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Abstract: To support the integration of renewable energy sources and preserve grid stability, this study 
examines several approaches for controlling the temperature of BaĴery Energy Storage Systems (BESS) in 
modern energy seĴings. Specifically, the usage of BESS in Virtual Power Plants (VPPs) is the focus of this study. 
The effectiveness, safety features, dependability, affordability, and suitability for VPP applications of these 
systems are examined. Among the various hybrid cooling alternatives, two particularly promising 
combinations emerge. Firstly, the integration of heat pipes and phase change materials leverages their ability 
to conduct heat efficiently away from heat sources with minimal temperature differences, making them 
excellent for rapid heat transfer. Secondly, an approach employing heat pipes and liquid passive cooling a 
combination that capitalizes on the efficient heat transfer capabilities of heat pipes and the consistent cooling 
offered by liquid passive systems. The study underscores the importance of improving BESS performance and 
sustainability within VPPs by providing useful recommendations for choosing the best thermal management 
system depending on climate conditions and geographic location. 

Keywords: active liquid cooling; baĴery energy storage systems; hybrid systems; passive cooling; thermal 
management systems; virtual power plants 
 

1. Introduction 
The study contributes significantly to the new body of knowledge in the field of thermal 

management systems (TMS) for VPPs. VPPs represent a novel method for managing energy, 
integrating multiple energy sources into a single, adaptable power generation and distribution 
system using advanced technologies. As the shift towards renewable energy sources and 
decentralized power generation continues, VPPs play a crucial role in improving grid stability, 
dependability, and efficiency. Efficient TMS are essential for controlling the temperature of energy 
storage systems, particularly BESS, within VPPs. These systems ensure the optimal performance and 
long-term health of BESS by effectively managing heat dissipation and mitigating temperature 
changes. Despite advancements in TMS technologies, critical knowledge gaps remain, hindering the 
smooth integration and operation of VPPs. One significant knowledge gap pertains to the 
optimization of phase change materials (PCM) and natural convection, which are cost-effective 
passive cooling techniques. While these methods are affordable and straightforward, their 
effectiveness in high energy consumption scenarios is not well understood, necessitating further 
research to enhance their reliability and performance. Moreover, challenges associated with the 
complexity and potential hazards [1] of heat pipes and liquid cooling TMS must be addressed. 
Despite their excellent thermal performance, issues such as leaks and short lifespans pose significant 
obstacles that require innovative solutions. Active cooling techniques like liquid active cooling and 
air-forced convection also present challenges due to their high energy consumption. Balancing energy 
efficiency with accurate temperature control is a complex task, underscoring the need for research 
aimed at maximizing energy use without compromising thermal regulation capabilities. 
Furthermore, designing robust cooling technologies capable of withstanding harsh operating 
conditions and temperature fluctuations is a top priority. The resilience of TMS in VPPs is crucial for 
minimizing downtime and ensuring uninterrupted power supply, necessitating further research to 
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enhance system durability and dependability. In light of these knowledge gaps, this study aims to 
explore and assess different TMS technologies for BESS in VPPs. By addressing significant obstacles 
and advancing the state-of-the-art in thermal management within contemporary energy systems, the 
research contributes to filling critical gaps in TMS for VPPs [2]. This introduction underscores the 
importance of addressing these knowledge gaps and sets the stage for the research goals and 
methodologies outlined in subsequent sections. It investigates TMS BESS within VPPs, starting with 
an extensive literature review in Chapter 2 which discusses current advancements and challenges. 
The study employs a multi-criteria decision-making (MCDM) approach using the analytical 
hierarchy process (AHP-OS) in Chapter 3, combining it with a detailed comparative analysis in 
Chapter 4, to assess various TMS options alongside their metrics, elucidating the intricate relationship 
between them. Chapter 5 summarizes these findings to recommend the most suitable TMS for 
optimizing BESS performance in VPPs while suggesting future research directions to further the field 
of renewable energy integration and grid stability. 

2. Literature Review 
2.1. Heat Generation 

The electrochemical redox processes that power lithium-ion baĴeries have both exothermic and 
ohmic losses in the solid and electrolyte phases [3]. Thermal coupling between modules allows the 
heating to spread from one cell to another, eventually impacting the entire baĴery pack. This heat 
rise affects entropy, which impacts baĴery performance as well. Heat generation also happens during 
charging and draining. Because this heat has the potential to become a thermal runaway, which could 
result in an explosion or fire hazard if left unchecked, it could be disastrous to the entire VPP baĴery 
system.  

2.2. Cooling for a Static BESS in VPPS 
Lithium-ion baĴeries used in BESS produce heat during cycles of charging and discharging, 

hence a cooling system is necessary [4]. If the heat is not adequately dissipated, it may have an impact 
on the baĴeries' lifespan, safety, and performance. Thermal runaway, a hazardous situation in which 
the baĴery temperature rises uncontrollably and causes a fire or explosion, can be evaded with the 
help of a cooling system, which can also help preserve the baĴeries' ideal temperature range. By 
lowering internal resistance and boosting electrochemical reactions, a cooling system can also 
increase the baĴeries' capacity and efficiency. Lithium-ion baĴery cooling systems come in a variety 
of forms, including liquid, air, and PCM cooling systems. Every TMS possesses unique benefits and 
drawbacks concerning expenses, intricacy, dependability, and efficiency. 

This study focuses on BESS operating within VPPs and unlike traditional power plants, VPPs 
are not centralized but rather consist of geographically dispersed networks of medium-sized power 
generators [5] solar farms, wind turbines, and co-generation units together with flexible customers 
and BESS itself, which runs from a central control station. 

The BESS is stationary and located anywhere within the network and could be in buildings, open 
spaces, or wherever the power-generating units are. In addition, the use of VPPs is generally for 
demand control [6], where they relieve the load on the grid by smartly distributing the generated 
power during peak load periods. Furthermore, the combined generated and consumed power is 
traded on the energy exchange while at the same time providing frequency and voltage regulation 
while stabilizing the grid. 

2.2. Classifications and Characteristics of TMS 
Natural convection is one type of passive cooling technique. It doesn't require any mechanical 

parts because it works on the basic principles of heat rising and colder air sinking [7]. Because of its 
passive design, which lowers the possibility of component failures or leakage, it is regarded as safe. 

Air-forced convection is an active cooling technique using blowers or fans to improve heat 
dispersion [8]. This approach has mechanical components, such as fans, which might be dangerous 
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if improperly maintained. As a result, extra safety precautions could be needed. In addition to 
requiring regular maintenance and safety precautions, it also uses electricity. 

Liquid passive cooling is in the category of passive cooling where heat is transferred and 
dispersed using a liquid usually water or a specific coolant instead of active cooling systems or 
mechanical pumps [9]. To circulate the liquid and remove heat from a source, the cooling process 
uses passive techniques such as natural convection. Because it depends on passive fluid movement, 
which lowers the possibility of component failures, it is generally safe. To ensure safety and stop 
leaks, proper fluid maintenance is crucial. Low energy usage and environmental friendliness 
characterize liquid passive cooling. The cooling fluid selection might affect the system's overall 
environmental impact. 

Liquid active cooling uses the primary and secondary loops as active cooling loops. The primary 
loop is similar to the passive liquid system, which circulates heat through a pump. Instead of a cooler, 
a high-performance heat exchanger acts as a bridge between the primary and secondary loops, 
enabling the air conditioning system to function as the secondary loop and provide cooling through 
evaporation [10]. Pump malfunctions and fluid leaks are among the risks, underscoring the 
significance of routine maintenance. Selecting environmentally friendly cooling fluids that comply 
with environmental requirements might have an impact on the environment. Its significant power 
consumption worsens its environmental impact. 

Heat pipes are a type of passive cooling device that transfers heat between two solid interfaces 
using phase transition [11]. Because they operate passively, they do not affect the environment, are 
usually safe, and have sealed systems, which lower the possibility of fluid leakage. Heat pipes can 
maintain constant temperatures while using less energy, improving safety and having a smaller 
environmental impact. 

PCMs are classified as passive coolers because they use materials capable of absorbing or 
releasing thermal energy during phase changes, such as freezing and thawing, to enable a certain 
degree of heating or cooling [10].  Due to their low energy consumption, stability under varying 
conditions, and passive operation without mechanical components, they are both safe and 
environmentally friendly. However, during hot conditions, they might be less effective, which could 
affect performance and safety. 

Thermoelectric cooling uses the Peltier effect, which is an improved active heat pump, to provide 
refrigeration. Its exceptional scalability and high durability make it the perfect choice for cooling 
electronic parts, such as baĴeries. Its benefits over conventional cooling techniques include easy 
arrangement, noiselessness, and accurate temperature control [12]. Ensuring safe material handling 
and building a robust heat sink is critical for thermoelectric cooling, as both prevent overheating and 
potential risks associated with it. 

Hybrid cooling systems include a variety of passive and active cooling techniques to maximize 
heat dissipation [13]. The particular combination of techniques employed determines the safety and 
environmental impact of hybrid systems. For them to operate safely, appropriate safety procedures 
and flexible decision-making are crucial. The selection of cooling materials and fluids, as well as the 
hybrid configuration's efficiency, all influence the environmental impact. 

2.2. TMS Metrics and Their Assessment 
When combined, these metrics offer an all-inclusive picture of how well a BESS operates and 

whether or not it achieves the objectives of its use. Stakeholders can make appropriate decisions 
concerning the installation, use, and investment in BESS by taking these metrics into account. Heat 
dissipation, a gauge of how successfully a cooling system extracts extra heat from baĴery cells [14], 
is one example of this. Another metric where the cost of implementing a specific TMS approach is 
taken into account is cost-effectiveness. The cost of the many materials needed, the technology 
employed, the upkeep and service of extra devices and equipment, the cost of electricity, security, 
safety, and environmental mitigations, among other things, are all included [15][16]. Additionally, 
reaction to dynamic loads [17], a statistic that assesses a BESS's ability to promptly and precisely 
adjust its power production in response to variations [15] in grid supply or demand, should be taken 
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into account. The final factor is safety and the environment, which entails taking several precautions 
to avoid risks like explosions, fires, and exposure to harmful gases and liquids that might result from 
baĴery operation [18]. It entails taking precautions to protect the environment from waste products 
and possible pollution that may occur in the event of an accident or from subsequent releases. 

2.2. Case Studies and Practical Applications 

i. Liquid active cooling 
Liquid active cooling as shown in Figure 1 is widely utilized in BESS to control the temperature 

of lithium-ion baĴeries[19].  

 
Figure 1. Schematic of liquid active cooling. 

Notable examples include the Hornsdale Power Reserve in Australia[20], the Mira Loma BESS 
in California[21], the Noor Power Station in Morocco[22], the Hokkaido Tomatoh-Atsuma BESS in 
Japan[23], and the Big BaĴery Eland project in South Africa[24]. These installations serve as key 
components of their respective energy grids, providing stability, managing renewable energy 
fluctuations, and ensuring continuous power supply during peak demand hours and emergencies. 

ii. Natural convection 
Natural convection finds useful application in smaller-scale home energy storage systems as 

shown in Figure 2 prioritizing ease of use and energy efficiency [25]. Examples include the Tesla 
Powerwall[26], LG Chem RESU[27], Sonnen eco[28], and Enphase Encharge[29]. These systems 
utilize lithium-ion or lithium-iron-phosphate baĴery technology to store excess energy from solar 
panels or the grid, offering homeowners greater energy independence, flexibility, and the ability to 
optimize energy usage. Additionally, they provide backup power capabilities during grid outages, 
contributing to enhanced reliability and resilience for residential energy needs. 
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Figure 2. Natural convection cooling. 

iii. Heat pipes 
Heat pipes are extensively utilized in electric vehicles (EVs) [30] with examples such as the Tesla 

Model S/X/3/Y, Nissan Leaf, Chevrolet Bolt EV, BMW i3, BYD e6, Audi e-tron, and Hyundai Kona 
Electric. These vehicles incorporate various types of lithium-ion baĴeries supplied by manufacturers 
such as Tesla, LG Chem, Samsung SDI, BYD Auto, and SK Innovation [31]. Figure 3 displays a 
summarized arrangement of the heat pipe cooling TMS. 

 
Figure 3. Heat pipes cooling. 

iv. Liquid and air as cooling media in hybrid cooling 
By using both liquid and air as cooling media as shown in Figure 4 hybrid cooling systems 

represent a unique method to TMS in BESS [32]. These systems are particularly valuable in grid-scale 
BESS operations, especially those integrated with renewable energy sources, as they effectively 
manage variable climatic conditions and load fluctuations.  
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Figure 4. Schematic of liquid/air hybrid cooling. 

For instance, the CryoBaĴery in the United Kingdom, located in Manchester[33], supports the 
local electricity network by storing excess renewable energy from wind and solar sources, ensuring 
grid stability during extreme weather events. Similarly, the WaĴway Solar Panel BSS in France[34], 
combines solar PV panels with baĴery energy storage to efficiently harness solar energy, providing 
backup power and offseĴing grid demand as needed. Additionally, Hecate Energy's grid-scale 
baĴery storage projects in the United States integrate with renewable sources like solar and wind, 
mitigating intermiĴency and stabilizing the grid under varying climatic conditions and load 
circumstances. These examples highlight the versatility and effectiveness of hybrid cooling systems 
in enhancing the performance and resilience of grid-scale BESS integrated with renewable energy 
generation. 

v. PCM based cooling 
Practical applications of PCM-based TMS in lithium-ion baĴeries include electric vehicles (EVs), 

grid-scale energy storage systems, and portable electronic devices [35]. By effectively managing 
baĴery temperature, PCM-based TMS contributes to improved baĴery performance, efficiency, and 
safety, ultimately enhancing the overall reliability and longevity of lithium-ion baĴery systems. 
Figure 5 provides a schematic arrangement of PCM TMS. One of the key advantages of PCM-based 
TMS is its passive nature, requiring no active components like fans or pumps. This leads to simplified 
system design, reduced complexity, and lower energy consumption compared to traditional active 
cooling methods. Additionally, PCMs offer high thermal stability, reliability, and compatibility with 
lithium-ion baĴeries. 
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Figure 5. Schematic of PCM cooling. 

vi. Liquid passive cooling 
Liquid passive TMS is widely applied in Vanadium Redox Flow BaĴeries (VRFB) to improve its 

efficiency and dependability[36]. Vanadium ions in various oxidation states are used as the active 
materials in VRFBs, and they are kept in external electrolyte tanks. Moreover, it offers temperature 
control without requiring the addition of labor-intensive or energy-intensive cooling equipment. As 
a result, heat is automatically released from this system by making use of the characteristics that the 
flowing vanadium electrolyte has to offer.  

Liquid passive TMS is particularly well-suited for VRFBs due to their large-scale and stationary 
nature. The simplicity and effectiveness as shown in Figure 6 contributes to the overall efficiency and 
dependability of VRFB systems, enabling them to operate reliably under various operating 
conditions. 

 
Figure 6. Schematic of liquid passive cooling. 

vii. Air-forced convection 
Air-forced TMS as shown in Figure 7 is essential for extending the life and performance of lead-

acid baĴeries, which are widely used as energy storage in applications like telecommunications, 
automotive, and backup power. Air-forced TMS is an active way to keep lead-acid baĴeries at the 
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right temperature during their charging and discharging cycles [37], whether flooded or valve-
regulated (VRLA).  

 
Figure 7. Schematic of air-forced cooling. 

One of the primary benefits of air-forced TMS in lead-acid baĴeries is its ability to maintain a 
steady temperature profile, even under varying load conditions. By continuously circulating air, these 
systems prevent overheating during charging cycles and maintain optimal operating temperatures, 
thus preserving baĴery performance and extending their lifespan. 

3. Methodology 
In this study, AHP-OS was used to assess the metrics that form the TMS criteria parameters and 

the TMSs according to their adjudged priorities and weights based on the comparative findings from 
other published literature and data forming respective comparison tables. The AHP-OS is a statistical 
analysis tool that assists via multi-criteria choice-making [38]. On top of that, AHP-OS allows for 
minor judgmental discrepancies and generates ratio scales from paired criteria comparisons. 
Likewise, subjective views as well as precise measurements can be used as inputs. Consequently, a 
consistency ratio and priority (weights) are computed [39]. In this case, the parameters used were 
indeterminate quantitatively despite their significance in determining the best TMS for use in BESS 
for VPP. 

3.1. TMS Metrics Comparison 
The study identified with the four key TMS metrics: heat dissipation efficiency, cost-

effectiveness, response to dynamic loads, and safety & environment. These metrics were assigned 
weights based on their relative importance. Through a Saaty scale [40], two elements were compared 
in AHP with their aĴributing values varying from 1 to 9. The scale determines the relative importance 
of an alternative when compared with another as shown in Table 1. 

Table 1. The Saaty scale. 

Scale Numerical Rating Reciprocal 

Extremely preferred 9 1/9 

Very strong to extremely 8 1/8 
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Very strongly preferred 7 1/7 

Strongly to very strongly 6 1/6 

Strongly preferred 5 1/5 

Moderately to strongly 4 ¼ 

Moderately preferred  3 1/3 

Equally moderately 2 ½ 

Equally preferred 1 1 

Odd numbers are always preferred to ensure reasonable distinction among the measurement 
points, even numbers are only adopted whenever there is a need for negotiation between evaluators. 
Table 2 shows the TMS metrics weights on the scale. 

Table 2. TMS metrics weights. 

TMS Weight AHP 
Scale 

References 

Heat 
dissipation 
efficiency 

Critical for maintaining battery efficiency 
and longevity by preventing overheating. 
Given the direct impact on performance and 
safety, it's highly important. 

9 [14] 

Cost-
effectiveness 

Important for the overall feasibility and 
economic viability of the BESS project. This 
includes both upfront and operational costs. 

3 [15][16] 

Response to 
dynamic loads 

Paramount for systems that experience 
significant fluctuations in demand or 
operational conditions, impacting the ability 
to maintain optimal performance. 

7 [17][15] 

Safety & 
environment 

Essential, considering the potential risks 
associated with battery operation and the 
increasing emphasis on sustainable energy 
solutions. 

5 [18] 

In this case, the first step was to determine the criteria as shown in Figure 1 where they were 
evaluated in pairs to determine the relative importance between them and the relative weight to the 
goal. The evaluation started by determining the relative weight of the TMS metrics to produce a 
priority vector (Eigenvector) matrix as shown in Table 3.  

Table 3. Priority (Eigenvector) matrix. 

 HD CE RDL SE 
HD 1 3 1 2 
CE 3/9 1 1/2 1/2 

RDL 1 2 1 1 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2024                   doi:10.20944/preprints202405.0391.v1

https://doi.org/10.20944/preprints202405.0391.v1


 10 

 

SE 1/2 2 1 1 
Key: HD = Heat dissipation, CE = Cost-effectiveness, RDL = Response to dynamic loads, and SE = 

Safety and environment. 

Then normalization was done to give relative weight to each criterion [41]by dividing each value 
by the total column value as shown in Table 4. 

Table 4. Normalized priority matrix. 

 HD CE RDL SE 

HD 1/2.833 = 0.353 3/8 = 0.375 1/3.5 = 0.286 2/4.5 = 0.444 

CE 0.333/2.833  = 
0.118 

1/8 = 0.125 0.5/3.5 = 0.143 0.5/4.5 = 0.111 

RDL 1/2.833 = 0.353 2/8 = 0.250 1/3.5 = 0.286 1/4.5 = 0.222 

SE 0.5/2.833 = 0.176 2/8 = 0.250 1/3.5 = 0.286 1/4.5 = 0.222 

Now, the contribution of each criterion was determined by calculations made using the priority 
vector, which showed the relative weights between each criterion obtained by calculating the average 
of all criteria as indicated in Table 5. 

The total of the values per column is 1; therefore, this approximation was applied to simplify the 
calculation process because the difference between the exact and approximate values is designed to 
be less than 10% [38]. 

Table 5. Priority contribution. 

 Eigenvector (calculation) Eigenvector 

HD (0.353 + 0.375 + 0.286 + 0.444)/4 = 0.3645 36.45% 

CE (0.118 + 0.125 + 0.143 + 0.111)/4 = 0.1243 12.43% 

RDL (0.353 + 0.250 + 0.286 + 0.222)/4 = 0.2778 27.78% 

SE (0.176 + 0.250 + 0.286 + 0.222)/4 = 0.2335 23.35% 

For comparison, Python mathematical software with NumPy and SciPy was used to determine 
the exact Eigenvector values through the potential matrices. (Appendix A1 shows the Python Code 
used). 

The approximate and exact Eigenvector values are very close to each other as indicated in Table 
6, therefore the calculation of the exact vector requires a mathematical effort that can be exempted. 

Table 6. Approximate vs exact Eigenvectors. 

 Approx. Eigenvector Exact Eigenvector Difference 

HD 0.3645 0.3659 0.0014(0.383%) 

CE 0.1243 0.1238 0.0005(0.404%) 
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RDL 0.2778 0.2778 0.0000(0.000%) 

SE 0.2335 0.2326 0.00387(0.387%) 

The next step was to determine the inconsistencies to capture enough information to decide 
whether the decisions made have been consistent with the choices. The consistency index comes in 
and is based on the maximum Eigenvector value calculated by summing up the product of each 
element in the Eigenvectors by the respective column of the original comparison matrix [39] as shown 
in Table 7. 

Table 7. Maximum Eigenvector (λmax). 

Eigenvector 0.3659 0.1238 0.2778 0.2326 

Total (Sum) 2.833 8.000 3.500 4.500 

Max Eigenvalue 
(λmax) 

(0.3659x2.833) + (0.1238x8.000) + (0.2778x3.500) + (0.2326x4.500) = 
4.046 

The calculation of the consistency index is given by equation (1). 
𝐂𝐈 =

𝛌𝐦𝐚𝐱ି𝐧

𝐧ି𝟏
                                             (1) 

where CI is the consistency index, λmax is the maximum Eigenvalue, and n is the number of the 
evaluated criteria. 

Now,     CI = 𝟒.𝟎𝟗𝟏ି𝟒

𝟒ି𝟏
 = 0.015 

In order to verify whether the consistency index (CI) is adequate, the consistency rate (CR) was 
determined.  

CR is the ratio between the consistency index and the random consistency index (RI) and the 
matrix would be consistent if the resulting ratio was less than 10% shown by equation (2). 

CR = 𝐂𝐈

𝐑𝐈 
 < ≈ 10%                          (2) 

where CR is the consistency ratio, CI is the consistency index and RI is the random consistency index. 
The RI value is fixed on the number of criteria as shown by Table 8 the AHP criteria table which 

provides determined values. 

Table 8. Criteria table. 

N 1 2 3 4 5 6 7 8 9 10 

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 

Now, CR =  𝟎.𝟎𝟏𝟓

𝟎.𝟗
= 𝟎. 𝟎𝟏𝟕 which is 1.7% 

Since the value is less than 10%, the matrix was considered consistent and the priority criteria 
results for the first level are shown in Figure 2. 

This formed the criteria level 1 computations as shown in Figure 8, which the AHP-OS can do 
at a good CR. Therefore, for criteria level 2 to the end, data analyzed by the AHP software will be 
presented. (Appendix A2 shows the results as given by AHP-OS for TMS metrics). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 May 2024                   doi:10.20944/preprints202405.0391.v1

https://doi.org/10.20944/preprints202405.0391.v1


 12 

 

 
Figure 8. AHP criteria flow diagram. 

 
Figure 9. TMS metrics graph. 

3.1. Comparison Data Concerning TMS Metrics 
Using the prioritized TMS metrics, another hierarchy for criteria level 2 was established where 

various TMS options were evaluated based on their performance in each metric by comparing data 
from different previous studies to establish the Saaty scale. Pairwise comparisons were again 
conducted to establish the relative importance of different TMS options within each metric. The 
software was able to perform sensitivity analysis to assess the weight uncertainties overlap and 
robustness of the decision-making process [40]. This involved varying the weights assigned to each 
criterion and observing the impact on the overall rankings of TMS options. It helped identify the 
relative importance of different criteria and their influence on the final decisions. 

i. Heat dissipation 
Heat dissipation is an important consideration when evaluating thermal management solutions 

for BESS in VPPs. The restricted heat dissipation capability of natural convection, which depends on 
passive airflow, makes it less effective for bigger BESS installations [42]. Forced air convection, 
facilitated by fans or blowers [43], improves heat dissipation; yet, air is less efficient than other media 

37%

12%
28%

23%

Priority

Heat dissipation Cost-effectiveness
Response to dynamic loads Safety & environment
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[44]  due to its lower specific heat and heat transfer coefficient. With liquids having greater heat 
transfer coefficients than air, active cooling with liquids entails actively circulating [35] cooling fluids 
to promote efficient heat dissipation. Heat pipes have excellent thermal conductivity, which enables 
fast heat transfer. [35]. PCM offers variable but steady temperature control and modest heat 
dissipation [35]. Using the Peltier effect, thermoelectric modules transform power into thermal 
differences, freeing thermoelectric cooling, which is frequently combined with other cooling 
techniques, to provide heat later [45]. Hybrid cooling, whose efficacy varies based on particular 
configurations, optimizes [45] heat dissipation by combining active and passive tactics to reduce 
vulnerabilities in cooling systems. From this information, the weights were assigned to every TMS as 
shown in Table 9. Following that, the criteria were assessed in pairs once again using AHS-OS, 
yielding 28 pairwise comparisons. 

Table 9. TMS weights outcome in heat dissipation. 

TMS Weight 
AHS 
Scale 

Reference
s 

Natural 
convection 

Less effective in high-power applications due 
to its passive nature. 

2 [46] 

Air forced 
convection 

More effective than natural convection due to 
the forced air movement but might still 
struggle with very high heat loads. 

4 [46] 

Liquid 
passive 
cooling 

More effective than air cooling due to the 
higher heat transfer coefficients of liquids 
over air. 

6 [46][47] 

Liquid 
active 

cooling 

By actively pumping coolant, this method can 
achieve even higher heat dissipation rates 
than passive systems. 

7 
[46][47][4

8] 

Heat pipes 
Effectively transfers heat away from the 
source with minimal temperature difference. 

7 [46] 

PCM 
Absorb a large amount of heat with minimal 
temperature change. 

5 [46] 

Thermoelect
ric cooling 

Generally not the most efficient for large-scale 
heat dissipation due to its power 
consumption. 

3 [46] 

Hybrid 
cooling 

Can be designed to maximize heat dissipation 
effectiveness, adapting to various operational 
scenarios. 

8 [46] 

Table 10 presents the criterion consolidated priorities and normalized pairwise comparison 
matrix for heat dissipation as produced from the run in the AHP-OS with twenty-eight (28) 
comparisons, and CR of 0.7%.  

Table 10. Priority matrix for heat dissipation. 

 NC AFC LPC LAC HP PCM TEC HC 
NC 1.00 0.50 0.33 0.25 0.25 0.33 0.50 0.25 

AFC 2.00 1.00 0.50 0.50 0.50 1.00 1.00 0.50 
LPC 3.00 2.00 1.00 1.00 1.00 1.00 2.00 1.00 
LAC 4.00 2.00 1.00 1.00 1.00 1.00 2.00 1.00 
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HP 4.00 2.00 1.00 1.00 1.00 1.00 2.00 1.00 
PCM 3.00 1.00 1.00 1.00 1.00 1.00 2.00 1.00 
TEC 2.00 1.00 0.50 0.50 0.50 0.50 1.00 0.33 
HC 4.00 2.00 1.00 1.00 1.00 1.00 3.00 1.00 

Key: NC = Natural convection at 4.3% rank 8, AFC = Air-forced convection at 8.9% rank 6, LPC = 
Liquid passive cooling at 15.5% rank 4, LAC = Liquid active cooling at 16.1% rank 2, HP = Heat 

pipes at 16.1% rank 2. PCM = PCM cooling at 14.4% rank 5, TEC = Thermoelectric cooling at 7.7% 
rank 7, and HC = Hybrid cooling at 17.0% rank 1. (Appendix A3 results obtained by AHP-OS are 

shown). 

ii. Cost-effectiveness 
Natural convection is cost-effective for smaller BESS due to its passive design, low energy usage, 

and minimal [49] maintenance. Air-forced convection is moderately cost-effective [50] for medium to 
large-scale BESS, but requires additional equipment like fans or blowers [49]. Liquid passive cooling 
is suitable for medium to large-scale BESS, balancing efficiency and cost-effectiveness, while liquid 
active cooling, though effective for larger-scale BESS with high heat dissipation requirements, has 
higher upfront costs [48]. Heat pipes provide an economical solution for medium to large-scale BESS, 
offering low costs, passive operation, and minimal maintenance. PCM is cost-effective across all BESS 
scales, with easy installation, low energy consumption, and liĴle maintenance. Thermoelectric 
cooling is less economical due to additional components, higher energy consumption, and complex 
installations [51]. The cost-effectiveness of hybrid cooling depends on the combination [52] of 
techniques used, with optimization involving tailoring the combination to meet specific BESS 
requirements. Table 11 presents the TMS performance outcome for cost-effectiveness which was 
applied in AHP-OS. 

Table 11. TMS weights outcome in cost-effectiveness. 

TMS Weight AHS Scale References 

Natural 

convection 

Highly cost-effective due to minimal components and 

maintenance needs. 
9 [49] 

Air forced 

convection 

Moderate cost due to the need for fans/blowers and 

potential for higher operational energy costs. 
5 [49] 

Liquid passive 

cooling 

High initial setup costs due to plumbing and coolant; 

but low operational costs.  
7 [53] [54] 

Liquid active 

cooling 

High initial and operational costs due to the use of 

pumps and maintenance. 
3 [48] 

Heat pipes 
Moderate to high cost-effectiveness. Initial costs can be 

offset by low maintenance and high efficiency. 
5 [55] 

PCM 
High initial costs for PCM materials can be balanced by 

low operational costs, given their passive nature. 
7 [56] 

Thermoelectric 

cooling 

It is the least cost-effective due to high energy 

consumption and the costs of thermoelectric materials. 
1 [51] 

Hybrid 

cooling 

Depends on the specific combination of TMSs used. 

They are designed to optimize performance while 

being mindful of costs. 

7 [52] 

Table 12 shows the criterion consolidated priorities as well as normalized pairwise comparison 
matrix for cost-effectiveness from AHP-OS with twenty-eight (28) comparisons, and a CR of 1.1%. 
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Table 12. Priority matrix for cost-effectiveness. 

 NC AFC LPC LAC HP PCM TEC HC 
NC 1.00 2.00 1.00 3.00 2.00 1.00 9.00 1.00 

AFC 0.50 1.00 1.00 2.00 1.00 1.00 5.00 1.00 
LPC 1.00 1.00 1.00 2.00 1.00 1.00 7.00 1.00 
LAC 0.33 0.50 0.50 1.00 0.50 0.50 3.00 0.50 
HP 0.50 1.00 1.00 2.00 1.00 1.00 5.00 1.00 

PCM 1.00 1.00 1.00 2.00 1.00 1.00 7.00 1.00 
TEC 0.11 0.20 0.14 0.33 0.20 0.14 1.00 0.14 
HC 1.00 1.00 1.00 2.00 1.00 1.00 7.00 1.00 

Key: NC = Natural convection at 19.6% rank 1, AFC = Air-forced convection at 13.2% rank 5, LPC = 
Liquid passive cooling at 14.9% rank 5, LAC = Liquid active cooling at 6.9 % rank 7, HP = Heat pipes 
at 13.2% rank 5, PCM = PCM cooling at 14.9% rank 2, TEC = Thermoelectric cooling at 2.3% rank 8, 

HC = Hybrid cooling at 14.9% rank 2. (Appendix A3 results obtained by AHP-OS are shown). 

iii. Response to dynamic loads 
Natural convection, while inexpensive and appropriate for smaller BESSs, may have trouble 

responding [57] to abrupt changes in load because it depends on natural airflow, according to TMSs 
for BESS VPPs. When combined with fans or blowers, air-forced convection provides superior 
reactivity for medium- to large-scale BESSs experiencing recurrent load variations. [57]. While liquid 
active cooling is appropriate for big load fluctuations due to its pump-driven [58][59] cooling loop, 
liquid passive cooling responds poorly [58] but can manage tiny load changes. Heat pipes work well 
with both small and large-scale BESSs because of their remarkable responsiveness. At greater 
discharge rates [57], pure PCM is less effective due to its modest response. Excellent responsiveness 
is a feature of thermoelectric cooling [60], which makes it appropriate for specialized BESS 
applications that need accurate temperature control. The reactivity of hybrid cooling varies 
depending on which strategies are combined, but its adaptability allows it to be employed in a variety 
of load scenarios [61]. Table 13 presents the TMS performance outcome for response to dynamic loads 
which was applied in AHP-OS and the results.  

Table 13. TMS weights outcome in response to dynamic loads. 

TMS Weight AHS Scale References 

Natural 

convection 

Slower to respond to sudden changes in thermal 

loads due to its passive nature. 
2 [57][60] 

Air forced 

convection 

Better than natural convection due to forced air 

movement, but limited by air's thermal 

properties. 

4 [57] 

Liquid passive 

cooling 

More responsive than air due to the higher 

thermal conductivity and heat capacity of 

liquids. 

5 [59][58] 

Liquid active 

cooling 

Very responsive due to active circulation, 

allowing quick adjustment to changing thermal 

loads. 

7 [58][59] 

Heat pipes 

Highly responsive due to their efficient heat 

transfer capabilities, quickly moving heat away 

from hot spots. 

7 [57] 
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PCM 

Can absorb a lot of heat quickly during phase 

change but might struggle once the material is 

fully melted or solidified. 

5 [58] 

Thermoelectric 

cooling 

Can be very responsive as it allows for rapid 

adjustments in cooling power. Its effectiveness is 

dependent on the power supply and is energy-

intensive. 

6 [60] 

Hybrid 

cooling 

It can be highly effective if configured to 

leverage the strengths of each component 

system. 

8 [62] 

Likewise, the AHS-OS was able to generate 28 pairwise comparisons, for response to dynamic 
loads metric using the consolidated priorities and normalized pairwise comparison matrix as shown 
in Table 14 with a CR of 0.8%. 

Table 14. Priority matrix for response to dynamic loads. 

 NC AFC LPC LAC HP PCM TEC HC 
NC 1.00 0.50 0.33 0.25 0.25 0.33 0.33 0.25 
AFC 2.00 1.00 1.00 0.50 0.50 1.00 0.50 0.50 
LPC 3.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
LAC 4.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 
HP 4.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 

PCM 3.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
TEC 3.00 2.00 1.00 1.00 1.00 1.00 1.00 1.00 
HC 4.00 2.00 1.00 1.00 1.00 2.00 1.00 1.00 

Key: NC = Natural convection at 4.2% rank 8, AFC = Air-forced convection at 9.2% rank 7, LPC = 
Liquid passive cooling at 13.4% rank 5, LAC = Liquid active cooling at 15.1% rank 2, HP = Heat 

pipes at 15.1% rank 2, PCM = PCM at 13.4% rank 5, TEC = Thermoelectric cooling at 14.6% rank 4, 
and HC = Hybrid cooling at 15.1% rank 1. (Appendix A3 results obtained by AHP-OS are shown). 

iv. Safety and environment  
While air-forced convection can be risky if fans or blowers break, resulting in overheating, 

thermal runaway, and fire, together with electronic garbage, it also adds to noise pollution [63]. 
Natural convection is safe and environmentally beneficial [64]. The type of coolant used in liquid 
passive cooling can affect system safety as well as the environment [65]. Because there is a risk of 
fluid leaks and pump failures, liquid active cooling calls for increasingly stringent safety measures. 
Except for leaks, heat pipes are secure and eco-friendly [66]. Though they can break down and 
become pollutants over time [54], PCM is environmentally benign and harmless. Owing to their 
higher energy consumption and potential for overheating, thermoelectric cooling systems need to be 
handled and designed carefully. Hybrid cooling systems' effects on the environment and safety are 
dependent upon the combination of approaches employed [46]. Hybrid cooling maximizes 
temperature control and consistency in baĴery packs by combining the benefits of liquid and air 
cooling. In addition to improving baĴery performance and safety, this lessens the negative 
environmental effects of utilizing toxic coolants or using excessive amounts of energy. Table 15 
presents the TMS performance outcome for safety and environment which was applied in AHP-OS 
and the results displayed. 

Table 15. TMS weights outcome in safety and environment. 
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TMS Weight 
AHS 

Scale 
References 

Natural 

convection 

High safety due to its simplicity and no moving 

parts; environmentally friendly due to passive 

operation. 

8 [64] 

Air forced 

convection 

Safe, but fans and electrical components add 

complexity; energy use for fans impacts its 

environmental score. 

6 [63] 

Liquid passive 

cooling 

Safe if leak-proof systems are used; coolant choice 

impacts environmental friendliness. 
5 [65] 

Liquid active 

cooling 

Requires careful design to prevent leaks; the 

environmental impact depends on the coolant and 

energy use of pumps. 

4 [67] 

Heat pipes 
Very safe due to sealed operation; environmentally 

friendly with correct material choice. 
7 [66] 

PCM 

Safe and environmentally friendly due to passive 

operation; choice of PCM material determines 

environmental impact. 

7 [61][54] 

Thermoelectric 

cooling 

Safety is generally high; however, the 

environmental impact of power consumption for 

cooling can be significant. 

4 [68] 

Hybrid cooling 

Safety and environmental impact depends on the 

combination of systems used but designed for high 

safety and lower environmental impact. 

7 [69] 

Table 16 presents the consolidated priorities and normalized pairwise matrix for safety and 
environment as produced from the run in the AHP-OS with twenty-eight (28) comparisons, and CR 
of 0.8%. 

Table 16. Priority matrix for safety and environment. 

 NC AFC LPC LAC HP PCM TEC HC 
NC 1.00 1.00 1.00 2.00 1.00 1.00 2.00 1.00 

AFC 1.00 1.00 1.00 2.00 1.00 1.00 2.00 1.00 
LPC 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
LAC 0.50 0.50 1.00 1.00 0.50 0.50 1.00 0.50 
HP 1.00 1.00 1.00 2.00 1.00 1.00 2.00 1.00 

PCM 1.00 1.00 1.00 2.00 1.00 1.00 2.00 1.00 
TEC 0.50 0.50 1.00 1.00 0.50 0.50 1.00 0.50 
HC 1.00 1.00 1.00 2.00 1.00 1.00 2.00 1.00 

Key: NC = Natural convection at 14.3% rank 1, AFC = Air-forced convection at 14.3% rank 1, LPC = 
Liquid passive cooling at 12.4% rank 6, LAC = Liquid active cooling at 7.9% rank 7, HP = Heat pipes 
at 14.3% rank 1, PCM = PCM cooling 14.3% rank 1, TEC = Thermoelectric cooling at 7.9% rank 7, and 

HC = Hybrid cooling at 14.3% rank 1. (Appendix A3 results obtained by AHP-OS are shown). 

4. Results and Discussion 
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The comparative review of TMS for BESS highlights the critical importance of effectively 
managing heat dissipation, especially in dynamic operating conditions typical of VPPs.  

Table 17 presents the overall score for each TMS across the four metrics as processed by AHP-
OS. To visualize the relationship between the different TMS and the four metrics, a bar chart was 
generated by AHP-OS as shown in Figure 11. 

Table 17. TMS decision hierarchy across levels 1 and 2. 

Level 0 Level 1 Priority NC AFC LPC LAC HP PCM TEC HC 

D
et

er
m

in
in

g 
th

e 
be

st
 T

M
S 

fo
r B

ES
S 

in
 V

PP
s 

Heat dissipation 0.366 0.043 0.089 0.155 0.161 0.161 0.144 0.077 0.170 
Cost-

effectiveness 
0.124 0.132 0.149 0.069 0.132 0.149 0.023 0.049 0.149 

Response to 
dynamic loads 

0.278 0.042 0.092 0.134 0.151 0.151 0.134 0.146 0.151 

Safety & 
environment 

0.233 0.143 0.143 0.124 0.079 0.143 0.143 0.079 0.143 

Consolidated weights of alternatives (%) 8.5 10.8 14.1 12.8 15.0 14.2 9.0 15..6 
Key: NC = Natural convection, AFC = Air-forced convection, LPC = Liquid passive cooling, LAC = 
Liquid active cooling, HP = Heat pipes, TEC = Thermoelectric cooling, and HC = Hybrid cooling. 

(Appendix A4 shows results obtained by AHP-OS). 

Heat dissipation efficiency emerged as the top priority TMS metric at 36.6%, followed by 
response to dynamic loads at 27.8%, safety, and environment at 23.3%, and cost-effectiveness at 
12.4%. 

 
Figure 10. TMS score across the metrics graph. 

Hybrid cooling has the highest overall score and the lowest standard deviation, which means it 
is the most similar to the ideal TMS and has the most balanced performance across all metrics. 
Thermoelectric cooling has the lowest overall score and the highest standard deviation, which means 
it is the least similar to the ideal TMS and has the most variable performance across the metrics.  

Heat pipes and liquid active cooling are leading with scores of 16.1%, showcasing their superior 
capability in heat dissipation. On the contrary, natural convection and thermoelectric cooling are at 
the lower end, scoring 4.3% and 7.7%, respectively, indicating lesser effectiveness in heat 
management. Natural convection emerges as the most economical option at 19.6%, followed by liquid 
passive and PCM at 14.9% while thermoelectric cooling trails with the least cost-effectiveness at 2.3%. 
Liquid active cooling, heat pipes, and hybrid cooling stand out with a 15.1% score, reflecting their 
adaptability to dynamic operational demands while natural convection and air-forced convection are 
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less responsive, with scores of 4.2% and 9.2%, respectively. Heat pipes, natural convection, and PCM 
all score highly at 14.3%, underscoring their safety and minimal environmental impact while liquid 
active cooling and thermoelectric cooling have the lowest scores 7.9%, suggesting concerns in these 
areas. 

Thermoelectric has low scores for all metrics except for response to dynamic loads, which means 
it is poor at removing heat, costly, and unsafe, but it is fast to react to changing conditions.  

Effective combinations within the hybrid cooling system include: 
i. Heat pipes + PCM: This combination yields an average effectiveness score of 14.60%. Heat pipes 

are renowned for their ability to conduct heat efficiently away from heat sources with minimal 
temperature differences, making them excellent for rapid heat transfer. When combined with 
PCM, which absorbs and releases thermal energy during phase changes, this hybrid system can 
offer continuous thermal regulation. This is especially advantageous during peak load 
conditions where the BESS experiences significant thermal stress. The PCM component provides 
a buffer that absorbs excess heat, thereby preventing overheating and enhancing the system's 
response to thermal fluctuations.  

ii. Heat pipes + liquid passive cooling: With an average effectiveness score of 14.55%, this 
combination capitalizes on the efficient heat transfer capabilities of heat pipes and the consistent 
cooling offered by liquid passive systems. Liquid passive cooling utilizes a coolant to transfer 
heat away from the baĴery cells, operating on the principle of natural convection without the 
need for mechanical pumps. This method is inherently reliable and requires minimal 
maintenance. Coupled with heat pipes, it ensures that heat is not only quickly removed from hot 
spots but also evenly dissipated across the BESS, maintaining an optimal operational 
temperature range. 
Balancing performance and cost is crucial, requiring tailored solutions for different applications 

and load profiles. Sensitivity analysis confirms the robustness of the decision-making process [70], 
aiding in the identification of key factors driving TMS selection. The findings have significant 
implications for BESS design and operation in VPPs, guiding stakeholders in maximizing reliability, 
efficiency, and sustainability. By considering multiple criteria and conducting sensitivity analysis, 
stakeholders can optimize TMS selection to enhance overall BESS performance while minimizing 
costs and environmental impacts. Ultimately, the study provides a structured approach to TMS 
decision-making, offering valuable insights for stakeholders seeking to deploy BESS effectively 
within VPPs. 

5. Conclusions 
This comparative review has identified hybrid cooling systems as the most effective approach 

for managing the thermal environment of BESS in VPPs. Specifically, the combinations of heat pipes 
with PCMs and liquid passive cooling have shown outstanding performance. Heat pipes paired with 
PCMs prove especially robust in environments with fluctuating thermal loads, offering stable thermal 
regulation and preventing overheating. In contrast, the integration of heat pipes and liquid passive 
cooling provides consistent and efficient cooling under varied operational conditions. These hybrid 
systems not only optimize thermal management but also enhance the safety, longevity, and 
performance of BESS, thereby supporting the stability and efficiency of VPPs. Future studies are 
encouraged to explore and refine these combinations, with a focus on discovering new materials and 
optimizing configurations to advance BESS thermal management solutions further. This research 
directs stakeholders towards implementing more reliable and efficient energy storage systems within 
VPPs, crucial for advancing grid stability and renewable energy integration. 
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Appendix 

 
Figure A1. Python mathematical software code for exact Eigenvector determination. 
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Figure A2. AHP – OS results for TMS metrics. 
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Figure A3. AHP – OS TMS results in every TMS metric. 
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Figure A4. AHP – OS consolidated results for TMS metrics and TMSs. 
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