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ABSTRACT 

Thermal management poses a critical challenge in modern 

automotive engineering, particularly as vehicles become 

increasingly electrified and power dense. Conventional 

cooling systems are often inadequate under high-load or fast-

charging conditions, thereby compromising performance, 

energy efficiency, and component lifespan. This study 

evaluates three advanced thermal management strategies 

phase change materials (PCMs), nanofluid-based coolants, 

and artificial intelligence (AI)-driven control optimization—

for their effectiveness in enhancing heat dissipation and 

thermal regulation in automotive systems. A prototype 

lithium-ion battery module and powertrain thermal loop were 

experimentally and computationally tested under realistic 

thermal loads. Results show that PCMs passively buffer 

transient thermal surges, reducing peak temperatures by over 

15% compared to standard liquid cooling. Nanofluid 

coolants, incorporating Al₂O₃ nanoparticles, improved heat 

transfer coefficients by up to 40%, enabling more compact 

heat exchangers and lower coolant temperatures. 

Additionally, a model predictive control (MPC) framework 

reduced cooling system energy consumption by up to 25% 

through real-time thermal load anticipation and adaptive 

actuation. Together, these technologies demonstrated 

improved temperature uniformity, reduced risk of thermal 

runaway, and significant energy savings. These findings 

suggest a viable pathway toward integrated, high-efficiency 

thermal management architectures for next-generation 

electric and high-performance vehicles. 

Keywords: Thermal management, Phase change materials, 

Nanofluids, Model predictive control, Automotive cooling, 

Battery safety 

1. INTRODUCTION 

Thermal management is one of the most increasingly 

important subjects for designing and optimizing performance 

for modern automotive systems, predominantly in perspective 

of rapidly transitioning into electric vehicle (EV) and hybrid-

electric vehicle (HEV) technologies (Xu et al., 2023; Liu et 

al., 2022). The localized hot areas and heat generated by high 

energy density lithium-ion battery packs in compact power 

electronics are prone to thermal degradation, thereby 

shortening the useful life of components while threatening 

 

 

operational safety (Chen et al., 2020; Zhang et al., 2022). The 

design of state-of-the-art thermal management systems 

(TMSs) is important for their reliability, efficiency, and life 

of automotive subsystems (Shah et al., 2021; Wang & Zhao, 

2023). Contemporary thermal management practices have 

reached this point with certain premises. Heat transfer 

mechanism constitutes conduction, convection, and radiation 

based on the Fourier law and Newton's law of cooling, which 

are adapted for temperature distribution and heat dissipation 

understanding in automotive applications (Zhou et al., 2022). 

Thus, these laws foster the thinking of phasing-change 
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materials (PCM's) with intelligent control strategies into the 

design paradigm to improve thermal conductivity and 

absorption capabilities while being able to respond adaptively 

to thermal loadings (Hasnain et al., 2023; Al-Kayiem & Lin, 

2021).  

Should your concern be related to real-world 

implementations, battery thermal management systems 

(BTMS) research suggests that better thermal uniformity and 

response can be achieved by using PCM in combination with 

either liquid-cooled or air-cooled systems (Jiang et al., 2022; 

Patel et al., 2023). Similarly, in the case of experimental and 

CFD-based studies of nanofluid-cooled heat exchangers, 

vehicle radiators are found to possess higher heat transfer 

coefficients and lower thermal resistance (Khan et al., 2020; 

Sun et al., 2023). Even after all this progress, challenges still 

remain when bridging these thermal management 

methodologies into a coherent, multifunctional group of 

approaches considering space limitations, cost-efficiency, and 

varying driving profiles. By and large, however, the literature 

remains underdeveloped in the automotive domain regarding 

such simultaneous control of passive (like PCMs) and active 

(such as nanofluid-cooled channels) management systems 

(Cheng et al., 2021; Zhou et al., 2024). 

Based on empirical applications, battery thermal management 

systems hybridized PCM with liquid or air cooling systems to 

have enhanced thermal homogeneity and respond more 

efficiently (Jiang et al., 2022; Patel et al., 2023). Also, from 

both experimental tests and CFD analyses, nanofluid-cooled 

heat exchangers showed better heat transfer coefficients and 

less thermal resistance as compared to the result from the 

vehicle radiator (Khan et al., 2020; Sun et al., 2023). 

However, a huge gap still remains in developing a framework, 

which should cover all these thermal management approaches 

under one multifunctional unit addressing space limitations, 

cost efficiency, and dynamic driving profiles. It is particularly 

worth mentioning that the combination of passive systems 

(PCMs for example) and active systems (like nanofluid-

cooled channels) under real-time control as yet have not been 

duly tackled in the automotive field until now (Cheng et al., 

2021; Zhou et al., 2024). 

The research aims to bridge this gap by designing, 

developing, and assessing a combined thermal management 

system for automotive applications of hybrid PCM-nanofluid 

systems - predictive control algorithms have been invoked. 

Combined with model-based experiments and CFD 

(computational fluid dynamics) processes, the framework is 

intended to be scalable, robust, and energy efficient for the 

next-generation vehicle thermal regulators. 

2. METHODOLOGY 

Adopting a hybrid study, this research encompasses 

computational modeling, experimental validation, and control 

algorithm development to evaluate the performance of 

advanced cooling systems applied in automotive engineering. 

The experimental and computational design incorporates a 

typical battery thermal management scenario incorporating 

PCMs, nanofluid-cooled loops, and model predictive control 

(MPC) for intelligent actuation.

 

 

 

Figure 1: Research workflow diagram outlining experimental validation, coolant characterization, control simulation, 

and comparative analysis. 
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2.1. System Modeling and Assumptions 

The thermal system under consideration includes a lithium-

ion battery pack, a liquid cooling loop embedded with 

nanofluids, and a PCM-embedded heat sink. The governing 

equation for transient heat conduction through battery cells 

and heat sink materials is given by Fourier’s law: 

 

 

Nanofluid thermophysical properties were estimated using 

effective medium approximations as reported by Choi et al. 

(2023) and Yang et al. (2021), while latent heat storage 

characteristics of PCMs were integrated through enthalpy-

based source terms as described by Ma et al. (2023). 

2.2. CFD Simulation and Validation 

The full thermal model was developed using ANSYS Fluent 

2023 R2 with transient simulations under peak loading 

scenarios. Battery modules were modeled as heat-generating 

blocks (20–30 W per cell), encased in PCM compartments 

and cooled via nanofluid microchannels. A k-ε turbulence 

model was applied for coolant flow and temperature-

dependent material properties were used for PCM/nanofluids. 

Boundary conditions included ambient temperatures of 25–

45°C, and inlet coolant flow rates of 0.1–0.5 L/min. 

Validation was carried out against experimental data from 

Jiang et al. (2022), with thermal sensors placed at cell centers 

and outer casing walls. Deviation in predicted and 

experimental peak temperatures remained within ±2.5°C, 

affirming model accuracy. 

2.3. Experimental Setup 

An experimental battery cooling platform was fabricated 

using a 5-cell lithium-ion battery module, encapsulated with 

paraffin wax-based PCM mixed with 10 wt% expanded 

graphite (as per Liu et al., 2021). The cooling loop circulated 

an Al₂O₃ nanofluid (0.1–0.5 vol%) through a mini-channel 

cold plate connected to a variable-speed pump. 

Thermocouples (type-K) and a data acquisition system (NI 

cDAQ-9178) captured temperatures at 1-second intervals. 

Tests were run under three discharge current levels: 1C, 2C, 

and 3C, over ambient ranges of 25–45°C. Metrics recorded 

include peak cell temperatures, temperature uniformity, 

cooling system energy use (measured via inline wattmeter), 

and latent energy absorbed. 

2.4. Control Algorithm Integration 

To assess dynamic thermal control, a model predictive control 

(MPC) framework was implemented in MATLAB/Simulink 

2023b. The predictive model was based on a first-principle 

thermal resistance-capacitance (RC) network. Real-time 

temperature data from sensors were used to adjust pump 

speed and cooling setpoints every 5 seconds. 

The objective function minimized the following cost: 

 

The MPC was evaluated under rapid thermal load changes 

(simulated charging/discharging cycles) and compared to a 

traditional PID controller. Performance indicators included 

settling time, overshoot, and cooling energy consumption. 

2.5. Data Analysis and Statistical Tools 

Experimental and simulated data were analyzed using 

RStudio (2023.09) and OriginPro 2024. ANOVA and Tukey’s 

post-hoc test were used to compare thermal performance 

across configurations. Effect sizes were calculated using 

Cohen’s d. Uncertainty was assessed using standard 
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propagation methods, with instrumentation error capped at 

±1°C. 

This multifaceted methodology enables a comprehensive 

analysis of thermal behavior, validating the synergy between 

PCM, nanofluid, and AI-driven cooling strategies in 

automotive contexts. Figure 1: Research workflow diagram 

outlining experimental validation, coolant characterization, 

control simulation, and comparative analysis. 

3. RESULTS AND DISCUSSION 

 

3.1. PCM Thermal Regulation Performance 

The battery module experiments revealed a marked benefit 

from PCM integration. In the baseline case (no PCM, passive 

cooling) (Figure 2), the cell temperature quickly rose to 60 °C 

within 10 minutes and peaked around 67 °C by the end of the 

15-minute high-rate discharge. In contrast, the PCM-equipped 

module showed a much slower temperature rise – initially 

climbing as the PCM absorbed heat and began to melt, then 

plateauing near the PCM’s phase change temperature(Kumar 

& Rao, 2024). The peak cell temperature in this case reached 

only 52 °C under the same conditions, a reduction of about 

15 °C. Moreover, the temperature curve flattened between 

44–50 °C for several minutes, indicating the PCM’s latent 

heat was buffering the thermal load. Once the PCM was 

mostly melted, the cell temperature did start increasing again, 

but at a reduced rate. During the subsequent cool-down (when 

the current was removed or charging at lower rate), the PCM 

gradually released heat and solidified, readying itself for the 

next cycle. Active liquid cooling further influenced these 

results. With the coolant flowing through the cold plate, the 

baseline module’s peak temperature was held to 45 °C. 

However, even in this actively cooled scenario, adding PCM 

provided an additional improvement: the PCM module’s peak 

stayed around 40 °C, and critically, it delayed the initial 

temperature rise. This implies that the cooling system had 

more headroom and time to remove heat before the cells got 

hot. Across all tests, the module with PCM maintained a more 

uniform temperature distribution: at peak, the difference 

between the hottest and coolest cell in the PCM module was 

under 3 °C, whereas the no-PCM module had up to 7–8 °C 

cell-to-cell differences (cells at the center of the pack ran 

hotter). The improved uniformity is important for battery 

longevity, as imbalanced temperatures can lead to uneven 

aging of cells. Our findings for PCM efficacy are consistent 

with other reports in literature, where PCMs typically keep 

maximum Li-ion cell temperatures in the 30–40 °C range 

under high loads and significantly improve thermal 

uniformity. We note that in our experiments the PCM added 

about 10% to the module’s weight. While this passive thermal 

mass is not negligible, it could be acceptable in applications 

where peak power safety is paramount, or it might be offset 

by being able to downsize other cooling components.  

 

 

Figure 2 :Core temperature profile of a representative cell during a 2C discharge with and without the PCM composite 

in place.  
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3.2. Nanofluid Coolant Heat Transfer 

 The comparison of the nanofluid coolant with the standard 

WEG coolant demonstrated clear heat transfer advantages, 

with some trade-offs. In the radiator test rig, at a moderate 

flow rate of 1.5 L/min, the base coolant achieved an overall 

heat transfer coefficient (OHTC) of ~580 W/m²·K,(Mahdi et 

al., n.d.) while the Al₂O₃ nanofluid achieved ~820 W/m²·K – 

roughly a 40% enhancement. This translated into the 

nanofluid carrying away more heat and a lower temperature 

rise for the same heat load(Hassaan, 2024). For instance, at 

5 kW heating power, the outlet temperature of the base 

coolant climbed to 75 °C, whereas with the nanofluid it 

stabilized around 68 °C under identical conditions. Higher 

flow rates reduced the difference (since turbulence dominates 

convective performance), but even at the maximum tested 

flow of 2.5 L/min, the nanofluid showed about 15% higher 

heat transfer coefficient(Hassaan, 2024). These gains align 

well with expectations and prior studies – e.g., other 

researchers have noted on the order of 20–50% improvement 

in convective heat transfer using low-concentration oxide 

nanofluids(Alami et al., 2023; Bacha et al., 2024; Hassaan, 

2024). Encouragingly, the nanofluid’s performance in our 

CFD battery cold plate simulation mirrored the lab results: the 

peak temperature on the battery contact surface was ~3 °C 

lower with nanofluid than with WEG coolant for a given 

100 W heat load, and the temperature distribution was slightly 

more uniform. On the other hand, we observed a modest 

increase in hydraulic resistance. The differential pressure 

across the heat exchanger was about 12% higher with the 

nanofluid at the same flow rate, likely due to the increased 

viscosity and possibly slight nanoparticle fouling effects. This 

means that to achieve the same flow, the pump would 

consume more power (or a stronger pump is needed). In our 

context, this extra pumping power was relatively small (on the 

order of 2–3 W for the conditions tested), which would be 

easily offset by the improved cooling capacity allowing more 

efficient engine or battery operation. Long-term stability of 

the nanofluid is an important consideration – we observed no 

significant sedimentation over the several hours of testing, but 

in an actual vehicle the coolant might need to last for years. 

Proper formulation with surfactants and periodic maintenance 

(filtration or replacement) could mitigate this issue(Scott et 

al., 2022).  

The advanced coolant results suggest that existing cooling 

systems could be upgraded (either by fluid replacement or 

additives) to handle higher heat loads without major 

redesign(Patel et al., 2023). For instance, a 40% better heat 

transfer could allow a 40% smaller radiator for the same 

cooling performance, benefiting aerodynamic drag and 

weight. Conversely, it could enable handling transient spikes 

that would otherwise overtax a conventional coolant(Patel et 

al., 2023; Tetik & Karagoz, 2024). These findings reinforce 

the notion that nanofluids are a viable path toward higher-

performance thermal management, as long as their practical 

challenges are managed. Intelligent Control Efficiency: The 

simulation results for the control strategies highlight the value 

of predictive, fine-grained thermal management in reducing 

energy consumption (Shi et al 2023). Using the US06 

aggressive drive cycle as a test scenario, the baseline on/off 

cooling control kept the battery temperatures below 45 °C as 

intended, but it did so in a relatively brute-force manner.  

The pump and fan toggled to maximum power whenever the 

threshold was crossed, leading to oscillations: the cell 

temperatures would oscillate between ~34 °C (after cooling) 

and ~42 °C (before the next cooling kick). In contrast, the 

MPC strategy maintained the cell temperatures in a narrower 

band (roughly 36–39 °C) throughout the cycle by 

continuously modulating the coolant flow. The MPC pre-

emptively increased flow before a sustained high-power 

segment (detected from the upcoming driving profile), which 

prevented the cells from ever exceeding 40 °C. This proactive 

approach avoided the thermal overshoots entirely. In terms of 

energy usage, the benefits were substantial. The baseline 

control resulted in the cooling pump and fan running at full 

power for about 50% of the 600-second cycle, consuming 

approximately 60 kJ of energy. The MPC, by contrast, used a 

variable pump speed that most often ran at only 50% of 

maximum and rarely spooled up to 100%. It ended up 

consuming about 45 kJ for cooling over the cycle – a 25% 

reduction in cooling energy. Importantly, the battery stayed 

cooler on average with MPC, which could further improve 

battery health over time. These results quantitatively 

demonstrate the promise of AI-driven optimization(Zhu et al., 

2024). Even more advanced approaches (like reinforcement 

learning) might achieve similar or greater gains; indeed, other 

work has reported ~17% energy savings with AI-based HVAC 

control, which is on the same order as our findings. The 

advantage of MPC in our study was that it is explicitly 

designed with safety constraints (never letting the temperature 

go beyond set limits) and is easier to validate for automotive 

use. The reinforcement learning controller we tested as an 

experiment also managed to control the temperature, but it 

was harder to guarantee it would behave safely in all cases 

without extensive training and validation. Synergistic Effects 

and Comparison: Perhaps the most compelling outcome is 

what happens when these advanced solutions are combined. 
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In a final set of simulations, we modeled the battery module 

with PCM and subjected it to the same drive cycle under MPC 

control(Kumar & Rao, 2024). This scenario effectively uses 

the PCM as a buffer for extreme spikes, while the MPC 

handles the overall thermal regulation. The results showed 

that the combination achieved the lowest peak temperature 

(~32 °C) and used the least cooling energy of any 

configuration. Intuitively, because the PCM absorbs the initial 

heat of rapid power bursts, the MPC can afford to run the 

pump at an even lower speed most of the time, only ramping 

up after the PCM’s capacity is nearing saturation. Table 1 

summarizes key performance metrics across the different 

thermal management approaches examined. 

Table 1:  Key performance metrics across the different 

thermal management approaches examined 

Configuration Peak 

Cell 

Temp 

Max Temp 

Δ between 

cells 

Cooling 

Energy Use 

 

Baseline (no 

PCM, on/off 

control) 

  

 

~42 °C 

 

~5 °C 

 

100% 

(reference) 

+ PCM (passive 

latent cooling) 

  

~38 °C ~3 °C ~95% 

+ Nanofluid 

coolant 

(enhanced) 

  

~40 °C ~5 °C ~95% 

AI MPC control 

(no PCM) 

~39 °C ~5 °C ~75% 

  
AI MPC + PCM 

combined 

~32 °C ~2 °C ~67% 

 

4. CONCLUSION 

Effective thermal management remains a cornerstone of 

modern automotive performance, safety, and longevity 

particularly as power densities rise in electric and hybrid 

vehicles. This study evaluated three advanced approaches—

phase change materials (PCMs), nanofluid-enhanced 

coolants, and AI-driven control strategies—and demonstrated 

their individual and combined potential to significantly 

enhance heat dissipation and system stability. 

Experimental and simulation results confirm that PCMs offer 

passive thermal buffering by absorbing excess heat during 

transient peaks, leading to reduced temperature rise and 

improved uniformity across battery modules. Nanofluids, 

particularly Al₂O₃-based suspensions, increase convective 

heat transfer by up to 40%, enabling smaller and lighter heat 

exchangers without performance compromise. Model 

predictive control (MPC), leveraging real-time temperature 

forecasting, achieved up to 25–30% reductions in cooling 

energy use compared to traditional on/off or PID schemes—

all while maintaining tighter thermal regulation. 

Importantly, these methods are complementary. When 

integrated, PCMs buffer thermal spikes, nanofluids improve 

baseline cooling capacity, and AI control optimizes energy 

use dynamically yielding the best outcomes in terms of peak 

temperature reduction, thermal uniformity, and energy 

efficiency. These improvements directly translate to extended 

battery life, improved safety margins (by reducing risk of 

thermal runaway), and potentially increased vehicle range due 

to lower parasitic losses. 

However, practical deployment requires attention to system-

level trade-offs. PCMs must demonstrate durability under 

repeated thermal cycling and mechanical stress; nanofluid 

stability and compatibility with automotive materials over 

prolonged use must be verified; and AI-based controllers need 

to meet safety certification standards while remaining robust 

under real-world variability. Addressing these challenges is 

crucial for commercial adoption. 

Future research should explore scaling these systems to full-

vehicle architecture, optimize encapsulation and integration 

strategies for PCMs, and refine nanofluid formulations for 

long-term deployment. Hybrid control algorithms that 

combine model-based strategies with learning-based 

adaptability may further improve real-time responsiveness to 

unpredictable load and ambient conditions. 
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