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Abstract 

As electric vehicles become more common, one thing that keeps showing up as a real challenge is 
how to keep their batteries at the right temperature. It’s something most people never think about 
when they get into an electric vehicle, but the truth is that temperature is a really important factor 
in battery functioning. They work best in a narrow temperature band, and when they drift too far 
from it, either too hot or too cold, their behaviour changes quite a lot. High temperatures speed up 
wear and can lead to safety problems, while cold conditions make the car less responsive and slow 
down charging significantly. Because of this, manufacturers have turned to liquid cooling systems. 
The basic idea isn’t anything new or mysterious: a coolant flows through small tubes or plates near 
the battery cells and carries heat away. But in the context of electric vehicles, this relatively simple 
concept makes a massive difference. Liquids just move heat much better than air, so the system 
manages to keep the whole battery pack more balanced and prevents degradation. The impact of 
this temperature control is more noticeable than drivers might expect. When the battery is kept 
stable, the car performs more consistently, even during fast charging or long trips. It also tends to 
last longer, meaning fewer battery replacements and less environmental waste. For something that 
the driver never sees, liquid cooling quietly improves safety, performance, and sustainability at the 
same time. In the last few years, the field has evolved quickly. Some companies are experimenting 
with immersive cooling using special non-conductive liquids, while others focus on tiny micro-
channels that extract heat more efficiently without making the pack heavier. This paper looks at 
how these liquid cooling systems work, why they matter so much for modern electric vehicles, and 
how they are helping shape a more reliable and sustainable future for electric mobility. It’s a 
technology that works in the background, but without it, electric vehicles simply wouldn’t perform 
the way we expect them to. 

Keywords: electric vehicles; battery thermal management; liquid cooling systems; batteries; energy 
efficiency 
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I. INTRODUCTION 

The automotive industry is looking at a significant transformation. To reduce carbon emissions and 
fight climate change issues, many countries are pushing for the adoption of Electric Vehicles (EVs). 
However, for EVs to replace traditional cars completely, they must overcome barriers such as 
limited ranges and long charging times. To address this, manufacturers are pushing for Extreme 
Fast Charging (XFC) capabilities, aiming for power levels reaching 350 kW (Tu et al., 2019). This rapid 
energy transfer generates excessive heat within the battery pack, the vehicle's most critical 
component. Therefore, advanced thermal management is essential not only to ensure safety but 
to guarantee the viability of the next generation of EV’s (Ma et al., 2018). 

For these batteries to be safe they need to be in a specific temperature range. According to recent 
studies, lithium-ion batteries work best in a range between 15°C and 35°C (Ma et al., 2018). If the 
temperature gets too high, the battery degrades faster, and in extreme cases, it can lead to thermal 
runaway and fire. On the other hand, if it is too cold, the battery loses capacity and charging 
becomes very slow. Therefore, keeping the battery at the right temperature is not just about 
performance, it is a safety requirement. 

This paper focuses on Liquid Cooling Systems, which are currently the most effective solution for 
this problem. Compared to air cooling, liquid systems are more complex but offer much better heat 
transfer capabilities. 

 

II. METHODS 

This study is based on a review of recent scientific literature regarding Battery Thermal 
Management Systems for electric vehicles. The main objective was to analyse and compare the 
performance of different liquid cooling technologies currently available or in development. 

The research was conducted using academic databases such as Google Scholar and ScienceDirect. 
The search focused on the keywords, "liquid cooling systems", "battery thermal management", "EV 
safety" and “fast charging”. 

This paper synthesizes findings from recent literature to provide a comparative review of cold plate 
and immersion cooling systems. Rather than presenting new experimental data, the analysis 
evaluates established performance metrics, alongside considerations of system complexity. The 
primary objective is to determine which technology offers the most effective solution for 
maintaining the battery within the optimal range of 15°C to 35°C.  
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III. RESULTS 

This section presents the findings of the literature review regarding the current state of liquid 
cooling technologies for electric vehicle batteries. The analysis focuses on the two main categories 
of liquid thermal management: indirect cooling (cold plates) and direct cooling (immersion). In the 
end, the air-cooling method is also compared 

 

1. Indirect liquid cooling (cold plates) 

The most widely used thermal management strategy in the current electric vehicle market is 
indirect liquid cooling. In this method, the cooling fluid does not come into direct contact with the 
battery cells. Instead, the liquid flows through metal channels or plates, commonly known as "cold 
plates," which are placed between the battery modules or at the bottom of the pack. 

The working principle relies on thermal conduction. The heat generated by the lithium-ion cells is 
transferred to the metal plate (usually aluminium due to its high thermal conductivity) and then to 
the coolant flowing inside the channels. The coolant is typically a mixture of water and ethylene 
glycol, which is pumped through the system to a radiator where the heat is released into the 
environment. 

Figure 1 illustrates a typical experimental setup of an indirect liquid cooling system. The 
configuration consists of an aluminium cold plate with copper tubes, which serve as the channels 
for the coolant circulation. A thermal interface material is usually applied between the battery cell 
and the plate to minimize air gaps and improve heat conduction. 

 
Figure 1. Schematic of indirect liquid cooling setup. Adapted from Dubey et al. (2021). 
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Major manufacturers prefer this system because it offers a good balance between cooling 
performance and safety. Since the liquid is physically separated from the electrical 
components, the risk of short circuits is minimized.  

However, indirect cooling has limitations, particularly regarding the interface between the 
cells and the cooling plate. Since the metal cannot perfectly conform to the battery surface, 
a Thermal Interface Material (TIM) is required to fill air gaps. While essential, this TIM layer 
adds thermal resistance to the system, limiting the heat transfer rate (Dubey et al., 2021). 
Over time these materials can degrade, potentially leading to increased cell temperatures 
and reduced cooling effectiveness as the vehicle ages. 

 

2. Direct liquid cooling (immersion) 

An emerging alternative to cold plates is direct liquid cooling, often referred to as immersion 
cooling. In this innovative approach, the entire battery module or the individual cells are submerged 
directly into a dielectric fluid, as shown in Figure 2. Unlike water-glycol mixtures used in cold plates, 
this fluid must be electrically non-conductive to prevent short circuits between the battery tabs. 
Engineered fluids are typically used, possessing high breakdown voltages and low viscosity (Dubey 
et al., 2021). These properties allow the fluid to flow freely between individual cells, ensuring that 
heat is removed equally from the entire surface area of the cylindrical cell, rather than just from 
the cooling tab or sidewall. 

 
Figure 2. Schematic representation of the experimental immersion cooling. Adapted from Dubey et al. (2021). 

This method solves the main limitation of indirect cooling: thermal resistance. Because the liquid 
surrounds the entire surface of the cell, heat extraction is significantly faster and more uniform. 
According to comparative studies, direct immersion cooling shows better thermal performance 
than cold-plate cooling, reducing the maximum temperature of the cells more effectively during 
fast charging cycles (Dubey et al., 2021). 
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Besides performance, immersion cooling offers safety benefits. The large volume of fluid acts as a 
thermal buffer, which is highly effective in suppressing thermal runaway propagation in case of a 
single cell failure. However, this technology faces challenges regarding weight and cost. The 
dielectric fluids are expensive and heavier than the water-glycol mixtures used in cold plates, and 
the battery casing must be perfectly sealed to prevent leaks, which increases the manufacturing 
complexity.  

 

3. Comparison of cooling methods 

To evaluate the usage of these technologies for future electric vehicles, it is essential to compare 
their key characteristics. While indirect liquid cooling is currently the industry standard due to its 
maturity and lower cost, direct immersion cooling offers superior thermal management capabilities 
that may be required for even faster charging applications. 

Table 1 summarizes the comparison between the two liquid cooling methods and the traditional 
air-cooling system. The data highlights efficiency, system complexity, costs and safety. 

Table 1. Comparison of battery thermal management systems. 

 Air cooling  Indirect liquid cooling 
(Cold plates)  

Direct Liquid Cooling 
(Immersion)  

Cooling fluid Air Water-Glycol Dielectric fluid 
Heat transfer Low High Very high 
System complexity Low High (Pumps, 

radiators) 
High (Sealing, 
heavy fluids) 

Cost Low Medium High 
Safety Low (Propagation 

risk) 
Medium High (Supresses 

fire) 

 

IV. CONCLUSION 

The analysis of the current literature clearly indicates that liquid cooling is the superior technology 
for modern electric vehicles. While air cooling was sufficient for early EV models with smaller 
batteries and lower charging speeds, it is no longer viable for the high-performance vehicles of 
today.  

While immersion cooling demonstrates superior thermal performance, it introduces significant 
challenges regarding weight and volume. Filling a battery pack with dielectric fluid adds substantial 
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mass to the vehicle, which can negatively impact the overall energy density and driving range 
(Dubey et al., 2021). In contrast, indirect cooling systems are generally lighter and more compact, 
which explains their current dominance in the mass market despite their lower peak cooling 
capacity. 

Beyond performance, thermal management plays a critical role in sustainability. By keeping the 
battery within the optimal temperature range (15°C–35°C), liquid cooling systems extend the 
lifespan of the battery pack. This has a direct environmental impact: batteries that last longer delay 
the need for replacement and recycling. Studies indicate that optimized cooling strategies can 
reduce the battery life cycle carbon footprint by up to 25% (Lander et al., 2021). 

In conclusion, liquid cooling systems are not just a technical necessity but a key enabler for the 
widespread adoption of electric mobility. Future work should focus on the development of lighter 
dielectric fluids and the optimization of flow channel geometries to minimize the weight penalty of 
immersion systems. Additionally, life-cycle assessments analysing the recyclability of these 
specialized fluids will be essential to fully validate the sustainability credentials of direct liquid 
cooling (Lander et al., 2021). 
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