Nusselt
number used in this context was related to the Nuair, Reynolds Re, and
Prandtl Pr numbers. These numbers, commonly used for the turbulent

11
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regime, was determined by the following relations. Based on the rele-
vant parameters, the air-side convection heat transfer coefficient h was
calculated using the equation given below [87].

_ 0.023.Re®® Pr*° k

h Dh

(32)

In regions operating with dual-phase fluids (PCM2 and PCM3),
classical single-phase Nusselt correlations was not used. Therefore, heat
transfer in these regions varies depending on the fluid’s vaporization
quality and phase distribution, and is evaluated using the Chen corre-
lation, widely used in the literature. This correlation allows the average
heat transfer coefficient to be calculated by taking into account the heat
transfer coefficients in the liquid and vapor phases and the fluid’s dry-
ness [88].

The convective heat transfer coefficient for the two-phase flow (h) is
the sum of bubble boiling contribution (hx) and forced convection
contribution (h,) [88]:

h=hg+h, (33)

The Bubble Boiling Component (hy) represents the enhanced heat
transfer caused by vapor bubble formation at the heated surface:

0.8
(1 —x). A
he = 0,023 GA-xD pr*LF
He D

(€D
where G is the mass flux (kg/m?s), x is the vapor quality, D is the hy-
draulic diameter (m), y; 45, and Pry are the dynamic viscosity, thermal
conductivity, and Prandtl number of the liquid phase, respectively, F is
the forced convection-boiling correction factor given by [88]:

1

F=1. —<0.1

0 X, = 0

1 0736 (3%
F=0.235(-—+0,213 —>0.1
(wrom) x>

where X,; is the Martinelli parameter given by [88]:

1 — )\ 99 05 01
() G @

X Pr He

The Forced Convection Component (h;) accounts for sensible heat
transfer due to the motion of the fluid along the heated surface:

079 ~ 0,45 . 0,49
Cor

kg Pr
0,24
05029y, 02 024

h, =0, 00122( ) AT AP75S 37)

where ATy is the temperature difference, APy is the pressure difference,
ks is thermal conductivity of the liquid phase. Cyy is specific heat of the
liquid phase. yi¢ and pg are viscosity of the liquid and density of the vapor
phases, respectively. ¢ is surface tension, and hy, is the latent heat of
vaporization. S is correction factor based on the Reynolds number (Re)
[88]:

S=(1+0,12Re")”" Re<325
S=(1+0,42Re”)" 325 <Re <70 (38)
$=01 Re>70
with
G.(1-x).D
Re = s G1 =) D (39)
He

The energy balance used in PCM melting analysis consists of the
effective heat flux entering the control volume Q;,, the heat flux trans-

ferred to the Qqgg, and the external losses Qy,; the relevant expressions
was given below [80].
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Fig. 8. Comparative analysis of current and power outputs of TEG under different cold surface temperatures, depending on the hot surface temperature.

Table 7
Evaluation of error statistics between TEG’s performance curves and simulation
results.

Output power (W) Current (A)
Tc R? MAPE RMSE R? MAPE RMSE
(9] (%) (%) (%) (%)
30 0.99 7.58 14.82 0.98 20.16 13.34
50 0.99 6.39 10.35 0.99 15.12 9.19
80 099 4.96 10.06 099 7.29 3.32
. Tin + Tout
Qin = Niix UpipeApipe (TPCM—melt - <% (40)

Q,, is the heat flux entering the control volume, Upp. is the effective
total heat transfer coefficient between the pipe and PCM, Apipe is the
effective heat transfer area of the pipe outer surface, and nyy is the heat
exchanger efficiency.

By conservation of energy for the PCM:

Qin = Qrrg + Qoss

Oz is the heat flux (W) transferred to the TEG, Q. is the heat loss
from the enclosure to the outside environment (W). The amount of en-
ergy that PCM can store during the melting process is;

(41D

Qpcm = MpcyLe (42)

where, mpcy is defined as the PCM mass (kg), Le is the latent heat of the
PCM (kJ/kg). In this design, Because the PCM operates in a closed vol-
ume, losses were not taken into account. [89].

4. Modeling of compressor

The required power of the compressor is given by [90]:

T, [ (Po\F

. A k

WC:mc,,JKi) 71]
Me Pi

where C, signifies the specific heat (kJ/kgK), 7. represents the
compressor efficiency (80 % [90]), and k designates the isentropic
exponent.

(43

5. Model validation

The system was designed to simultaneously provide heating and
cooling functions, in addition to electricity generation. The thermo-
electric generator module included in the design was compared with
manufacturer data from the Kryotherm TGM-127-1.4-1.2 catalog [72],
and this validation process is given in Fig. 8. The error statistics for the
simulation results using the thermoelectric module’s performance
curves is given in Table 7.

The validation criteria in Table 7 are consistent with validation
thresholds commonly used in the literature, supporting the validity of
the model. The range of R? is 0.98-0.99 for power and current indicates
very high fit; MAPE is 4.96-7.58 % for power and 7.29-15.12 % for
current under most conditions. Generally, <10 % is considered high
accuracy, and 10-20 % is considered acceptable. The RMSE range of
3.32-14.82 % indicates that the model’s calculations for the TEG system
was validated in accordance with the reference experimental study. In
another validation process, if the heat exchangers used in the system
used different fluids, the validation process was performed separately
for three different fluids, the water side, the dual-phase fluid side, and
the air side. The results obtained for each operating condition was
compared with studies in the literature. As part of this validation,
comparisons were made with three separate articles, specifically for the
R134a side, the water side, and the air side. During the validation pro-
cess, the working conditions in References were adapted to this study.
The results is given in Table 8.

According to Table 8, The heat exchanger sizing parameters for
R134a, water, and air are in close agreement with the literature. Rey-
nolds numbers of 2.6-5.6 %, in-tube heat transfer coefficients (h), and
overall heat transfer coefficients (U) mostly match within 2.5-6.2 % of
the sample. Nusselt number (Nu) values similarly deviate between
2.7-5.3 %, and the 11.1 % difference in velocity is attributable to
possible geometry/boundary condition and system design changes. This
comparison supports the reliability of the correlation and sizing method
used in the system for all R134a-side, water-side, and air-side fluid
conditions.

6. Energy and exergy analysis.

The performance of the waste heat recovery system integrated with

Table 8
Comparison of heat exchanger design parameters for R134a, water and air fluids with reference studies in the literature.
R134a Water Air
Present study Ref. [91] Dif. (%) Present study Ref. [92] Dif. (%) Present study Ref. [93] Dif. (%)
Number of tubes Nt 46 48 4.16 51 49 3.91 47 44 6.38
Fluid velocity in tube Vvt 0.983 0.916 7.83 0.024 0.027 111 2.48 2.5 0.67
Reynold number Re 3823 3927 2.62 8241 7999 2.93 1429.9 1509.20 5.58
Heat transfer coefficient h 6723.13 7020 4.23 1969.08 1898.64 2.66 162.807 158.47 2.74
Overall heat transfer coefficient 0) 2759 2587 6.20 1111.63 1084.61 2.51 85.9 89.82 4.56
Nusselt Number Nu — . . 66.54 70.05 5.27 66.77 65 2.73
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Table 9
Energy and exergy balances of the HPAC system.
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Components  Energy balance Exergy balance
Eva . . . . . . : . . . . To)
P Qg = (mf,hs —m5h5> —(myhg —mihy) + Wrger EXqpyap = MeWe —MsWs + Mayy —M1y; — (1 *%) Qpy
Com A = miyhy —m : . . . To)\ -
P Weomp = tiohy =iy by Exqcomp = Mayy —Muyy My + (1 *%) Qcomp
Cond ) = (r —m —(m —m A\ . . . . . To)
on Qeon = (myhy —mzhs)—(mohg —miigh10)+Wrrg Exqcon = Moy —Miayrs + Titoyrg —Tiioryg + (1 ,T_:> Ocon
ExV mshs = mghe EXqpxy = T3y —Mayy
Pump prnp = (mshs —mghs) prnp = (;HSVIS —Mee)
Fan Wran Exfan
TEG1 ) ) . . . . o ) Woeer —
Wize1 = (m(,hf, —m5h5> —Qpevn —Qpemz —(Myhg —m1h1)Qpeyn = 0.98 <n16h5 - TEG1 . .
. . (Mewe —Msys) — (Mayy — Mayy) — (1 _T—0> Qpern — (1 _T—0> Qrcmz
mShS)QPCMZ = 0.98(myhy —myhy) PcM1 PCM2
TEG2 WTEGz =

WTEGZ = (mZhZ —Tﬁ3h3) _QPCMS _QPCM4 _(rln‘}h9 _m10h10>QPCM3 =

<m%mmfmmymm:a%mwfmmm

(Mo, —Mays) — (Moyg — Mioyg) — (1 T, .
PCcM3

TEG and PCM for vehicle heating and cooling was also be examined from
a thermodynamic perspective. In this context, the system’s energy effi-
ciency and potential for conversion to work was evaluated in detail
through energy and exergy analyses.

Expressions regarding mass conservation, energy conservation and
exergy balances is given as follows:

Ty —Tm, = 0 (44)

Q-W+x (n‘uhi> -3 <mh> =0 (45)
To\ - . . . ;

<1 —?>Q— W z(mﬂ,/,.) - E(moy/,,) CExy=0 46)

where, the Q term represents heat transfer, the W term represents work
transfer, and the m represents the mass flow rate. The subscripts i and o
represent the inlet and outlet conditions, respectively. The exergy of the
flow is defined as:

w = (h—ho) — To(s —so)

The symbols h and s represent the specific enthalpy and specific
entropy at a specific thermodynamic state, respectively. The subscript
“0” indicates the environmental reference state, defined at —40 °C and 1
atm (101.325 kPa) pressure. The energy and exergy balance equations
used in the designed system is given in Table 9, respectively.

Energy and Exergy efficiencies of cooling, heating and the overall
system:

(47)

COPy = — : Q“’". - (48)
Woump+Weomp— (W1 + Wrrz)
Wean+Weomp — Wrgga
B .
ey = 1 LXacon + Wig2 50)
<m2W2 + mgl/’g)
e —1— Exqpy + Wizcz) 1)
¢ (Mayr, + Moys)
e —1- (m3W3 + mloll/m)
overallH — - - - -
(Mo, + Moy + Weomp — (WTEGI + WTEc;2> + Woump
(52)
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7. Auxiliary systems

One of the factors affecting the total energy requirement in the sys-
tem is the power consumption of auxiliary equipment. In this context,
the pump power for circulation in the battery cooling circuit and the fan
power for air circulation was calculated. The power of both equipment
was calculated using the general equation below, taking into account the
pressure difference applied to the fluid and the volumetric flow rate.

Q =rm.c, AT (53)

where Q is the waste heat energy, m is the mass flow rate, AT is the
temperature difference

y-m
p

(54)

where, V represents the volumetric flow rate and p represents the fluid
density. The pump power and fan power required for the system are
given as follows.

W, ,=—"—
pf n

(55)

In this equation, AP represents the pressure difference (Pa), V rep-
resents the volumetric flow rate (m3/s), and 7 represents the mechanical
efficiency of the equipment. Pump power was calculated separately for
liquid fluids and fan power for gaseous fluids such as air, and their ef-
fects on system energy consumption were evaluated. For the pump, AP
= 250.000 Pa, efficiency n = 0.70, and for the fan, AP = 125 Pa, effi-
ciency n = 0.55 [94-96].

8. Economic analysis

The NPV method was used to analyze the economic performance of a
new HPAC system over its entire lifespan, as NPV calculates the time
value of economic performance [97,98]. In this context, the HPAC was
assumed to have an average operating time of 2 h per day during a 150-
day heating season. While the average lifespan of common systems is 20
years, it was assumed to be 8 years based on the manufacturer’s war-
ranty period for the batteries. The NPV of a system is given as follows
[99,1001]:

(56)

n
B,
NPV = + —-C
;(Hr)‘ ’

where I, represents the initial investment cost, n denotes the
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Table 10
Component costs.

Component Cost function References
Condenser (€/m?) 297A [103]
Evaporator (€/m?) 190 + 310A [104]
Heat Exchanger (€/m?) 297A [103]
ExV Cexy = 114.m [105]
Compressor ($/m2) 71,1.m (&) n <&) [106]
0,91 — Neomp \Pi P;
Paraffin Wax (€/kg) 8.95 [107]
TEG (€) 21.89 [108]
Pump ($/m?) o\ 0% [109]
WP
1026 (%)
Fann ($/m?) N\ 0B [109]
Wi
1026 | —
026 300

Operation and maintenance costs 1.5 % of the installation cost [110]
Discount rate (%) r=6% [111]
Depreciation period, n (year) 8 -
*1€=1,09$ **1TL = 0.054$

depreciation period, B; signifies the cash flow in year t, and r denotes the
discount rate. Since there is no gaining from the system, the B; is
determined based on the electricity saving in comparison to the con-
ventional system:

Bt = CE - Cmr (57)

where C, indicates the cost of electricity savings, and C,, indicates

0.2C
—~ 32 TH (°C)
S 2 —
-
C 16 —a25
E 8 ——30
z
0
40 35 230 25 20 -15 -10 -5
TC (°C)
0.5C
TH ¢
=90 €O
(é — 15
= 60 o
230 25
= —e—30
=
Z 0
40 35 30 25 20 -15 -10 -5
TC (°C)
3C
. 300 TH (°C)
3 S
g 240 15
S 180 —e20
5 120 a5
=
E 60 ——30
Z 0
40 35 30 -25 20 <15 -10 -5
TC (°C)
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maintenance and repair costs. Since the maintenance and repair cost is
equal for the new concept (NC) and conventional system (CS), the B; can
be rewritten as:

B =C, (58)
The total electricity saving cost for 300 working hours per year is

given by:

C. = Wc.300 (59

where ce is the unit electricity price, and We is the saved electricity in a
year. Since the evaporator itself is a Li-Ion battery, the initial investment
cost for HPAC includes the cost of the compressor (Ccomp), condenser
(Ccond), fann (Cgapn), Pupm (Cpump): PCM (Cpcm), TEG (Creg) and
expansion valve (Cgyxy). The total investment costs of the new HPAC and
conventional system (CS) are then given as [101,102]:

Cnc = Cev + Ceond + Ceomp + Cpump + Crann + Cexv + Cpem + Crec1, + Crec 2

(60)
Ccs = Cgy + Ccond + Ccomp + Cpump + + Crann + Cixy (61)
Cnc = Ces + Cpem + Crzer, + Crec2 (62)
Cre = Crxg1 + Crrz (63)

The initial investment cost of the system is determined by subtracting
the salvage cost (Csc, assumed as 10 % of the total investment) from the
total investment cost. So, the initial investment cost is given by:

0.3C
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& 50 —15
B 40
E ——20
e 30 ——25
2 20 e 30
E 10
Z 0
40 35 30 25 20 -15 -10 -5
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z 60
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z
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-40 -35 -30 -25 -20 ~-15 -10 -5
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- TH (°C)
g 400 -
= 300
= —+—20
5 200 55
4

40 -35 30 25 -20 -15 -10 -5
TC (°C)

Fig. 9. Number of TEG I modules required at different C rates depending on PCM temperature.



A. Mavi and O. Arslan

. 0.2C —
—15
6
g N 20
- 4 ——25
2 —e—30
= 2
0
40 35 30 25 20 -15 -0 5
TC (°C)
" 0.5 TH (©)
35 ——15
£ 28 \\ 20
= 21 \ 25
S i ——30
&
0
40 35 30 25 20 -15 -0 -5
TC (°C)
3C
120 TH (°C)
90 —15
§ 20
5 60 s
E 1 ——30
0
40 35 30 25 20 415 -0 S
TC (°C)

Applied Thermal Engineering 281 (2025) 128608

0.3C

16 TH (°C)
—15
§\12 \‘\\\ 20
5 ——30
= 4
=
0
40 35 300 25 <200 <15 10 -5
TC (°C)
7 1C TH(OC)
60 —15
g 48 20
= 36 ——25
Q
= 24 —e—30
[
12
0
40 35 =30 <25 200 -15 -10 -5
TC (°C)
5C
120 TH (°C)
90 —15
N 20
=60 ——25
o 3
[=
0
40 35 <30 25 200 <15 10 5
TC (°C)

Fig. 10. Change of TEG-I output power depending on PCM temperature difference at different C-rates.

Conc = Cnc — Cesne (64)

Cocs = Ces — Ceses (65)

As the NPV analysis is based on the comparative savings with the
conventional system, the initial investment is rewritten as:

Co = CoNC - Co,CS (66)

The NPV analysis was structured to reflect the component and
operational differences between the two systems. The NC structure in-
cludes a TEG and PCM for power generation, while the CS does not;
therefore, the initial investment cost difference stems from the TEG and
PCM in the NC. Furthermore, due to differences in design parameters,
the compressor powers are not equal in the two systems. In the NC, the
electricity generated from the TEGs reduces energy costs and improves
cash flow. Therefore, the NPV was determined by considering the dif-
ferences in compressor power and the electricity generated from the
TEG together. The equations used to calculate the cost of the designed
heating system is given in Table 10.

The payback period indicates how long it takes for an investment to
cover its initial cost through cumulative cash flows in present value. In
this study, DPB is calculated using the same discount rate r used in the
NPV section and the initial cost Co.

B,

(d)
B =
‘ (14n"

(67)

By is net cash flow in t year, r is discount rate, t is year index, B¢ The
present value (discounted value) of Bt.
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a

t
S=>B? (68)
i=1
St is the sum of the present values of all net cash flows occurring up to
the end of year t (cumulative discounted total), Bi, net cash flow in year
i

9. Result and discussion

To determine the required number of TEG modules based on the
available waste heat, the output power that could be generated from this
heat was calculated. The calculations was based on the technical data of
the Kryotherm TGM-127-1.4-1.2 module. The number of TEG modules
required to generate electrical energy from the recovered waste heat was
then calculated. The change in the number of TEG modules required to
convert waste heat into electrical energy as a function of PCM temper-
atures under different operating conditions is given in Fig. 9.

According to Fig. 9, The graph shows the change in the number of
TEG-I modules required to achieve the desired electrical power at
different battery discharge rates (0.2C-5C) and various temperature
differences. At 0.2C, the minimum number of modules is 7 at TH = 30 °C
and TC = —35 °C, while the maximum is 18 at TH = 5°C and TC = 0°C.
At 0.3C, these values range from 13 to 33, at 0.5C 32-85, at 1C 56-148,
at 3C 108-286, and at 5C 140-372, respectively. As seen in all graphs, as
the temperature difference decreases (i.e., as the TH-TC difference de-
creases), the power produced by each TEG decreases due to the decrease
in Seebeck voltage. Therefore, more modules are required to achieve the
same total power. Furthermore, as the C ratio increases, the amount of
waste heat generated from the battery increases, thus increasing the
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Fig. 11. Change in the number of modules required for the TEG-II unit at different C-rate values.

system’s power demand. Consequently, the number of TEG modules
required at each temperature level also increases. This demonstrates
that not only the temperature difference but also the battery load profile
is a critical determinant of system sizing. The change in TEG output
power under different PCM temperatures and operating conditions is
given in Fig. 10.

According to Fig. 10, the output power of TEG-I varies with the
temperature difference of the PCM as the battery operates at different C-
rates. At all discharge rates, the output power increases linearly as the
temperature difference increases (as TH decreases while TC remains
constant). At a 0.2C-rate, the output power was approximately 2.6 W at
a AT = 15 °C difference, reaching 8.2 W at a AT = 65 °C difference.
Similarly, at a 0.3C rate, the output power ranged from 4.1 W to 15.5W,
and at a 0.5C-rate, it ranged from 7.2 W to 40.5 W. At these low C-rates,
because the thermal energy obtained from the battery is limited and all
90 TEG modules can be installed in the system, the output power directly
represents the actual operating values. At a 1C-rate, calculations were
made within some temperature ranges without exceeding the 90 TEG
limit in the system. However, due to the excess heat energy generated at
high temperature differences, the output power was adjusted accord-
ingly. The same applies to the 3C and 5C rates. Because the thermal
energy generated from the battery at these rates is quite high, the
number of TEGs exceeds 90 in all parameters. All calculated output
powers was limited to a maximum of 90 TEG modules. Therefore, the
maximum output power achieved at 1C, 3C, and 5C rates is limited to
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approximately 102 W for all three. As the discharge rate increases, the
amount of waste heat released from the battery increases, resulting in a
higher heat energy transfer to the TEG, and the output power increases
significantly. Similarly, as the temperature difference increases, the
temperature gradient across the TEG increases, and electricity genera-
tion becomes more efficient due to the Seebeck effect. The change in the
number of TEG II modules required to convert waste heat into electrical
energy at different operating conditions and PCM temperatures is given
in Fig. 11.

According to Fig. 11, The figure was showed the total number of TEG
II modules required in the system, based on the electrical power the TEG
II unit can generate under different battery C ratios and PCM tempera-
ture differences. In each graph, the hot surface temperature (TH) of the
TEG was evaluated between 35 °C and 60 °C, and the cold surface
temperature (TC) was evaluated between 17 °C and 26 °C. In these
analyses, as the electrical power generated by the TEG II is reduced, the
number of modules required to meet a given waste heat level increases.
In particular, when the temperature difference (TH-TC) decreases, the
number of TEGs required increases rapidly because the power generated
by a single TEG decreases. At discharge rates as low as 0.2C, the TEG II’s
demand remained at its lowest. While approximately 10 TEG modules
were sufficient at TH = 60 °C and TC = 17 °C, this number increased to
22 at low temperature differentials such as TH = 35 °C and TC = 26 °C.
On the other hand, at high C values such as 5C, the amount of waste heat
generated in the system increased, requiring significantly more TEG
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Fig. 12. Change of TEG-II output power depending on PCM temperature difference at different C-rates.
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Fig. 13. Thermoelectric efficiency variation for TEG I and TEG II systems at different PCM temperatures.

modules even at similar temperature differentials. In this case, at TH =
35 °C and TC = 26 °C, the number of TEG modules required for oper-
ation in the system reached approximately 450. As observed in all
graphs, the number of TEG modules increases with increasing TC while
the TH temperature remains constant. The change in TEG II output
power under different PCM temperatures and operating conditions is
given in Fig. 12.

According to Fig. 12, it is showed the change in the electricity pro-
duction of the TEG II using waste heat generated from the battery system
under different C-rate and PCM temperatures. In all graphs, the hot-side
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temperature (TH) of the TEG varies between 35 °C and 60 °C, and the
cold-side temperature (TC) varies between 17-26 °C. Under these con-
ditions, an increase in TEG output power is observed as the temperature
difference increases, while a decrease in output is observed as the cold-
side temperature increases. At the 0.2C-rate, the electrical power
generated is at its lowest, with a maximum output of approximately 4.6
W (TH = 35 °C, TC = 17 °C). At 1C, 3C, and 5C-rates, the increased
battery waste heat potential allows for greater thermal load transfer to
the TEG II. However, a design limitation of a maximum of 90 TEG
modules is imposed based on the heat exchanger sizing parameters.
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(c) and PCM4 (d), according to the amount of waste heat obtained at different C-rates.

Therefore, while the 90 module limit was exceeded only in some sub- Accordingly, the maximum TEG output power was limited to 44.671 W
scenarios at 1C, this limit was exceeded at all PCM temperatures at 3C at 3C and 5C-rates. In particular, the TEG II unit, operating at TH =
and 5C-rates, and the calculations were limited to 90 TEG modules. 60 °C, produced the highest power values at all C rates. Consequently,

18
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the TEG II's electricity production was determined not only by the

magnitude of the temperature difference, but also by the amount of

waste heat transferred from the battery system and the maximum

number of TEG modules allowed in the heat exchanger design. TEG
efficiencies is given in Fig. 13.
According to Fig. 12, The efficiency achieved based on the
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temperature difference for the TEG I and TEG II systems is given. In both
cases, the Kryotherm TGM-127-1.4-1.2 model was used as the TEG
module. The hot surface temperature (TH) was held constant, while the
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Fig. 18. Unused waste heat values depending on PCM temperature.
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cold surface temperature (TC) was varied at regular intervals. For the
TEG I unit, maximum efficiency of approximately 2.3 % was achieved at
TH = 30 °C and TC = —40 °C. At the reduced temperature difference
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Fig. 20. Heating capacity and compressor power changes for different refrigerants.

conditions of TH = 15 °C and TC = —10 °C, efficiency was 1.2 %. For the
TEG II unit, operation was carried out within a narrower temperature
range (TH = 45-60 °C, TC = 17-25 °C). In this unit, the highest effi-
ciency was calculated to be approximately 1.5 % at TH = 60 °C and TC
=17 °C, while it dropped to 0.8 % at TH = 45 °C and TC = 25 °C. In both
systems, efficiency increases in direct proportion to the temperature
difference. However, in the TEG II, efficiency is more limited due to the
lower temperature difference values.

The heat exchanger sizing was based on the physical dimensions of
the TEG modules. However, the high number of TEGs results in a larger
footprint. The heat exchanger dimensions were adjusted to a maximum
of 400 mm * 360 mm * 325 mm, taking into account realistic vehicle
conditions. The width of the heat exchanger was kept constant at 400
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mm throughout the design process, and the length and height varied for
each design parameter. Based on this configuration and the total number
of TEG modules required, the required length of the heat exchanger was
calculated, and 90 TEGs were installed at the maximum exchanger di-
mensions. The surface arrangement was created accordingly. The fluids
providing heat transfer to the PCMs within the heat exchanger vary
depending on the operating region. PCM1 is heated by water circulating
in the battery cooling circuit. In PCM2 and PCM3, heat transfer is ach-
ieved through the dual-phase refrigerant used in the vehicle heating and
cooling systems. In PCM4, heat transfer is achieved through ambient air.
The change in heat exchanger length depending on PCM operating
temperatures at different discharge rates is given in Fig. 14.

According to Fig. 14, The changes in heat exchanger length are
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Fig. 21. Heating capacity and compressor power variation for different fluids at 0.5C-rates.

shown in different temperature ranges obtained using PCM1, PCM2,
PCM3, and PCM4. All four PCMs undergo phase transition, and the
system’s thermal response is shaped not only by the temperature dif-
ference but also by the physical properties of the PCM, which vary with
temperature. In Fig. 4a, because the phase transition characteristics of
PCM1 occur within a stable range, the changes in volume and mass
progress more regularly, and the exchanger length exhibits a symmet-
rical and continuous increase with temperature. Heights of 0.11 m to
0.32 m were obtained in Fig. 4a, and heights of 0.08 to 0.248 m were
obtained in Fig. 4b. Heights of 0.09 m to 0.024 m were obtained in
Fig. 4c. Heights of 0.094 to 0.324 m were obtained in Fig. 4d.

To determine the total volume of the heat exchanger, the total
number of tubes corresponding to each design condition was calculated.
In this context, the amount of heat that could be transferred from each
tube was first calculated separately, based on the thermophysical
properties of the relevant PCM and the determined temperature differ-
ences. The total amount of waste heat generated by operating the bat-
tery at different discharge rates was then taken into account, and the
required number of tubes for the entire system was determined to be
sufficient to accommodate this heat. In the four separate heat exchanger
designs using PCM1, PCM2, PCM3, and PCM4, the energy that could be
transferred per tube varied depending on the temperature conditions
and heat transfer characteristics of each PCM. Therefore, the total
number of tubes corresponding to the same amount of waste heat varied
depending on the type of PCM used and the operating temperature. The
change in the total number of tubes required in the heat exchanger based
on the waste heat generated at different discharge rates and PCM tem-
peratures is given in Fig. 15.

According to Fig. 15, The changes in the total number of tubes
required for new heat exchanger designs at different PCM temperatures
and battery discharge rates is given. In these analyses, the amount of
waste heat obtained from the battery varies for each C ratio, with the
highest waste heat occurring at a 5C-rate and the lowest at a 0.2C-rate.
In Fig. 13a, due to the high heat transfer capacity of the water fluid, a
limited number of tubes was sufficient at low C ratios. At 15 °C PCM
temperature and a 0.2C rate, a minimum of 12 tubes were required, and
at temperatures below 30 °C and 5 °C, a maximum of 94 tubes were
required. In Fig. 13b, the number of tubes required ranges from 12 to 74.
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In Fig. 13c, the minimum number of tubes was achieved in the dual-
phase fluid system, thanks to the high heat transfer capacity provided
by condensation and evaporation. At 45 °C PCM temperature and 0.2C-
rate, 9 pipes were required, while at 60 °C and 5 °C, 70 pipes were
required. In Fig. 13d, the system required more pipes due to the low
specific heat of the air fluid. The number of pipes varies between 20 and
73. As a result, the total number of pipes in the system varied depending
on both the PCM temperature and the C-rate, with different fluid types
meeting this requirement at different rates. The highest pipe require-
ment occurred in the air system, while the lowest occurred in the dual-
phase fluid system. The PCM mass required in the heat exchanger design
was calculated by considering the total amount of waste heat generated
in the system. The effect of PCM temperature on the required PCM mass
is given in Fig. 16.

According to Fig. 16,The changes in PCM mass required for the four
different PCM blocks used in the heat exchanger system, depending on
the C-rate and PCM temperature, is shown. In the analysis, each C-rate
corresponds to a different amount of waste heat generated from the
battery, and the PCM mass required to fully store this heat by the PCM
was calculated. As seen in Fig. 14a, as the PCM1 temperature increases,
the required PCM mass decreases at all C-rates. This trend can be
explained by the need for less energy storage at higher PCM tempera-
tures. At 5C-rate, approximately 40.44 kg of PCM is sufficient at 15 °C,
and at 0.2C, approximately 2.82 kg of PCM is sufficient at 30 °C. Fig. 14b
shows the maximum PCM2 requirement at 5C, 29.03 kg at 15 °C, and the
minimum requirement at 0.2C, approximately 3.50 kg at 60 °C. In
Fig. 14c, as the PCM3 temperature increases, the PCM mass required in
the system decreases significantly. At 45 °C, approximately 23.31 kg of
PCM is required at 5 °C, while at 60 °C, this value decreases to 9 kg. In
Fig. 14d, at 17 °C, approximately 30.88 kg of PCM is required at 5 °C,
while at 25 °C, this value decreases to 8.25 kg. This demonstrates that a
larger PCM volume is required at lower temperature differences.
Consequently, as the battery discharge rate increases, the waste heat
entering the system also increases, directly increasing the required PCM
mass. The phase change material (PCM) mass required for the heat
exchanger design was calculated based on the total amount of waste
heat generated in the system. Similarly, the required heat transfer sur-
face area was determined by considering the amount of waste heat and



A. Mavi and O. Arslan

o R134a (NC)
2.5 _.__400C
g 20 —e—30°C
O
15 —e—_20°C
0 —e—_10°C
750 1000 1250 1500 1750 2000
P (kPa)
R152a (NC)
3.5
T,=T,
3.0
—e— _40°C
o 25
) —e— _30°C
o 20
s —e— 20°C
' —e—_10°C
1.0
600 900 1200 1500 1800 2100
P (kPa)
R1234yf (NC)
3.0 T=T,
25 —e—_40°C
S 20 —e—_30°C
s e
—e—_10°C
1.0
800 1050 1300 1550 1800 2050
P (kPa)
R1234ze (NC
40 (NO) T=T,
35
30 —e— _40°C
5 25 —e—30°C
© 20 —e— 20°C
1.5 —e—_10°C
1.0
500 800 1100 1400 1700 2000

P (kPa)

Applied Thermal Engineering 281 (2025) 128608

0 R134a (CS)
25 —e—_40°C
5 20 —e—30°C
© s —e—_20°C
—e—_10°C
1.0
750 1000 1250 1500 1750 2000
P (kPa)
R152a (CS)
3.5
3.0
—e—40°C
a 25 .
5 —e—30°C
o 20 N
L —e—_20°C
' —e—_10°C
1.0
600 900 1200 1500 1800 2100
P (kPa)
R1234yf (CS)
30 T,=T,
25 —e—_40°C
5 20 —e—_30°C
o
1.5 —o—_20°C
Lo —e—_10°C
800 1050 1300 1550 1800 2050
P (kPa)
R1234ze (CS
4.0 (€S) T,=T,
3.5
3.0 —e—-40°C
g 25 —— 30°C
© 20 e 20°C
1.5
o —e—_10°C
500 800 1100 1400 1700 2000

P (kPa)

Fig. 22. COP changes of refrigerants depending on the increase in evaporator temperature.

the logarithmic mean temperature difference. Changes in heat transfer
surface area is given in Fig. 17.

According to Fig. 17, The figure shows the change in the required
heat transfer surface area depending on the PCM temperature for three
different fluids with constant inlet temperatures. In a system operating
with a fluid with a high heat transfer capacity, the temperature differ-
ence decreases as the PCM temperature increases. Consequently, the
surface area required to transfer the same amount of heat tends to in-
crease regularly and linearly. In general, heat transfer efficiency de-
creases as the temperature difference decreases, requiring systems with
a larger surface area. The extent of these trends varies depending on the
thermophysical properties of the fluids and the PCM. The amounts of
unused heat are given in Fig. 18.

According to Fig. 18, the amounts of unused waste heat generated
based on C ratios and PCM temperatures were evaluated in two separate

23

exchanger systems using different fluid types (water, R134a, and air).
Exchanger dimensions in all systems were limited to 0.40 m x 0.32 m X
0.25 m. The number of tubes, exchanger height, and the corresponding
PCM mass allowed to be placed varied in each system. In this context,
the amount of PCM that could be completely melted in each system was
determined. Only the energy required to melt this mass was evaluated
by the system. The total waste heat arriving at the exchanger, and any
excess energy, was dissipated unused outside the system. In two
different heat exchanger systems using water, R134a, and air, the
evaluation was conducted with a minimum temperature difference of
5 °C for all systems. In the water system, the highest PCM mass was
melted, resulting in 4.21 kW of unused waste heat. In the second system
using R134a, the PCM temperature was set at —10 °C, and approxi-
mately 4.75 kW of waste heat was removed from the system. In the third
system, R134a was used again, but this time, the fluid inlet temperature
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Fig. 23. Changes in second law efficiencies for R134a, R152a, R1234yf and R1234ze fluids at different evaporation temperatures.

was set at 65 °C, and 4.18 kW of unused heat was detected under a
similar AT condition. In the final system using air, this amount was
limited to 3.14 kW. These findings demonstrate that not only the fluid
properties but also the temperature difference, PCM volume, and
exchanger design play a decisive role in system performance. In this
regards, as the temperature difference increases, the amount of waste
heat that can be utilized by the system increases. Thus, the amount of
heat released unused decreases. The heat transfer coefficient changes
corresponding to different C-rates in four different regions, depending
on the change in PCM temperature, is given in Fig. 19.

According to Fig. 19, Heat transfer coefficient values obtained at
different C-rates, depending on the change in PCM temperature, are
presented in four different heat exchanger zones (a-d). Each zone is
classified by fluid type and represents the heat transfer surfaces in fluids
operating with (a) water, (b) R134a evaporation zone, (c) R134a
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condensation zone, and (d) air. Since the heat load carried in the system
was kept constant for a given C-rate in all zones, an increase in PCM
temperature resulted in a decrease in the temperature difference be-
tween the fluid and the PCM. This required an increase in the h coeffi-
cient to maintain constant heat flux. (a), the h value was recorded as a
minimum of 935 W/m?eK (PCM1 = 15 °C, 0.2C) and a maximum of
1040 W/m?%eK (PCM1 = 30 °C, 5C). The maximum value was reached
due to the increasing C ratio and decreasing temperature differences.
(b), the h value varied between a minimum of 1230 W/m?eK (PCM2 =
-35°C, 0.2C) and a maximum of 1919 W/m2eK (PCM2 =-10°C, 5C). (¢),
the maximum h value was 1875.59 W/m?eK (PCM3 = 50 °C, 5C), and
the minimum was 1765.12 W/m?2eK (PCM3 = 45 °C, 0.2C). (d), the
lowest h value was determined as 281.13 W/m%eK (PCM4 = 25 °C,
0.2C), and the highest h value was determined as 449.06 W/m2eK
(PCM4 = 17 °C, 5C). The results reveal that each region exhibits
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Fig. 24. Cooling capacity and compressor power changes for four different refrigerants at 0.5C discharge rate.

different heat transfer performances depending on the fluid properties,
thermal load, and temperature difference.

Analyses performed for vehicle interior heating were designed to
evaluate the thermodynamic effects of the refrigerants R134a, R152a,
R1234yf, and R1234ze on the system. In this analysis, the evaporator
temperature was maintained at —40 °C. Accordingly, the outlet pressure
for each refrigerant was varied between 200 kPa and 2000 kPa. Cycle
conditions were determined according to the physical properties of each
refrigerant. As a result of the calculations, the resulting heating capacity,
compressor power consumption, and the thermodynamic performance
of each refrigerant on the cycle were analyzed in detail. The results is
given in Fig. 20.

According to Fig. 20, the thermodynamic performances of the re-
frigerants R134a, R152a, R1234yf, and R1234ze was evaluated in
different outlet pressure ranges under in-vehicle heating mode condi-
tions with an evaporator temperature of —40 °C. In this context, the
condenser pressures were determined as 750-2000 kPa for R134a,

25

600-2100 kPa for R152a, 800-2050 kPa for R1234yf, and 500-2000
kPa for R1234ze. As a result of the analyses, the highest heating capacity
value of 6.02 kW was obtained for R152a, followed by 5.65 kW for
R134a, 5.13 kW for R1234yf, and 5.00 kW for R1234ze. In terms of
compressor power consumption, the lowest value was observed for
R1234ze at 3.484 kW, while the highest value was observed for R152a at
3.70 kW. Heating capacity, compressor power, COP, and second-law
efficiency for four different fluids at different C ratios at a 0.5C-rate
and —40 °C evaporator temperature is given in Fig. 21.

According to Fig. 21, the thermodynamic performances of the re-
frigerants R134a, R152a, R1234yf, and R1234ze were examined in
relation to outlet pressure within the scope of the analysis conducted at
0.5C-rate. According to the evaluations, the heating capacity of all
—refrigerants tends to decrease with increasing outlet pressure. R152a
achieved the highest heating capacity value of 1.48 kW. The maximum
heating capacities for the other refrigerants were 1.32 kW for R134a,
1.26 kW for R1234ze, and 1.17 kW for R1234yf, respectively. As outlet
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Fig. 25. Variation of cooling load, compressor power, COP and exergy efficiency.

pressure increased, compressor power increased for all refrigerants.
Maximum compressor power was achieved with R152a at 0.816 kW,
while maximum compressor pressures for the other refrigerants were
0.792 kW for R1234yf, 0.778 kW for R134a, and 0.767 kW for R1234ze,
respectively. This indicates that R152a requires more mechanical work
to achieve its high heating capacity. R1234ze, on the other hand, offers a
lower-power cycle with limited energy consumption despite lower
heating output. Therefore, while R152a stands out with its high heating
capacity, R1234ze is considered a viable option, offering advantages in
terms of energy efficiency thanks to its lower compressor power.

COP values tended to decrease with increasing condenser pressure
for all refrigerants; this was due to the increased irreversibilities due to
the narrowing of the temperature difference between the cycle and the
ambient. Changes in COP and second-law efficiency depending on
condenser pressure for four different refrigerants at a 0.5C discharge
rate are given. The highest COP value of 2.549 was obtained for R1234ze
at 600 kPa. The highest COP values for the other refrigerants were 2.471
for R152a, 2.421 for R134a, and 2.069 for R1234yf. In terms of second-
law efficiency, the highest value of 57.14 % was obtained for R1234ze at
600 kPa. The maximum efficiencies for the other refrigerants were
56.57 % for R152a, 52.91 % for R134a and 50.59 % for R1234yf
respectively. These results demonstrate that R1234ze stands out in terms
of energy efficiency, providing the highest COP, while also achieving the
highest second-law efficiency, making it the most advantageous refrig-
erant in terms of exergetic performance. Therefore, R1234ze is the most
efficient refrigerant in both performance criteria. Depending on the
change in evaporation temperature, the COP values obtained for four
different refrigerants were evaluated comparatively with the new sys-
tem (NC) and the conventional system (CS). The change in COP values is
given in Fig. 22.

In analyses conducted to evaluate the effects of evaporator temper-
ature on system performance, the COP values of four different re-
frigerants were examined for both NC and CS structures, with
evaporator temperatures fixed at —40 °C, —30 °C, —20 °C, and —10 °C.
In the NC system, the highest COP value of 3.472 was obtained with
R1234ze, followed by R152a (3.276), R134a (2.953), and R1234yf
(2.498). In the CS system, the highest COP values were recorded as
3.233, 3.178, 2.834, and 2.391, in the same order. Accordingly, the COP
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increase provided by the NC system compared to the CS system was
calculated as 7.39 % for R1234ze, 3.93 % for R152a, 4.20 % for R134a,
and 4.47 % for R1234yf. These results indicate that COP values increase
in all systems as evaporator temperature increases, and that the NC
system offers a significant improvement in energy efficiency by
providing higher performance for all refrigerants. The changes in
second-law efficiency with evaporator temperature for four different
refrigerants in the CS and NC systems is given in Fig. 23.

According to Fig. 23, the evaporation temperatures were evaluated
as —40 °C, —30 °C, —20 °C, and —10 °C. The second-law efficiencies of
the refrigerants R134a, R152a, R1234yf, and R1234ze was compara-
tively evaluated for both NC and CS structures under different output
pressures. In the NC system, a significant increase in second-law effi-
ciency was observed with increasing evaporation temperature for all
refrigerants; this is explained by the decrease in thermodynamic irre-
versibilities that occur with the decreasing temperature difference in the
cycle. The highest second-law efficiency of 57.14 % was obtained for
R1234ze, followed by R152a (56.57 %), R134a (52.91 %), and R1234yf
(49.59 %). Under the same conditions, the maximum second-law effi-
ciencies obtained in the CS system are 45.13 % for R1234yf, 55.18 % for
R152a, 52.64 % for R1234ze, and 50.04 % for R134a. The efficiency
increase provided by the NC system compared to the CS system is
calculated as 5.73 % for R134a, 2.59 % for R152a, 9.80 % for R1234yf,
and 8.54 % for R1234ze. These data bring up that the R1234ze fluid
achieves the highest exergy efficiency by minimizing irreversibilities
that occur during the cycle in both systems. It also demonstrates that the
NC system significantly improves thermodynamic performance by
providing higher second-law efficiencies than the CS system for all
fluids.

For the in vehicle cooling system, the refrigeration cycle for four
different refrigerants was examined at a constant evaporator inlet and
outlet temperature of —40 °C, and outlet pressures were selected be-
tween 200 kPa and 2000 kPa for each, taking into account thermody-
namic equilibrium conditions. Considering the physical properties of the
fluids, the cycles were designed according to the second law of ther-
modynamics, with respect to the direction of energy flow. The resulting
cooling heat loads and compressor powers was calculated accordingly.
The cooling capacities, energy consumption, and performance changes
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Fig. 26. Changes in cooling capacity and compressor power for four fluids.

of each refrigerant in the cycle based on these parameters is given in
Fig. 24.

According to Fig. 24, The thermodynamic performance values of four
different refrigerants, R134a, R152a, R1234ze, and R1234yf, are given
at an evaporator temperature of —40 °C and various ambient tempera-
tures. R152a reaches its maximum cooling capacity of 1.99 kW at 1100
kPa and 50 °C ambient temperature, while R134a reaches 1.90 kW at
1200 kPa, R1234ze reaches 1.81 kW at 1300 kPa, and R1234yf reaches
1.69 kW at 1350 kPa under the same conditions. When compressor
power values are examined, at 50 °C ambient temperature, R134a
reached 2,783 kW, R152a 2,643 kW, R1234ze 3,384 kW, and R1234yf
3,691 kW. At 50 °C, R152a had the highest cooling capacity and the
lowest compressor power requirements. Providing more cooling with
less energy compared to other fluids, R152a demonstrates its more
efficient operation under these conditions. In cooling mode, the ther-
modynamic performance parameters of four different refrigerants were
analyzed under conditions where the battery temperature was held
constant at 40 °C. In this context, changes in cooling capacity,
compressor power consumption, COP, and overall efficiencies
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depending on outlet pressure is given Fig. 25.

According to Fig. 25, the performances of four different refrigerants,
R134a, R152a, R1234yf, and R1234ze were examined in the cooling
mode, where the battery temperature was held constant at 40 °C. In
terms of cooling capacity, a significant decrease was observed for all
refrigerants with an increase in outlet pressure. This is due to the
decrease in the temperature difference in the cycle due to the increase in
condenser condensation temperature, thus reducing heat transfer po-
tential. The highest cooling capacity was provided by R152a and R134a,
with approximately 1.00 kW, followed by R1234ze with 0.92 kW and
R1234yf with around 0.60 kW. In terms of compressor power, R1234yf
reached the highest value at 1.621 kW. R1234ze 1.32 kW, R152a and
R134a 1.30-1.35 kW, respectively. These results show that R1234ze has
the advantage of low energy consumption, while R152a and R134a
stand out with their higher cooling capacity.

COP values tend to decrease for all fluids depending on outlet pres-
sure. The highest COP values was calculated as 1.68 for R1234ze at 600
kPa; 1.62 for R152a at 700 kPa; 1.59 for R134a at 800 kPa; and 1.39 for
R1234yf at 800 kPa. In terms of exergy efficiency, R1234ze reached
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Fig. 27. Changes in COP values

58.30 % at 600 kPa, R152a at 700 kPa 56.28 %, R1234yf at 800 kPa
46.12 %, and R134a at 800 kPa 51.76 %. These results clearly demon-
strate the performance differences resulting from the thermophysical
properties of different refrigerants used under the same cycle conditions.
The thermodynamic performances of four different refrigerants oper-
ating at different C ratios in a refrigeration cycle under ambient tem-
perature conditions of 40 °C were investigated. For each refrigerant,
cooling capacity, compressor power, and energy efficiency parameters
were evaluated. The results are presented in Fig. 26.

According to Fig. 26, the refrigeration cycle performances of four
different refrigerants: R134a, R152a, R1234ze, and R1234yf, was
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at different evaporator temperatures.
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evaluated at different C-rates and outlet pressures. According to the
analysis results, while the cooling capacity for all refrigerants tends to
decrease with increasing outlet pressure, the compressor power in-
creases significantly. The maximum cooling capacities were 3.96 kW for
R152a, 3.83 kW for R134a, 3.78 kW for R1234ze, and 3.59 kW for
R1234yf. The highest values in terms of compressor power was observed
for R1234yf: 6.88 kW, R1234ze: 6.33 kW, R134a: 5.31 kW, and R152a:
4.91 kW, respectively. The effect of evaporator temperatures on system
performance was investigated. In this context, COP values in NC and CS
systems for four different refrigerants were evaluated at different
evaporation temperatures and pressure levels. Performance changes
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Fig. 28. Exergy efficiencies at different evaporator temperatures.

with evaporator temperature is given in Fig. 27.

According to Fig. 27, the data presented in the figure shows that,
when the evaporator temperature is —10 °C, the highest COP value in
the NC system is 2.69 for R1234ze. This value is followed by 2.66 for
R152a, 2.44 for R134a, and 2.19 for R1234yf. In the conventional CS
system, the maximum COP values for the same refrigerants are 2.54,
2.52, 2.23, and 2.11, respectively. In this context, the NC system,
compared to the CS system, provides a 6.32 % increase in COP values for
R1234ze, 5.57 % for R152a, 4.03 % for R134a, and 3.79 % for R1234yf.
These increases demonstrate that the new concept has positive effects on
thermodynamic performance and provides more efficient operation in
the refrigeration cycle. As evaporator temperature increases, COP values
increase in both NC and CS systems; however, this increase is greater in
the NC system. This result demonstrates that the NC system operates
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thermodynamically more favorably, particularly at higher evaporator
temperatures, and increases energy efficiency. The effect of changing
evaporation temperatures on exergy efficiency is given in Fig. 28.
According to Fig. 28, the highest value in terms of second-law effi-
ciency in the NC system was obtained as 54.03 % for R1234ze. For other
fluids, this value was 56.28 % for R152a, 50.76 % for R134a, and 46.12
% for R1234yf. Under the same conditions, the maximum efficiencies of
the CS system were calculated as 51.63 % for R1234ze, 54.44 % for
R152a, 49.21 % for R134a, and 44.70 % for R1234yf. Accordingly, the
advantage of the NC system compared to the CS system in second-law
efficiency was determined as %4.64 for R1234ze, 4.22 % for R152a,
3.15 % for R134a, and 3,16 % for R1234yf. These differences show that
the NC system provides a significant advantage in terms of exergy,
especially when used with high potential fluids such as R1234ze. The
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Table 11
Discounted payback (DPB) periods according to different C-rates.
DPB
Refrigerants 0.2C 0.3C 0.5C 1C 3C 5C
R134a 8 < 8 < 8 < 5.64 4.63 4.02
R152a 8 < 8 < 8 < 5.18 4.39 3.87
R1234yf 8 < 8 < 8 < 5.61 4.27 3.26
R1234ze 8 < 8 < 8 < 5.08 4.50 3.69
Table 12
Payback benchmarks for TEG-based EV systems.
References  System Economic Payback Description
assumptions
[48] Automotive —/Positive ~2-3 Structural
TEG(Different NPV designs shorten
structures) payback period.
[49] EV TMS + €162-€249/ 4.57-6.77  Annual operating
WHR (vs. PTC) year savings
compared to PTC
heaters.
[50] Heat pipe 613.2 kWh/ 2.86 Advanced ATEG
ATEG year, $85.8 architecture.
/year
[50] Conventional 423.4 kWh/ 1.83 Conventional
ATEG year structure for
comparison
purposes.
Present EV-PCM-TEG 94.5-209.8 3.26-5.64  Seasonal stability
Study (NC), 1C-5C kWh/year with PCM, No
$56.46-$1 intermediate
/year exchanger losses,
Modular TEG
layout: adapt to
vehicle
dimensions
Present EV-PCM-TEG —/Yearly net >8 At lower C-rates,
Study (NQC), 0.2C- gain is low the payback
0.5C period is longer.
Table 13
Thermodynamic properties of optimal design for R1234ze.
Point m(kg/s) T (°C) P (kPa) E(kW) Ex(kW)
1 0.0071 —40 62.37 1.291 0.3529
2 0.0071 57.70 800 1.748 0.7420
3 0.0071 41.58 800 0.4759 0.4419
4 0.0071 —40 62.37 0.4759 0.3529
5 0.074 35 351.325 0.8468 0.0732
6 0.074 15 101.325 1.9738 0.1799
7 0.0088 47.40 800 2.1597 0.9466
8 0.0134 31.26 800 0.5878 0.5458
9 0.0355 —40 101.325 1.4285 0.2968
10 0.0355 30 101.325 1.0703 0.0474

system design includes a pump and a fan as auxiliary components. The
pump directs battery cooling fluid to PCM1, while the fan cools the
battery directly with air. The power consumption of these components is
given in Fig. 29.

Under vehicle interior heating conditions, the pump power require-
ment generated during battery liquid cooling was directly related to the
temperature difference between the battery and the coolant and the C-
rate. Analyses conducted under constant battery temperature (Tb =
40 °C) showed that pump power decreases for all C-rates as the tem-
perature difference increases. While pump power is approximately 110
W at a 5C discharge rate and AT = 5°C, it drops to 22 W when AT =
25 °C is reached. Similarly, pump power varies between 70-18 W at 3C
and 35-9 W at 1C. It fluctuates between 20-5 W at 0.5C, 10-3 W at 0.3C,
and approximately 6-2 W at 0.2C. These results indicate that operating
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with a low temperature difference significantly increases pump power
under high current draw conditions, while the system can operate with
lower energy consumption at lower C-rates. According to Fig. 28b, Fan
power values calculated for different ambient temperatures (Tamb =
25-50 °C) and C ratios are given under a constant battery temperature
(Tb = 60 °C). As ambient temperature increases, the air inlet tempera-
ture increases, resulting in a decrease in the temperature difference
required to transport the heat load by air. Transporting the same heat
load with a lower AT leads to an increase in mass flow rate, resulting in a
significant increase in fan power. Fan power increases as both the C ratio
and ambient temperature increase, reaching fan power exceeding 300 W
at high ambient temperatures and high C ratios. These results demon-
strate that the thermal performance of air cooling is highly dependent on
ambient conditions and significantly increases system energy re-
quirements, particularly under high-temperature conditions. According
to Fig. 29 ¢, At 40 °C and 1 atm, under the same hydraulic/flow con-
ditions, fan power increases only slightly with increasing relative hu-
midity: maximum power is recorded as 184.07 W, 185.55 W, 186.55 W,
and 187.74 W for RH0%, RH30%, RH50%, and RH70%, respectively;
minimum power is 8.56 W, 8.63 W, 8.68 W, and 8.73 W. Based on
RHO0%, percentage increases in fan power are 0.81 % for RH30, 1.35 %
for RH50, and approximately 2 % for RH70. Studies in the literature
indicate that, under the assumption of constant heat output (CH), the
COP increase with increasing relative humidity is approximately 2.4 %
compared to a dry coil at 7 °C [112]. The NPV obtained depending on
the operating pressure at various C-rate levels for four different re-
frigerants such as R134a, R152a, R1234ze and R1234yf are given in
Fig. 30.

According to Fig. 30, when the minimum and maximum NPV ($)
values obtained for four refrigerants at different C-rate levels are
examined, it is seen that at the 0.2C-rate the lowest NPV is —$468.24
with R1234ze and the highest value is —$453.07 with R152a. At 0.3C,
the NPV values vary between —$351.40 and —$342.40 for R152a,
—$384.12 and —$376.19 for R134a, —$371.47 and —$362.84 for
R1234ze, and —$343.53 and —$330.99 for R1234yf. At 0.5C, the min-
imum and maximum values for R134a are —$225.29 and —$204.94, for
R152a —$198.58 to —$175.50, for R1234ze —$230.45 to —$208.29, and
for R1234yf —$136.75 to —$165. At 1C, the economic performance of
the system improves significantly. The values range from $90.23 to
$125.48 for R134a, $139.08 to $179.44 for R152a, $86.23 to $124.97
for R1234ze, and $211.66 to $260.00 for R1234yf. At 3C, the NPV
ranges from $347.98 to $457.50 for R134a, $493.51 to $642.12 for
R152a, $535.69 to $601.32 for R1234ze, and $662.75 to $727.69 for
R1234yf. At the highest discharge rate of 5C, the maximum NPVs were
$926.42 for R152a in the pressure range of 2000 kPa. These values were
$770.54 for R134a and $959.77 for R1234yf. The economic return for
R1234ze fluid was calculated as $1265.25. These results show that NPV
increases significantly as the C-rate increases for all fluids. This clearly
demonstrates that low C-rates result in negative economic returns, while
high C-rates result in positive economic returns. In this analysis, the
initial investment cost was calculated as 1525.71 USD more than CS. The
discounted payback periods (DPP) calculated in this study is given in
Table 11.

According to Table 11, the discounted payback periods for 1C, 3C,
and 5C range from 3.26 to 5.64 years. The payback periods for 0.2C,
0.3C and 0.5C are greater than 8 years (>8). This finding is consistent
with the 8-year NPV evaluation period: NPV > 0 for configurations with
a DPB < 8, and NPV < O for those with a DPB > 8. As the C-rate in-
creases, recoverable electricity production and annual net revenue in-
crease, while the DPB decreases accordingly. At low C-rates (0.2C-0.5C),
the net revenue is insufficient, resulting in negative NPV and DPB values
of > 8 years. These trends are regular and consistent across the pressure
range and for all fluids. A comparison table is provided in Table 12.

Our evaluation framework is based on LCC/NPV and is consistent
with reference studies. In [48], ATEG designs focusing on electricity
production alone report positive NPV and ~2-3 year payback. Similarly,
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Table 14
Energy and Exergy analysis results for R1234ze.
Component QkW) W(kW) Exq(kW) Exw (kW) Exg(kW) 7 (%) e (%) cop
Evaporator 0.8156 - 0.2448 - 0.2448 - 59.44
Compressor - 0.477 0.348 0.477 0.260 89.26 42.61
Condenser 1.272 - - - 0.6234 - 69.06
Pump 0.0012 0.00484 0.00317 0.00484 0.00007 70 77.07
Fann 0.0014 0.0422 0.0002 0.0422 0.041 55 10.99
Overall system 57.14 2.42

while the TEG solutions in [49] and [50] focus mainly on electricity
generation, our NC design provides thermal benefits + electrical gains
by integrating a PCM-assisted heat pump with a TEG and eliminates
intermediate heat exchanger losses. Our tabular results show that NPV >
0 and DPB of 3.26-5.64 years are achieved in the 1C-5C scenarios. This
demonstrates that we offer a competitive (in some cases shorter)
payback compared to the 4.57-6.77 years reported for EV-TMS + WHR
in [49]. In another study, the payback period for heat pipe ATEG was
2.86 years and for conventional ATEG it was 1.83 years. The modular
TEG layout provides adaptability and scalability to vehicle sizes, while
the PCM increases seasonal stability. As the C-rate increases, the
recoverable electricity production and annual net cash flow increase. As
a result, the discounted payback period shortens (at lower C-rates, the
payback is longer because the net gain is limited). This is primarily due
to the increased waste heat generated from the battery as the C-rate
increases, resulting in the PCM-TEG system operating with more
recoverable energy. Considering maximum COP, exergy efficiency, and
NPV values, the optimum design point was obtained at a compressor
outlet pressure of 600 kPa. In this study, the optimal system parameters
for R1234ZE refrigerant were determined under these conditions. The
thermodynamic properties of the optimum system is given in Table 13,
and the energy and exergy analysis results are presented in Table 14.
According to the energy and exergy analysis of the R1234ZE refrig-
erant, the highest exergy destruction in the system occurred in the
compressor with 0.260 kW, and this component achieved the highest
efficiency of 89.26 %. The evaporator determined the heat removal
capacity of the system with 0.8156 kW of heat transfer and 0.2448 kW of
exergy destruction, while the condenser generated 0.6234 kW of exergy
destruction for 1.272 kW of heat. The pump and fan, among the auxil-
iary elements, operated with 70 % and 55 % exergy efficiency, respec-
tively, and the fan’s exergy destruction was calculated as 0.041 kW. The
overall system COP was 2.42, and the exergy efficiency was 57.14 %.

10. Conclusion

In this study, two different systems integrating PCM and TEG tech-
nologies were designed to recover battery-generated waste heat in
electric vehicles. Their energy, exergy, and economic performances
under seasonal conditions were investigated in detail. In the winter,
waste heat generated through a water-based thermal management sys-
tem, in which the battery was kept at a constant temperature of 40 °C,
was transferred to TEG1. Condenser waste heat from the cooling cycle
was also utilized through TEG2. In this context, at 5C-rate’de, TEG1
produced 102 W with R134a, 97.2 W with R152a, 100.5 W with
R1234yf, and 98.1 W with R1234ze. Under the same conditions, TEG2
produced 47.2 W, 45.3 W, 46.1 W, and 45.8 W, respectively. Thus, in
winter mode, total TEG production reached 149.2 W for R134a, 142.5 W
for R152a, 146.6 W for R1234yf, and 143.9 W for R1234ze.

In summer conditions, the battery was cooled by ambient air, its
temperature rose to 60 °C, and the waste heat from this high tempera-
ture was utilized solely through TEG2. In this case, TEG2 generated 38.9
W of electricity with R134a, 36.5 W with R152a, 37.6 W with R1234yf,
and 36.9 W with R1234ze. When the system performance was examined,
in the heating system, under conditions of evaporator temperature being
—10 °C, the highest COP value was 3.472 with R1234ze. On the other
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hand, for 5C-rate,the highest compressor power consumption was 3.718
kW with R152a, and the lowest compressor power was 2.205 kW with
R1234ze. In the heating system, the highest 57.14 % exergy efficiency
was obtained with R1234ze, and the lowest 31.84 % with R134a. In the
cooling system, for the 5C-rate, the highest COP value was 2.95 with
R1234ze, and the lowest COP value was 0.89 with R1234yf. The highest
exergy efficiency was obtained with R1234ze, with 58.30 %, and the
lowest exergy efficiency was obtained with R1234yf, with 25.76 %. The
highest compressor power values were observed for R1234yf, 6.88 kW,
and the lowest for R152a, 4.91 kW. NPV analyses similarly revealed
positive economic results for all refrigerants at high C ratios. At 5C, the
maximum NPV reached $959.77 for R1234yf, with values of $770.51 for
R134a, $962.42 for R152a, and $1265.25 for R1234ze. The findings
demonstrate that such integrated recovery systems are feasible for
electric vehicles in terms of both energy efficiency and economic sus-
tainability. The discounted payback periods calculated in this study are
3.26-5.64 year.
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