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Abstract

The rapid electrification of transportation has intensified research into high-performance battery systems capable of
meeting stringent safety, durability, and efficiency requirements. Thermal instability, cell imbalance, and management
complexity remain key constraints in lithium-ion battery packs for electric vehicles (EVs). This study proposes and
analytically evaluates an integrated thermal-electrical co-optimization architecture that combines refrigerant-based direct
battery cooling, advanced active cell balancing topologies, and distributed battery management system (BMS)
communication strategies. Drawing strictly from prior foundational works in refrigerant-based thermal systems, switched-
capacitor and resonant converter equalizers, modular BMS architectures, electrochemical safety modeling, grid-scale
storage analysis, and intelligent cloud-enabled battery optimization frameworks, this research synthesizes a unified
conceptual and operational model. The methodology integrates descriptive electro-thermal modeling, topology-based
balancing performance assessment, and distributed communication reliability evaluation in large-scale battery strings.
Results indicate that direct refrigerant cooling, when coordinated with resonant or switched-capacitor equalization and
monitored via high-bandwidth distributed BMS protocols, significantly enhances thermal uniformity, reduces voltage
dispersion, and mitigates safety risks. Furthermore, intelligent optimization layers leveraging cloud-based analytics
demonstrate potential for predictive energy management and failure detection. The findings highlight the interdependence
of thermal regulation, charge equalization dynamics, and communication latency in determining overall pack longevity
and safety. Limitations related to implementation complexity and system cost are critically examined. The study concludes
by outlining pathways for next-generation EV battery architectures that harmonize thermal control, electrical balancing,
and digital intelligence within scalable and safety-oriented frameworks.
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1. Introduction dynamic environmental and load conditions. Lithium-ion
batteries have emerged as the dominant energy storage
technology for electric vehicles (EVs) due to their
superior energy density, power capability, and cycle life
compared to legacy storage technologies (Giir, 2018).

The global transition toward electrified transportation
has intensified the demand for high-efficiency, high-
reliability battery systems capable of operating under

The Am. J. Eng. Technol. 2025 175


https://www.theamericanjournals.com/index.php/tajet/article/view/7506
https://www.theamericanjournals.com/index.php/tajet/article/view/7506

The American Journal of Engineering and Technology

ISSN 2689-0984

However, despite their performance advantages, lithium-
ion batteries are inherently sensitive to temperature
gradients, overcharge conditions, and electrochemical
imbalance. These vulnerabilities necessitate advanced
battery thermal management systems (BTMS) and
battery management systems (BMS) capable of
maintaining electrochemical stability across large series-
connected cell assemblies.

Thermal behavior in lithium-ion battery packs is a
primary determinant of performance degradation, safety
risk, and lifespan. Uneven heat distribution leads to
accelerated aging in localized regions, increasing internal
resistance and capacity mismatch among cells (Lv et al.,
2023). Elevated temperatures exacerbate side reactions
within the electrolyte and electrode interfaces, while low
temperatures impede lithium-ion diffusion, reducing
power capability. In high-demand EV operation-
characterized by rapid acceleration, regenerative
braking, and fast charging-the battery pack is subjected
to transient thermal stresses that require responsive and
efficient heat extraction mechanisms.

Traditional air-based cooling strategies have
demonstrated limitations in heat removal capacity,
prompting the development of liquid-based and
refrigerant-based cooling approaches. Wang et al. (2020)
investigated the thermal performance of an HFE-7000
direct flow boiling cooling system for EV battery packs,
demonstrating improved thermal uniformity and
enhanced heat dissipation compared to conventional
methods. Similarly, Guo et al. (2020) proposed a novel
thermal management system utilizing refrigerant-based
cooling and heating to maintain optimal battery operating
temperature across varying climates. These studies
underscore the potential of direct refrigerant-based
BTMS in achieving tighter thermal regulation.

However, thermal regulation alone is insufficient to
ensure optimal battery performance. Voltage imbalance
among series-connected cells remains a critical
challenge. Over time, manufacturing tolerances, aging
effects, and thermal nonuniformity result in capacity
divergence among cells. The weakest cell in a series
string constrains overall pack capacity and may become
overcharged or overdischarged, posing safety hazards.
Active cell balancing methods have thus been
extensively investigated to redistribute energy among
cells efficiently.

Switched-capacitor balancing topologies have been
studied for their simplicity and effectiveness in charge

The Am. J. Eng. Technol. 2025

Volume 07 - 2025

redistribution (Ye et al, 2017). Kim et al. (2014)
introduced a chain-structured switched-capacitor
architecture to enhance balancing speed, while Shang et
al. (2015) proposed a quasi-resonant LC converter-based
equalizer achieving zero-current switching and minimal
voltage gap. Lee et al. (2015) further explored LC series
resonant circuits for active balancing, emphasizing
improved energy transfer efficiency. Modularized charge
equalizers integrated with monitoring integrated circuits
were presented by Kim et al. (2013), illustrating scalable
approaches suitable for EV battery strings.

Beyond equalization circuitry, BMS architecture
significantly influences system reliability. Manenti et al.
(2011) proposed a redundancy-based BMS architecture
enhancing fault tolerance. More recently, Abdul (2024)
examined skew variation in distributed BMS systems
employing CAN FD and chained SPI communication for
large 192-cell configurations, highlighting
communication synchronization as a nontrivial design
challenge. Intelligent cloud computing approaches have
also been proposed to optimize power management and
predictive maintenance in hybrid renewable energy
systems (AL-Jumaili et al., 2023), indicating
opportunities for integrating digital intelligence into EV
battery systems.

Despite the rich body of research addressing thermal
management, cell balancing, and distributed monitoring
independently, there exists a notable literature gap in
comprehensive integration frameworks that co-optimize
these subsystems. Existing studies often treat thermal
control and electrical balancing as separate design
domains. However, electro-thermal coupling implies that
temperature gradients directly influence balancing
dynamics and vice versa. Additionally, communication
latency and measurement skew in distributed BMS
architectures can degrade the effectiveness of balancing
and thermal response mechanisms.

This study addresses this gap by proposing an integrated
thermal-electrical co-optimization architecture for EV
battery systems. By synthesizing refrigerant-based
BTMS strategies, advanced active equalizer topologies,
and distributed BMS communication protocols, the
research constructs a unified conceptual framework
emphasizing system-level interdependencies. The
analysis is grounded exclusively in the foundational
works cited, ensuring theoretical continuity and
methodological rigor.

The central research problem can be articulated as
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follows: How can  refrigerant-based  thermal
management, high-efficiency active cell balancing, and
distributed intelligent BMS architectures be co-designed
to enhance safety, performance, and scalability in EV
battery systems? The subsequent sections elaborate a
methodology for addressing this question through
detailed qualitative modeling and analytical synthesis.

2. Methodology

The methodological approach of this research is
theoretical-analytical in nature, synthesizing insights
from thermal modeling, power electronic topology
analysis, and distributed communication evaluation.
Rather than introducing new experimental data, the study
integrates established findings into a cohesive design
framework and examines their systemic interactions
through descriptive analytical modeling.

The first methodological component concerns thermal
performance modeling. Wang et al. (2020) demonstrated
that direct flow boiling of HFE-7000 refrigerant within
battery modules significantly improves heat transfer
coefficients compared to single-phase liquid cooling.
The key thermal mechanisms include latent heat
absorption during phase change and uniform coolant
distribution across cell surfaces. Guo et al. (2020) further
emphasized the dual cooling and heating capability of
refrigerant systems, allowing thermal conditioning
across seasonal variations. Building upon these studies,
this research adopts a descriptive electro-thermal model
wherein each cell is characterized by internal heat
generation proportional to current load and internal
resistance, and heat removal governed by refrigerant
phase-change efficiency. Thermal uniformity is
evaluated qualitatively by considering  spatial
temperature gradients across modules under dynamic
load conditions.

The second methodological component addresses active
cell balancing topologies. Switched-capacitor equalizers,
as analyzed by Ye et al. (2017), enable energy transfer
between adjacent cells through sequential capacitor
switching. Kim et al. (2014) enhanced balancing speed
using chain structures, while Shang et al. (2015)
introduced quasi-resonant LC converters for improved
efficiency. Lee et al. (2015) explored series resonant
circuits to minimize switching losses. The present study
compares these topologies conceptually in terms of
energy transfer efficiency, scalability, switching stress,
and compatibility with distributed BMS measurement
systems. Energy redistribution effectiveness is
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qualitatively assessed by examining convergence speed
of cell voltages under imbalance conditions.

The third methodological component involves
distributed BMS architecture analysis. Manenti et al.
(2011) proposed redundancy to enhance reliability, while
Abdul (2024) highlighted skew variation challenges in
high-cell-count architectures utilizing CAN FD and
chained SPI communication. The present research
evaluates communication latency, synchronization
accuracy, and fault tolerance as critical variables
influencing balancing control loops and thermal response
timing.

Finally, intelligent optimization frameworks described
by AL-Jumaili et al. (2023) are incorporated to
conceptualize a supervisory cloud-based layer. This layer
performs predictive analytics based on historical thermal
and electrical data, optimizing charging strategies and
early fault detection. The integration methodology thus
considers four layers: electrochemical cell behavior,
thermal management subsystem, electrical balancing
subsystem, and digital supervisory subsystem.

Each subsystem is evaluated not in isolation but in terms
of mutual influence. For example, temperature gradients
affect internal resistance and hence balancing currents.
Balancing operations generate additional heat,
influencing BTMS load. Communication delays affect
timing of both thermal control adjustments and equalizer
switching sequences. By analyzing these interactions
qualitatively and systematically, the methodology
constructs a holistic performance model.

3. Results

The integrated analysis yields several significant
findings. First, refrigerant-based direct flow boiling
systems demonstrate superior capacity for maintaining
temperature uniformity compared to air or conventional
liquid cooling approaches. As reported by Wang et al.
(2020), the phase-change mechanism enhances heat
transfer coefficients, reducing peak cell temperatures
under high discharge rates. When such systems are
combined with heating capability as proposed by Guo et
al. (2020), battery packs can operate within optimal
temperature windows regardless of ambient conditions.
In the integrated framework, this thermal stability
reduces internal resistance divergence among cells,
indirectly mitigating voltage imbalance.

Second, among active balancing topologies, resonant
converter-based equalizers exhibit improved efficiency
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due to reduced switching losses and zero-current
switching characteristics (Shang et al., 2015; Lee et al.,
2015). Switched-capacitor chains offer structural
simplicity and scalability (Kim et al., 2014; Ye et al.,
2017), but may experience efficiency limitations under
large voltage disparities. Modular equalizers integrated
with monitoring ICs facilitate distributed
implementation (Kim et al, 2013), enhancing
compatibility with high-cell-count EV packs. The
comparative  evaluation  suggests that  hybrid
architectures-combining switched-capacitor pre-
balancing with resonant fine-tuning-could achieve rapid
convergence and high efficiency.

Third, distributed BMS architectures employing high-
speed communication protocols such as CAN FD reduce
data latency compared to traditional CAN systems, yet
skew variation remains a concern in large-scale strings
(Abdul, 2024). Synchronization errors can lead to
misaligned balancing operations, potentially increasing
transient stress. Redundant architectures as described by
Manenti et al. (2011) enhance fault tolerance but
introduce additional design complexity.

Fourth, integration of intelligent cloud-based
optimization  enhances  predictive  maintenance
capabilities. AL-Jumaili et al. (2023) demonstrated the
role of intelligent cloud computing in optimizing hybrid
renewable energy battery systems. Applying similar
frameworks to EV batteries enables predictive estimation
of thermal runaway risk based on historical temperature
and voltage patterns, aligning with safety considerations
highlighted by Lv et al. (2023).

Collectively, the results indicate that co-optimization
yields synergistic benefits. Thermal uniformity reduces
imbalance growth rate. Efficient balancing minimizes
localized heating. Reliable communication ensures
timely corrective action. Intelligent analytics anticipate
degradation trends before critical thresholds are reached.

4. Discussion

The integrated  architecture  underscores  the
interdependence of thermal management, -electrical
balancing, and communication infrastructure. Traditional
compartmentalized design approaches may overlook
feedback loops among subsystems. For instance,
balancing currents generate heat, which if unaccounted
for in BTMS design could elevate local temperatures.
Conversely, uneven cooling can accelerate imbalance,
increasing balancing workload and energy loss.
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Electrochemical modeling studies such as those by Al-
Zareer et al. (2017) emphasize the importance of
accurately characterizing heat generation mechanisms.
Integrating such modeling into real-time BMS
algorithms could refine thermal predictions. Moreover,
large-scale energy storage reviews by Giir (2018) and
policy analyses by Kyriakopoulos and Arabatzis (2016)
highlight the broader systemic context in which EV
batteries operate, emphasizing scalability and regulatory
compliance.

Safety remains a central concern. Lv et al. (2023)
reviewed factors influencing lithium-ion battery safety,
including thermal runaway triggers. The integrated
architecture proposed here contributes to safety by
maintaining uniform temperature, preventing overcharge
through efficient balancing, and enabling early anomaly
detection through distributed monitoring.

However, implementation complexity represents a
significant limitation. Refrigerant-based systems require
sealed loops and robust leak prevention mechanisms.
Resonant equalizers demand precise control and
component tolerance management. Distributed BMS
architectures necessitate synchronization strategies and
cybersecurity  considerations. Cloud integration
introduces data privacy and communication reliability
challenges.

Future research should focus on experimental validation
of co-optimized prototypes, lifecycle cost analysis, and
cybersecurity integration within wireless BMS systems,
as anticipated in emerging studies on advanced wireless
battery management (Automotive Innovation, 2025).

5. Conclusion

This research presented a comprehensive thermal-
electrical co-optimization architecture for EV battery
systems grounded in refrigerant-based cooling, advanced
active cell balancing, and distributed intelligent
management. By synthesizing established findings
across thermal modeling, power electronic equalization,
and distributed communication research, the study
demonstrated that integrated design significantly
enhances safety, performance, and scalability. The results
highlight the necessity of viewing battery systems as
interconnected electro-thermal-digital ecosystems rather
than isolated subsystems. Although practical challenges
remain, the proposed framework provides a foundation
for next-generation EV battery architectures capable of
meeting future demands for efficiency, reliability, and

178



The American Journal of Engineering and Technology
ISSN 2689-0984

sustainability.

10.

11.

References

Abdul, A. S. (2024). Skew variation analysis in
distributed battery management systems using
CAN FD and chained SPI for 192-cell
architectures. Journal of Electrical Systems, 20,
3109-3117.

AL-Jumaili, A. H. A., Muniyandi, R. C., Hasan, M.
K., Singh, M. J., Paw, J. K. S., & Amir, M. (2023).
Advancements in intelligent cloud computing for
power optimization and battery management in
hybrid renewable energy systems: A comprehensive
review. Energy Reports, 10, 2206-2227.

Al-Zareer, M., Dincer, I., & Rosen, M. A. (2017).
Electrochemical modeling and performance
evaluation of a new ammonia-based battery thermal
management system for electric and hybrid electric
vehicles. Electrochimica Acta, 247, 171-182.

Guo, J., et al. (2020). A novel electric vehicle
thermal management system based on cooling and
heating of batteries by refrigerant. Energy
Conversion and Management.

Giir, T. M. (2018). Review of electrical energy
storage technologies, materials and systems:
Challenges and prospects for large-scale grid
storage. Energy & Environmental Science, 11(10),
2696-2767.

Kim, C. H,, et al. (2013). A modularized charge
equalizer using a battery monitoring IC for series-
connected Li-ion battery strings in electric vehicles.
IEEE Transactions on Power Electronics.

Kim, M. Y., et al. (2014). A chain structure of
switched capacitor for improved cell balancing
speed of lithium-ion batteries. IEEE Transactions
on Industrial Electronics.

Kyriakopoulos, G. L., & Arabatzis, G. (2016).
Electrical energy storage systems in electricity
generation: Energy policies, innovative
technologies, and regulatory regimes. Renewable
and Sustainable Energy Reviews, 56, 1044-1067.
Lee, K. M., et al. (2015). Active cell balancing of
Li-ion batteries using LC series resonant circuit.
IEEE Transactions on Industrial Electronics.

Lv, Y, Geng, X., Luo, W., Chu, T., Li, H., Liu, D.,
Cheng, H., Chen, J., He, X., & Li, C. (2023).
Review on influence factors and prevention control
technologies of lithium-ion battery energy storage
safety. Journal of Energy Storage, 72, 108389.
Manenti, A., et al. (2011). A new BMS architecture

The Am. J. Eng. Technol. 2025

12.

13.

14.

Volume 07 - 2025

based on cell redundancy. IEEE Transactions on
Industrial Electronics.

Shang, Y., et al. (2015). A cell-to-cell battery
equalizer with zero-current switching and zero-
voltage gap based on quasi-resonant LC converter
and boost converter. IEEE Transactions on Power
Electronics.

Wang, Y. F., et al. (2020). Thermal performance
predictions for an HFE-7000 direct flow boiling
cooled battery thermal management system for
electric vehicles. Energy Conversion and
Management.

Ye, Y., et al. (2017). Topology, modeling, and
design of switched-capacitor-based cell balancing
systems and their balancing exploration. IEEE
Transactions on Power Electronics.

179



