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Highlights  

• PCM integration maintained HTF temperatures between 31-34°C under 42% increased heat flux, while achieving a 25% 

thermal load reduction. 

• Thermal stability was demonstrated with only 1.4°C temperature variation between PCM cells. 

• The integrated thermal management system maintained the system temperature within the optimum operating range (25-35°C) 

under varying heat flux loads. 

• The PCM’s latent heat storage prevented the system from overheating, keeping temperatures below critical limits. 

You can cite this article as: Kılıç GA. Performance analysis and characterization of latent heat storage in ıntegrated thermal 

management systems under transition season conditions. Int J Energy Studies 2025; 10(2): 437-459. 

ABSTRACT 

Thermal management systems play a crucial role in not only reducing energy losses but also optimizing thermal 

performance, extending system lifespan, and enhancing energy efficiency. Integrated thermal management systems 

(TMS) differ from conventional cooling systems by combining active and passive cooling components into a single, 

unified system, offering a more efficient and sustainable thermal management solution. These systems aim to 

maximize performance and reliability by ensuring the operation of electronic components, power units, and various 

industrial equipment within their optimal temperature ranges. In the design of integrated TMS, the influence of 

different geographical regions and varying climatic conditions emerges as a significant factor. Thus, in addition to 

current system configurations, the development of customized integrated TMS designs that account for regional 

climate variations can contribute to improved system performance. In this study, the thermal responses of the radiator, 

a primary cooling system component of integrated TMS, to transitional seasonal climate conditions were 

experimentally investigated for two different scenarios. The applied heat fluxes in the scenarios were q''= 9.06 W/cm² 

and q''= 18.12 W/cm². The thermal behavior of the heat transfer fluid (HTF) and the phase change material (PCM) 

with latent heat storage capacity was evaluated within the system. The findings revealed that even under a challenging 

scenario with a 42% increase in HTF inlet temperature, the PCM maintained the system within its optimal 

temperature range. Moreover, a 25% reduction in thermal load was observed in the system. These results demonstrate 

that the use of materials like PCM in integrated TMS designs significantly contributes to thermal balance and energy 

efficiency. 

Keywords: Integrated thermal management system, Liquid cooling system, Radiator, Forced heat transfer. 
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1. INTRODUCTION 

The European Commission's "Energy Roadmap 2050" project aims to develop sustainable long-

term energy systems for the EU. This roadmap includes objectives such as reducing carbon 

emissions, enhancing energy efficiency, and promoting the transition to renewable energy sources 

by 2050. Therefore, the development of energy storage and thermal management technologies is 

of paramount importance. As a result, Electric Vehicles (EVs) are equipped with various thermal 

management applications. These systems include direct contact between the battery and coolant 

or the use of tubes or pipes embedded within the battery through which the coolant flows, indirectly 

cooling the system. The thermal management systems include air cooling [1], liquid cooling [2], 

refrigerant cooling [3], Phase Change Material (PCM) cooling [4-5], thermoelectric cooling [6], 

and heat pipes [7]. Typically, thermal management systems are suited for either cold or hot 

climates. Hence, assuming similar temperatures across regions can lead to challenges in the 

operation of thermal management systems (TMS). Moreover, countries and regions with varying 

climate conditions have distinct thermal management needs for electric vehicles. Consequently, in 

recent years, there has been a growing trend towards liquid-cooled integrated TMS with dual loops 

in larger mechanical systems such as electric buses, trains, etc. These applications are evaluated 

based on performance, weight, size, reliability, protection, energy consumption, and operating 

conditions. Kharabati and Saedodin (2024) used visualization software in their literature review to 

identify research trends and gaps for different battery TMS clusters. The findings suggest that 

integrated cooling systems have become the newest focal point among keywords (frequency of 

terms in past years). They also note that active and passive cooling systems are present among 

other cooling methods. Furthermore, in recent years, the keyword "Phase Change Material" has 

been found to have a high frequency. PCM ensures the system is managed in a stable and balanced 

manner by storing or releasing heat during phase transitions due to its latent heat storage capacity. 

Considering that PCMs fall under passive cooling systems, the researchers concluded that there is 

a focused effort on the design and implementation of "integrated thermal cooling systems" and 

that PCMs should be used in TMS due to their exceptional performance [8]. Active or passive 

cooling systems are generally preferred in electric vehicles [9]. Integrated TMS represents a 

cutting-edge approach that merges the benefits of active and passive cooling strategies. These 

systems are specifically engineered to manage and dissipate heat produced by high-temperature 

device components efficiently. Typically, an integrated TMS operates through two distinct cycles. 

In the primary cycle, heat from the device components is carried to a radiator via a liquid cooling 

system, where the coolant is subsequently cooled by a dedicated unit. 
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In the secondary cycle, the fluid circulates through the system, extracting heat from the heat-

generating components. This absorbed heat is then transferred to the liquid cooling unit within the 

primary cycle, ensuring the completion of the thermal regulation process. The secondary cycle 

interacts with the primary cycle to distribute heat more effectively from the device components 

and to control the temperature of the device. In an integrated TMS, the radiator is incorporated 

into the primary cycle's liquid cooling system to facilitate heat transfer. Heat from the components 

is transferred to the liquid cooling system via the radiator and then cooled by the cooling unit. In 

this way, the radiator functions as a cooling plate to remove heat generated by the device’s 

components in the primary cycle [10-12]. This system allows for the regulation of the car's air 

conditioning and heating based on environmental conditions, ensuring the cabin is either cooled 

or heated. When cooling of the battery is necessary, the fluid is pumped through a chiller, which 

functions as a heat exchanger, into the coolant channels of the battery pack [13]. 

In cold weather conditions, when battery heating is required, warm air is directed into the battery 

pack through the use of electric heaters or a condenser to sustain the desired operating temperature. 

One key benefit of liquid-cooled integrated TMS lies in its capacity to offer a broad operating 

temperature range, enabled by its high thermal conductivity and heat capacity, even under low 

flow rates. Furthermore, studies have shown that liquid-cooled integrated TMS operates with 

considerably lower noise levels compared to air-cooled systems [14-17]. 

 

An integrated TMS incorporates three types of heat exchangers: a condenser, an evaporator, and a 

cooler. The condenser is situated ahead of the radiator, while the evaporator is located near the 

cabin to manage cabin air temperature. The cooler is positioned between the coolant circuit and 

the battery cooling circuit to streamline the heat exchange process. In their study, Singirikonda 

and Obulesu (2022) proposed a new design for a two-loop liquid-cooled integrated TMS suitable 

for both cold and hot climate conditions, as shown in Figure 1. The dual-loop cooling system 

consists of two water circulation loops: one for primary cooling and the other for machine coolant. 

Within the liquid coolant loop, the radiator and chiller serve as primary heat exchangers. When 

the radiator alone cannot effectively handle high ambient temperatures, the chiller is engaged to 

provide additional cooling. The battery cooling loop and the powertrain cooling loop operate 

separately in parallel mode, each with its own cooling pumps and tanks. 

In this loop, the radiator cools the powertrain components, while the chiller is used to cool the 

fluid in the battery loop. Both the radiator and chiller work together to cool the battery and 

powertrain coolants in hot weather conditions. The chiller absorbs heat from the coolant, and the 
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radiator facilitates heat transfer from the coolant to the air. The radiator is a rectangular tube and 

fin heat exchanger that transfers heat from the coolant to the air. A three-way bypass valve is used 

to direct the coolant either to the radiator or allow its passage to the chiller. In hot conditions, the 

heat generated by the powertrain components is used for heat transfer from the coolant to the air 

through the radiator. The powertrain and cabin coolants are controlled based on weather conditions 

using coolant pumps and heaters, reducing power consumption. Experimental results from the 

study showed that the powertrain and cabin temperatures achieved sufficient cooling at external 

temperatures of −10°C, 30°C, and 40°C. Additionally, the proposed integrated TMS was found to 

be safe and efficient for both the battery and the vehicle cabin. Unlike traditional liquid cooling or 

full cooling TMS, which are typically suitable for only one weather condition, the integrated TMS 

proposed in this study is adaptable to all weather conditions [18]. 

 

Recent research has introduced a novel cooling approach incorporating a triple-stage strategy with 

heat recovery capabilities for electrical systems within an integrated TMS framework. The 

investigation focused on expanding the operational temperature range while optimizing energy 

efficiency. Experimental analysis combined with heat pump system testing led to the development 

of a refined TMS utilizing refrigerant injection technology. Performance validation through 

AMESim simulations revealed that intermediate heat exchanger-based cooling delivered superior 

stability compared to dual evaporator configurations. The system demonstrated significant energy 

savings, ranging from 11.98% to 56.69%, when operating at 35°C ambient temperature with heat 

recovery implementation. Notably, simulation outcomes indicated a 30% enhancement in energy 

efficiency under standard cooling conditions, while maintaining effectiveness across diverse 

temperature zones typical of Chinese climate conditions [19]. 

 

A recent study presented an innovative heat pump-based TMS design that effectively maintains 

thermal equilibrium across diverse environmental conditions. The research utilized comprehensive 

powertrain modeling to evaluate the system’s thermal regulation capabilities. In the operational 

cycle, high-temperature pressurized refrigerant undergoes condensation in the HVAC circuit’s 

radiator post-compression. The thermal cycle completes as the refrigerant returns to the 

compressor following heat exchange in the HVAC radiator component. The implementation of 

frontal air cooling demonstrates superior efficiency in terms of weight reduction and energy 

conservation compared to conventional liquid cooling methodologies [citation]. Additionally, by 

utilizing air from the front of the vehicle, models were created for cooling the radiators at high and 
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low temperatures, using ram air (increased air pressure as the vehicle accelerates) and radiator fan 

models, respectively. High voltage and power electronics module thermal management cycles 

were designed using circuits with a chiller and radiator to actively control operating temperatures. 

This model demonstrated that stable thermal management could be achieved under high load 

driving conditions, particularly during HWFET scenarios (Emission Test Cycles, 2023), even 

under extreme temperature conditions such as 36°C for high temperatures and 10°C for low 

temperatures [20]. 

 

Waste heat recovery helps improve the positive temperature coefficient by reducing energy 

consumption during heating. Testing conducted in accordance with NEDC protocols demonstrated 

that the engine’s thermal recovery mechanism successfully satisfies cabin heating requirements 

[21]. In this context, He et al. (2023) proposed an integrated thermal management system (TMS) 

with engine waste heat recovery consisting of two four-way valves in electric vehicles. The 

experiments and simulations of the integrated TMS model were carried out based on the 

parameters of each component. Cabin and battery temperatures were examined for 0°C, 20°C, and 

40°C. When the proposed integrated TMS cools the battery, the chiller contains low-temperature 

refrigerant on one side and high-temperature refrigerant on the other side. The system operates 

more stably and consistently when the ambient temperature falls below 20°C, with different 

cooling speeds and battery temperatures. Specifically, when the temperature drops below 20°C, 

part of the high-temperature refrigerant coming from the battery is cooled by the radiator. This 

cooling is achieved using a cooling water pump in the secondary loop, and since the power 

consumption is negligible, the overall efficiency of the system is improved. According to the 

obtained data, the heating and cooling rates of the battery and cabin temperatures in both the heat 

recovery and non-heat recovery systems were compared. In the heat recovery system, when 

examining the cooling speeds, it was found that the battery temperature cooled 5.8% faster from 

40°C to 30°C, and the cabin temperature cooled 9.7% faster from 40°C to 23°C compared to the 

non-heat recovery system [22]. 

 

Khalili et al. (2023) developed a new integrated thermal management system (TMS) incorporating 

thermoelectric components and dual radiator configuration was engineered to maintain battery 

temperatures within the optimal 25-35°C operational range. A model was created to simulate real 

driving conditions, and results were analyzed using a PID (Proportional-Integral-Derivative) 

controller and fuzzy logic algorithm. In cold weather, it was observed that the battery surface 
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temperature fluctuated before stabilizing, while in hot weather, the temperature profiles were 

found to align with the vehicle's speed profile. Through the examination of various system 

parameters, it was reported that the temperature could be maintained within an appropriate range 

[23]. 

 

High-voltage battery temperature makes it challenging to cool through environmental air in hot 

climate conditions. Experimental and numerical studies conducted in recent years have shown that 

radiators commonly used in integrated thermal management systems (TMS) contribute 

significantly to system efficiency [18-24]. This study presents an experimental investigation aimed 

at reducing the thermal load on radiators in two-loop liquid-cooled integrated TMS. The study 

integrates Phase Change Materials (PCMs) into the radiator to reduce the thermal load under 

moderate seasonal conditions. The thermal behavior characteristics of the radiator and PCM are 

analyzed, with the obtained data presented in tables and graphs. 

 

2. MATERIAL AND METHOD 

2.1. Experimental Procedure 

In this study, experiments were conducted in the climate control and cooling laboratory within the 

university. The proposed thermal management system (TMS) employs dual mechanical cycles for 

efficient thermal control and heat dissipation from high-temperature device components. The 

primary circuit utilizes an integrated liquid cooling mechanism for heat removal, while the 

secondary circuit features a circulating fluid that extracts heat from thermal-generating 

components before being cooled through the primary loop's liquid cooling unit.The experimental 

parameters were determined considering the operational conditions of integrated TMSs and 

climatic factors. The literature indicates that the optimal temperature range for these systems is 

25-35°C [20]. Therefore, in the experimental work, the heat fluxes used for two different scenarios 

were selected as 𝑞′′ = 9.06 W/cm² and 𝑞′′ = 18.12 W/cm², respectively, to simulate real operational 

temperature conditions. 

The 42% increase in heat flux in the second scenario was specifically applied to test the system's 

resistance to high thermal loads. The ambient temperature was set at 22°C (±2), representing the 

transitional season conditions of the Mediterranean climate zone. This temperature range provides 

a suitable test environment for evaluating the thermal performance of integrated thermal 

management systems (TMSs) intended for use in different geographical regions. The externally 

applied constant wind speed of 6 m/s enhances heat transfer through forced convection, 
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contributing to the cooling performance. Keeping the wind speed constant allowed for a systematic 

examination of the impact of external environmental conditions on the cooling performance of the 

system. 

In the experimental study, the secondary loop features a radiator integrated with PCM, a fan, and 

a 2000 W nominal power ceramic thermostatic heater (205 x 45 x 35 mm in size) with PTC 

insulation. Additionally, two air intake/exhaust dampers are used. PCM, utilized in both cooling 

and heating applications, exploits its latent heat storage capacity to either store or release thermal 

energy from the fluid in thermal contact. This ensures that the system's operating temperature 

remains constant, or when necessary, heat is released back into the system to maintain a stable 

state. 

When selecting the PCM, it is crucial to match its solidification/melting temperature range with 

the system's operating temperature range. In this study, as the optimal operating temperature range 

for the batteries in the TMS is between 25–35°C [23], the working temperature range for the 

alcohol-based PCM fluid used in the system is synthesized to be between 34°C and 44°C. This 

choice ensures that the PCM remains stable in its solid phase at 34°C, beginning latent heat storage 

before entering the mushy zone. 

 

In the experiments, the effect of wind on cooling the radiator is enhanced using an external axial 

fan (Figure 1a). The specifications of the axial fan used are as follows: voltage 220V, frequency 

50Hz, speed 1350 rpm, airflow 17,400 m³/h, and power 210 W. The heat transfer fluid circulating 

inside the radiator is air. Figure 1(b) displays the top view of the experimental setup, with the 

following labeled components: A - radial fan, B - heater, C - HTF inlet temperature sensor position, 

D - radiator, E - HTF outlet temperature sensor position, F - PCM first cell temperature sensor 

position, G - ambient airflow measurement device (anemometer), and H - PCM final cell 

temperature sensor position. Figure 1(c) provides the front view of the experimental setup.  

 

During the design phase, to ensure that the necessary and sufficient conditions were met, the 

primary goal was to maintain uninterrupted flow through the HTF channels. Additionally, in the 

radiator design, the pool structure where the PCM is placed was designed to maximize the benefit 

from the latent heat storage capacity of the PCM by increasing the surface area. The radiator 

dimensions were manufactured based on its exact industrial application, as shown in Figure 2. The 

diameter of the radiator inlet and outlet neck channels is 50 mm, and the volumes of PCM, 

circulating HTF, and the aluminum body are 3737.5 cm³, 4115.8 cm³, and 1831 cm³, respectively. 
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(a) 

 

(b) 

 

(c) 

Figure 1. (a) Schematic of the test section (b) Top view of the setup: A radial fan, B PTC heater, 

C HTF inlet temperature sensor, D radiator, E HTF outlet temperature sensor, F PCM first cell 

temperature sensor, G anemometer, H PCM last cell temperature sensor (c) Front view 
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(a) 

                 

(b) 

 

(c) 

Figure 2. Test section outer and inner section dimensions (a) top view (b) right view (c) Front 

view 

 

Table 1. Thermophysical properties of PCM and HTF [25] 

Properties, Unit PCM HTF 

Solidification/melting temperature °C 34/44 - 

Ls/m, kJ/kg 218.4 - 

Cp, kJ/kg K 2.41 0.24 

𝜌, kg/m3  824 1.204 

k, W/mK 0.2 0.0221 

𝜇, kg/ms  10 1.79x10-5 

 

In the study, an alcohol-based PCM with a wide melting/freezing temperature range was selected. 

The PCM’s thermophysical characteristics are presented in Table 1. Since the PCM and HTF do 

not directly contact each other, heat transfer occurs along the setup via conduction and convection. 

The HTF inlet/outlet temperatures, PCM first/last cell temperatures, HTF velocity/volumetric flow 

rate, HTF static/total pressure values, and ambient temperatures were recorded with a data logger. 

The wind speed supplied externally to the system is 6 m/s on average, and the variation of wind 

speed with time is shown in Figure 3. The HTF volumetric flow rate and system total pressure 

distribution over time are shown in Figure 4. 

 

The ambient temperature was selected based on the assumption of transitional climate conditions 

dominant in the Mediterranean region and is approximately 22 °C (±2). The time-dependent 
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ambient temperature distributions for the scenarios are shown in Figure 5. During the experiments, 

HTF was heated using a 2400 W resistance integrated into the radial fan with forced convection, 

and circulation was maintained at ~40 °C. Prior to subsequent tests, a 6-hour interval was 

implemented to eliminate residual thermal loads from setup walls. Temperature measurements 

from the first and last PCM cells along the right axis were recorded every 5 seconds, utilizing the 

radiator's symmetrical design.The boundary conditions used in the scenarios are detailed in Table 

2. 

 

 

Figure 3. The time-dependent distribution of external wind speed. 

 

 

Figure 4. Time-dependent volumetric flow rate and total pressure values 
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Figure 5. Senaryolardaki zamana bağlı ortam sıcaklık dağılımları 

 

Table 2. Boundary conditions  

Senaryo 1 2 

Heat Flux, 𝑞′′  9.06 W/cm2 18.12 W/cm2 

Reynolds number 5720 

Ambient temperature  22 (±2)°C 

The avg. volumetric flow rate of HTF 12.8 m3/h 

Static avg. pressure 0.03 mbar 
 

HTF velocity 1.7 m/s 

 

2.2. Uncertainty Analysis 

Uncertainty analysis in experimental studies plays a significant role in the reliability of the 

experiment. One important aspect to consider in experiments is distinguishing between systematic 

errors and random errors. Experimental uncertainty types are generally divided into two categories. 

These include errors originating from the experimental setup configuration and measurement 

equipment limitations, as well as errors introduced by human factors during experimentation. The 

first type of errors affect the uncertainty of the experimental results and are calculated using 

Equations 1-4 [26]. 

𝑊𝑇𝑓𝑔
= √[(𝑎1)2 + (𝑏1)2 + (𝑐1)2 + (𝑒1)2] (1) 

𝑊𝑇𝑐
= √[(𝑎1)2 + (𝑏1)2 + (𝑐1)2 + (𝑙1)2] (2) 

𝑊𝑇𝑠
= √[(𝑎2)2 + (𝑐2)2] (3) 
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𝑊𝑐𝑣
= √[(𝑣1)2 + (𝑥1)2] (4) 

 

Systematic errors maintain consistency across all readings during experimentation and can be 

mitigated through proper calibration and correction procedures. In the uncertainty calculations, W 

denotes the overall uncertainty value, while Wρ and Wcp represent potential errors in reading 

tabulated physical property values. The various error components include: internal temperature 

(Tfg), ambient temperature (Tc), time in temperature measurement (Ts), thermocouple pair errors 

(a1), digital thermometer errors (b1), connection components and points errors (c1), average fan 

inlet temperature measurement errors (e1), ambient or experimental environment temperature 

measurement errors (l1), time value reading errors (a2), and periodic temperature reading average 

errors (c2). For this particular study, the total uncertainty in temperature measurements falls within 

a range of 0.1 to ±0.648 °C, which is considered to be within acceptable limits for the research 

objectives. [26]. 

    

2.3. Economic Analysis Method 

The Life Cycle Cost (LCC) method is employed to calculate the total costs associated with the 

initial, operating, and maintenance phases of a system. The primary objective of LCC analysis is 

to identify the most cost-effective solution from a range of alternatives, aiming to minimize the 

long-term ownership costs. The LCC approach integrates both the acquisition and operational 

costs, providing a comprehensive financial evaluation over the system’s lifetime. This method 

emphasizes long-term financial considerations in the economic assessment of systems. To evaluate 

the Life Cycle Cost (LCC), different financial assessment methods are available, including Net 

Present Value (NPV) and Internal Rate of Return (IRR). In this research, the NPV methodology is 

employed to conduct an economic comparison of the systems described below. This method 

converts all costs and benefits into present value (PV), with the highest NPV alternative being 

identified as the most economically viable option. The NPV can be mathematically expressed as 

follows [5, 27, 28]: 

𝑃𝑉 = 𝑃𝑉 (𝐵𝑒𝑛𝑒𝑓𝑖𝑡𝑠) − 𝑃𝑉 (𝐶𝑜𝑠𝑡𝑠) (1) 

𝑁𝑃𝑉 = ∑
𝐵𝑛

(1 + 𝑖)𝑛

𝑡

𝑛=𝑘+1

− ∑
𝐶𝑛

(1 + 𝑖)𝑛

𝑘

𝑛=0

 

(2) 

 

In the equation above, Bn and Cn represent the benefit and cost values respectively over the 

system's lifespan (n years), while i represents the annual interest rate. Since no cash inflow is 
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involved in this analysis, the benefit term (Bn) in Equation (2) is set to zero. Therefore, only the 

cost term in Equation (1) is considered. The main cost components include the initial investment 

for the Thermal Management System (TMS), encompassing both installation and operational 

electricity costs. The analysis excludes repair and maintenance costs, as well as salvage values, as 

these are assumed to be equivalent for both systems under comparison. The systems are evaluated 

over a lifespan (n) of 10 years, with an annual interest rate of 10%. [29-30]. 

 

3. RESULTS AND DISCUSSIONS 

In this experimental study, Phase Change Material (PCM) was integrated into the air-cooled 

radiator in the liquid-cooled system used in the primary loop of the integrated thermal management 

system (TMS). This integration aimed to reduce the thermal load on the radiator. According to the 

experimental results, the temperature difference between the inlet and outlet of HTF (ΔTHTF) was 

examined over time for both scenarios, as shown in Figure 6. The data showed that the HTF outlet 

temperature decreased for both scenarios by 8.77% and 24.89%, respectively. For Scenario 2, 

ΔTHTF was calculated to be 8.46 °C. As shown in Table 3, in Scenario 2, the cooling load in the 

radiator with the integrated TMS was reduced by 24.89%. This study demonstrates that the latent 

heat storage method integrated into radiators used in integrated thermal management systems will 

positively impact the existing cooling process. 
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(b) 

Figure 6. The distribution of the HTFinlet and HTFoutlet temperatures (a) 𝒒′′= 9.06 W/cm2 (b) 𝒒′′= 

18.12 W/cm2 

 

Table 3. Temperature difference ratios of HTFinlet and HTFoutlet 

Scenario 𝑞′′= 9.06 W/cm2 𝑞′′= 18.12 W/cm2 

HTF (⁰C) in out in out 

Average (⁰C) 24.2 22.1 34.0 25.5 

Ratio  -8.77% -24.89% 

 

According to the data presented in Table 4, PCM temperature in the first cell remained within the 

range of 22-25℃ throughout the experiment. The PCM temperature distribution shown in Figure 

7 was examined for two different conditions. In Scenario 1, shown in Figure 7a, the temperature 

difference between the first and last cells was measured as an average of 0.2℃. In Scenario 2, 

shown in Figure 7b, this difference reached 2.09℃. The primary reasons for this temperature 

difference were identified: the effect of the 25.56 cm distance between the chambers on heat 

transfer via conduction and convection, and the impact of the simulated external wind speed on 

the system. When considering all the results, the low temperature difference between the cells 

indicates that a homogeneous thermal distribution is maintained in the system. During the phase 

change of PCM, its latent heat storage property played an essential role in the thermal performance 

of the system. As a result, heat energy from the environment was absorbed by the PCM, preventing 

the system temperature from rising. 
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Table 4. Temperature difference ratios in the first and last cells of PCM 

Scenario 𝑞′′= 9.06 W/cm2 𝑞′′= 18.12 W/cm2 

PCM (⁰C) in out in out 

Average 

(⁰C) 
22.4 22.0 25.5 23.4 

Ratio  -1.96% -8.19% 

 

 

(a) 

 

(b) 

Figure 7. The temperature spread of the PCM in the first and last cells. (a) 𝒒′′= 9.06 W/cm2 (b) 

𝒒′′= 18.12 W/cm2 
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The obtained results align with the current literature and contribute to expanding the knowledge 

base by presenting new findings and analyses. For instance, He et al. (2023) [23] found that when 

cabin and battery temperatures rise above 40 °C, a portion of the high-temperature coolant leaving 

the battery is cooled 5.8% faster (from 40 ℃ to 30 ℃) through the cooling water and radiator in 

the secondary loop. In light of the data from this study, it contributes to targeting lower 

temperatures than the upper limit of the optimum range, which is 30 ℃. Furthermore, the rapid 

temperature absorption by the PCM and the fact that the HTF does not exceed 30 ℃ suggests that 

the secondary loop cooling water pump could operate less frequently. Additionally, the positive 

effect of the PCM on thermal stability [5] demonstrates that thermal stability can be maintained 

even in warm seasons. 

 

In Figure 8, both scenarios are compared, and Figure 8 (a) shows the time-dependent changes in 

the HTF inlet temperatures. In Scenario 1, with a heat flux of 9.06 W/cm², the HTF inlet 

temperature enters the system at approximately 24°C and maintains a stable temperature. In 

contrast, in Scenario 2, with a heat flux of 𝑞′′ = 18.12 W/cm², the HTF inlet temperature enters the 

system at around 34°C and stabilizes at a higher temperature range. Figure 8 (b) presents the time-

dependent changes in the HTF outlet temperatures. In Scenario 1, the outlet temperatures remain 

stable between 22-24°C. However, despite the higher inlet temperature in Scenario 2, the outlet 

temperatures only rise between 23-27°C. The results clearly show the strong performance of the 

PCM's latent heat storage capacity. Despite a 42% increase in the heat flux in Scenario 2, the HTF 

outlet temperature only increased by 1-3°C due to the PCM. This indicates that the PCM 

effectively balanced the high temperature differences and successfully activated its latent heat 

storage capacity. 
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(a) 

 

(b) 

Figure 8. Comparison of temperature distributions for both scenarios (a) HTFin (b) HTFout 
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Figure 9. Distribution of average exit temperatures of HTF and PCM in the scenarios. 

 

When Figure 9 is examined, the effects of the 42% increase in HTF inlet temperature on the system 

are clearly visible. In Scenario 1, both HTF and PCM exit temperatures show an ideal thermal 

match at 22°C, while in Scenario 2, the HTF exit temperature increased to 25.7°C and the PCM 

exit temperature was measured at 23.4°C. The increase in HTF exit temperature was limited to 

3.7°C (16.8%), while the increase in PCM exit temperature was only 1.4°C (6.4%). These results 

demonstrate that the thermal buffering effect of PCM is working effectively. In particular, the 

much lower increase in PCM exit temperature compared to HTF confirms that the selected PCM's 

latent heat storage capacity is being used efficiently and system stability is maintained. This data 

clearly shows that proper PCM integration significantly enhances the system's resistance to 

thermal shocks. 

 

4. CONCLUSION 

In this study, an experimental investigation was conducted on the importance and performance of 

the integrated TMS. The effects of integrating PCM into the radiator, which is part of a liquid-

cooled system in the secondary loop frequently used in the literature, on thermal management were 

examined under two different thermal loads. The study aimed to decrease the thermal load on the 

radiator under transitional season climate conditions by using the latent heat storage capacity of 

the PCM. The experimental conditions were selected based on the optimal operating temperature 

range (25-35°C) for integrated TMS reported in the literature, and two different heat fluxes, 
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namely q''= 9.06 W/cm² and 𝑞′′= 18.12 W/cm², were used. The results include an examination of 

the HTF inlet/outlet temperature differences, temperature differences between cells containing 

PCM integrated into the radiator, uncertainty analysis, economic analysis, and the effectiveness of 

thermal management within the system. 

When evaluating the data obtained in this study: 

• The radiator outlet temperature within the integrated TMS decreased by approximately 

25%. 

• When examining the PCM temperature values and temperature rise rates, latent heat 

storage energy was utilized in the mushy zone, and the temperature in the last cell of the 

radiator did not exceed 25°C. 

• The risk of damage due to overheating was reduced, and even in a challenging scenario 

with a 42% increase in heat flux, the HTF outlet temperature was maintained in the range 

of 31-34°C. 

• The temperature difference between the first and last PCM cells remained within 1.4°C. 

This indicates that the temperature remained stable throughout the radiator channels. 

• The calculated uncertainty analysis values demonstrate that the study falls within 

acceptable limits, thereby increasing the reliability of the obtained results. 

 

These results strongly support the potential of proper PCM selection to enhance energy efficiency 

in heat management applications. This demonstrates the effectiveness of thermal energy transfer 

thanks to PCM's latent heat storage capability. Additionally, maintaining a constant external 

temperature and wind speed has limited the influence of environmental conditions, thus increasing 

the reliability of the experimental data. 

When the economic analysis of this system was conducted, it was observed that although PCM 

integration increases initial investment costs compared to standard radiators, it results in 

significant energy savings in cooling system consumption due to a reduction in thermal load by up 

to 25%. Furthermore, reducing thermal stress on system components prolongs equipment lifespan 

and reduces maintenance costs. These advantages balance the initial investment cost of the system 

in the medium term [24]. 

Future studies will investigate the integration of the radiator with a heat exchanger in the secondary 

loop and explore thermal and flow dynamics using PCMs with different thermal properties. 

Additionally, more comprehensive studies conducted under various climate conditions and with 
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different types of PCMs will enable further advancements in integrated thermal management 

systems. 
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