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Abstract: The repurposing of electric vehicle batteries for stationary solar energy storage represents a
sustainable pathway to extend battery life while supporting renewable energy integration. This study
investigates the thermal behaviour of a second-life lithium-ion battery module intended for photovoltaic
energy storage applications. A three-dimensional numerical model combined with computational fluid
dynamics simulations was developed to analyse temperature distribution, heat generation, and thermal
uniformity under representative operating scenarios. Several thermal management configurations were
evaluated to determine their effectiveness in maintaining safe operating temperatures. The results indicate
that appropriate thermal control strategies substantially improve temperature uniformity and reduce thermal

gradients.
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1. INTRODUCTION

The rapid expansion of photovoltaic (PV) energy
systems has intensified the need for reliable stationary
energy storage solutions capable of mitigating renewable
intermittency. Solar energy production is inherently
variable, driven by diurnal cycles, meteorological
conditions, and seasonal fluctuations. Consequently, the
integration of energy storage systems (ESS) is essential to
ensure grid stability, enhance self-consumption, and
improve overall energy autonomy. Among the available
storage technologies, lithium-ion batteries have emerged
as the dominant solution due to their high energy density,
favourable cycle life, and mature manufacturing
ecosystem. Simultaneously, the accelerated adoption of
electric vehicles (EVs) has generated a growing stream of
lithium-ion battery packs reaching end-of-vehicle-life
conditions while still retaining 70-80% of their original
capacity.

These second-life batteries represent a strategic
opportunity within the framework of circular economy
principles, offering extended service life in less
demanding stationary applications. Reusing EV batteries
in photovoltaic storage systems reduces material demand,
mitigates environmental impact, and improves lifecycle
sustainability metrics [1].

Akkus et al. [2] provide a comprehensive review of
battery thermal management systems (BTMS) for lithium-
ion batteries used in electric vehicles, emphasizing the
critical role of temperature control in ensuring safety,
performance, and cycle life. The authors analyse air
cooling, liquid cooling, heat pipe-based systems, and
phase change material (PCM)-based approaches,
comparing their effectiveness in terms of maximum
temperature reduction and temperature uniformity. The
study highlights that lithium-ion batteries operate
optimally between 20 °C and 40 °C, with inter-cell
temperature differences ideally below 5 °C to prevent
accelerated degradation and thermal runaway. While air
cooling offers simplicity and low cost, liquid and heat pipe

systems provide superior heat dissipation. Hybrid
configurations integrating heat pipes or PCMs
demonstrate enhanced thermal uniformity and efficiency.
The review concludes that advanced hybrid BTMS
represent the most promising direction for high-energy-
density electric vehicle battery applications.

Khan et al. [3] present a comprehensive review of
recent advancements in battery energy storage systems
(BESS), with a particular focus on thermal challenges
associated with fast charging and discharging operations.
The authors emphasize the strategic importance of
lithium-ion-based BESS for renewable energy integration,
grid stabilization, and large-scale stationary applications,
noting their rapid global deployment. However, elevated
C-rates significantly increase heat generation, temperature
gradients, and degradation phenomena, thereby
compromising safety and lifespan. To mitigate these
effects, the review systematically categorizes battery
thermal management systems (BTMS) into liquid-based,
phase change material (PCM)-based, refrigerant-based,
and emerging technologies such as supercritical CO2 and
machine-learning-assisted  optimization. The main
conclusion is that conventional cooling approaches are
insufficient for high-power BESS applications, and hybrid
or ML-optimized BTMS are required to ensure thermal
uniformity, prevent thermal runaway, and enhance long-
term operational reliability, particularly in large-scale
renewable energy storage deployments.

Christen et al. [4] propose a modular, containerized
battery energy storage system (BESS) based on complete
second-life electric vehicle (EV) battery packs, addressing
both electrical integration and thermal safety challenges.
The study highlights that EV batteries retired at a state of
health (SoH) below 80% retain sufficient capacity for
stationary applications, supporting circular economy
objectives and renewable energy integration. A key
contribution is the use of galvanically isolated dual active
bridge (DAB) DC/DC converters for each battery unit,
enabling bidirectional power flow, modular scalability,
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and safe parallel operation of heterogeneous battery packs
with varying chemistries and voltage ranges (150-900 V).

The optimized converter achieved efficiencies above
98%, ensuring minimal additional losses. Regarding
battery thermal management systems (BTMS), forced-air
cooling with compartmentalized insulation and active
airflow control was implemented to maintain module base
temperatures below 30 °C, mitigating thermal stress and
aging. The authors conclude that modular power
electronics combined with dedicated thermal and fire
safety strategies are essential for reliable large-scale
second-life BESS deployment.

Heymans et al. [5] investigate the economic feasibility
of reusing second-life electric vehicle (EV) lithium-ion
batteries in residential battery energy storage systems
(BESS) for load levelling and peak shaving. Using a
MATLAB-based simulation of Canadian residential load
profiles and time-of-use electricity pricing, the authors
demonstrate that repurposed EV batteries (at ~80%
remaining capacity) can effectively shift 2-3 hours of
peak demand to off-peak periods. Although the
implementation of such BESS increases total household
electricity consumption due to round-trip efficiency losses
(~64%), it contributes to grid load smoothing and supports
smart grid objectives. However, under regulated
electricity pricing, annual cost savings remain modest, and
economic viability is marginal without policy incentives.

The study concludes that financial mechanisms—such
as reduced auxiliary fees or preferential off-peak tariffs—
are necessary to stimulate adoption. Beyond economics,
second-life BESS can enhance lifecycle material
efficiency and potentially reduce greenhouse gas
emissions, thereby strengthening the sustainability case
for EV battery reuse.

Rios-Fernandez et. al. [7] investigates an alternative
valorisation pathway for end-of-life LiMn2Oa lithium-ion
batteries by analysing their thermodynamic and energetic
behaviour under controlled renewable overvoltage
conditions. Instead of focusing on conventional battery
thermal management systems (BTMS) aimed at
mitigating heat, the authors intentionally induce heat
generation to evaluate the feasibility of using spent
batteries as renewable-powered thermal energy sources.
Through combined experimental testing and detailed
energy—exergy modelling, they quantify heat release,
entropy generation, exergy destruction, and maximum
reversible work for both new and aged cells under 5 V and
10 V overvoltage [6]. Results show that increasing voltage
significantly ~ amplifies  entropy  production and
irreversibility, while exergy efficiency remains low due to
dominant Joule heating and electrochemical side
reactions. Although large-scale practical reuse as thermal
generators is not recommended, the study concludes that
second-life batteries may contribute to waste heat
recovery strategies and circular energy models within
sustainable industrial systems.

Biskupski et.al. [1], evaluates the technical and
economic feasibility of reusing second-life battery electric
vehicle (BEV) traction batteries as residential battery
energy storage systems (BESS) integrated with
photovoltaic (PV) installations. The study compares a
commercial lithium-ion BESS (LFP chemistry) with two

generations of used 24 kWh BEV batteries (NMC-based),
analysing state of health (SOH), usable capacity,
degradation (=4% annually), and net present value (NPV)
under Polish electricity tariffs. Results indicate that not all
retired EV batteries are suitable for reuse: older
chemistries exhibited instability and overheating, whereas
newer Type B batteries delivered stable performance
comparable to commercial BESS units. Economically,
second-life BEV batteries offer significantly lower initial
investment (approximately three to four times cheaper per
kWh) and can achieve acceptable payback periods if
operated for at least 9 - 11 years. The study concludes that
properly selected second-life BEV batteries represent a
technically viable and economically competitive
alternative to commercial BESS, provided safety,
regulatory compliance, and appropriate  battery
management integration are ensured [8].

The reviewed literature demonstrates that second-life
lithium-ion batteries from electric vehicles can represent a
technically viable and economically attractive solution for
stationary BESS applications, provided that appropriate
battery management, safety strategies, and thermal
considerations are implemented. However, most existing
studies focus predominantly on techno-economic
feasibility, regulatory aspects, or system-level integration,
while detailed thermo-physical investigations at cell and
module level remain limited. In particular, the thermal
behaviour of prismatic lithium-ion cells widely used in
electric vehicles under stationary operating conditions
requires further clarification. Therefore, the present work
advances toward a humerical investigation of a prismatic
Li-ion cell pack, aiming to evaluate its thermal response
under representative photovoltaic storage scenarios [8].

2. MODELLING
METHODOLOGY

AND SIMULATION

2.1. Battery Module Description

The investigated system consists of a second-life
lithium-ion battery module based on nickel-manganese-
cobalt (NMC) chemistry, originally deployed in an
electric vehicle traction application. After wvehicular
retirement, the module retained approximately 75% state-
of-health (SOH), measured through capacity retention
tests.

The module consists of 12 prismatic cells arranged in
a 6S2P configuration. Cells are housed within an
aluminium casing, with polymeric separators and
electrical interconnects modelled as effective conductive
domains.

2.2. Computational
assessment
A representative three-dimensional view of the
computational domain, illustrating the spatial arrangement
of the twelve prismatic cells, is presented in Figure 1.
A rigorous scientific methodology was adopted, structured
around the three principal stages of numerical analysis:
preprocessing, solution processing, and postprocessing.
During the preprocessing phase, a detailed three-
dimensional model of a 6S2P lithium-ion battery module
with a nominal voltage of 22 V was developed. This

configuration for thermal

VOLUME 21 | ISSUE 1] JUNE 2026



Thermal Management Analysis of Second-Life Electric Vehicle Batteries Integrated into Photovoltaic Energy Storage

Systems

configuration is representative of low-voltage BESS
architecture and can be readily adapted for integration into
24 V or 48 V stationary storage systems.

Cell #10 Sel#12

Figure 1 6S2P Module without Active Cooling (CFG #1)

In Configuration 1 (Figure 1), the geometric layout of
the prismatic cells was explicitly defined, and simulations
were conducted under passive thermal conditions, without
any supplementary cooling mechanism. Each cell (100
mm x 40 mm x 150 mm) was assigned a uniform heat
generation rate of 40 W, corresponding to a moderate
operational loading scenario.

In Configuration 2 (Figure 2), the same geometric
model was retained, while forced convection was
introduced in the CFD environment through an inlet air
velocity of 1 m/s and a corresponding outlet boundary
condition.

~ Air OUT

Figure 2 6S2P Module with Forced Air Cooling (CFG #2).

Configuration 3 (Figure 3) incorporated a 5 mm inter-
cell spacing in both horizontal and vertical directions to
allow air circulation between adjacent cells and to assess
its influence on temperature distribution and thermal
uniformity within the module.

40 mm 5 mm
E ojjlojfjoj|jlojfjoje Ej
g =
At NG
4/ ojfjlojjojjojfjofeo \$Air OUT

Figure 3 6S2P Module with Inter-Cell Spacing and Forced
Airflow (CFG #3).

The computational domain was discretised using a
structured Cartesian mesh with localised refinement in
regions of primary thermal interest. The mesh was

designed to accurately represent both the solid battery
cells and the surrounding airflow domain while
maintaining numerical stability and computational
efficiency. Additional refinement was applied at the
battery module boundaries and at the fluid—solid
interfaces, where the highest temperature gradients are
expected.

The final mesh consists of 822,136 computational
cells, including 751,148 solid cells representing the
battery cells and structural components, and 70,988 fluid
cells corresponding to the surrounding air domain.
Additionally, 40,444 partial cells are present at the fluid—
solid interfaces to accurately capture complex geometrical
boundaries. As shown in Figure 4, mesh refinement
increases towards the battery module region, where a
denser grid is applied to capture heat generation and
temperature distribution within the cells. The outer
regions of the domain are discretised using a coarser mesh
to reduce computational cost while preserving solution
accuracy.

Refinement level []

Figure 4 CFD mesh distribution in the battery module domain.
3. RESULTS

All computations were carried out on a high-
performance workstation powered by an Intel® Xeon®
Gold 6134 CPU (3.20 GHz) and 128 GB RAM, ensuring
sufficient memory resources for transient CFD analysis.

The adopted numerical framework targeted the
transient thermo-fluid response of an air-cooled battery
module comprising twelve prismatic NMC cells. The
enclosure was represented as aluminium, reflecting typical
pack construction and its relatively high thermal
conductivity. The electrochemical cells were modelled as
an equivalent homogeneous medium using effective
module-scale properties (p = 2725 kg/m?, cp =960 J/kg K,
k = 3.35 W/m-K). Electrical transport phenomena were
excluded from the analysis.

The initial thermal state was set to 25 °C under
standard atmospheric pressure (101,325 Pa). Convective
cooling was imposed through a specified inlet air velocity,
while the outlet boundary was defined at ambient pressure.
Spatial discretization was performed using a three-
dimensional finite-volume approach, with enhanced
resolution in solid regions to capture conductive gradients
and adequate refinement in the fluid domain to resolve
coupled momentum and heat transfer effects.
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Figure 5 illustrates the temperature field obtained for
CFG #1 under passive cooling conditions, representing the
most unfavourable thermal scenario. The central cell
region reaches the highest temperature (approximately
25.6 °C), while heat is dissipated conductively toward the
aluminum enclosure, where lower temperatures are
observed.
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Figure 5 Configuration 1 — Passive Cooling Condition (CFG
#1).

Figure 6 presents the vertical cut plot illustrating the
temperature distribution within the fluid domain
surrounding the battery module under passive cooling
conditions (CFG #1). The results indicate the formation of
elevated temperature regions in the vicinity of the
prismatic cells due to the absence of forced airflow. Heat
accumulation is predominantly observed in the central
section of the module, while slightly lower temperatures
occur near the enclosure boundaries.
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Figure 6 Vertical cut plot of the fluid temperature distribution
for CFG #1.

Figure 7 presents the temperature distribution
corresponding to CFG #2, where forced convection was
introduced with an inlet air velocity of 1 m/s. Compared
to the passive case, the thermal field exhibits improved
heat removal near the airflow boundaries. The temperature
range remains relatively narrow, with maximum values
around 25.5 °C, indicating controlled thermal behaviour
under the imposed load. A slight asymmetry in the
temperature distribution is observed, consistent with the

direction of the airflow across the module. Overall, the
introduction of forced convection enhances thermal
uniformity and reduces localized temperature
accumulation within the cell assembly.
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Figure 7 Temperature Distribution under Forced Air Cooling
(CFG #2).

The temperature distribution within the fluid domain
surrounding the battery module under forced air-cooling
conditions (CFG #2) is illustrated in Figure 8. Compared
with the passive configuration presented in Figure 6, the
introduction of forced airflow enhances convective heat
transfer and facilitates more efficient removal of thermal
energy from the vicinity of the prismatic cells. Therefore,
the temperature field becomes more uniformly distributed
along the module length, while the peak temperatures in
the central region are slightly reduced.

The presence of forced convection promotes improved
heat dissipation along the frontal region of the battery
array, leading to a smoother temperature gradient inside
the enclosure. In contrast to the passive cooling case,
where heat accumulation was more pronounced, the
forced airflow contributes to a more balanced thermal
field within the air domain, indicating an improved
cooling performance of the battery module.
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Figure 8 Vertical cut plot of the fluid temperature
distribution for CFG #2.

Figure 9 illustrates the thermal field obtained for CFG
#3, where a 5 mm spacing was introduced between cells
in both horizontal and vertical directions to facilitate
airflow penetration. The presence of inter-cell gaps
promotes improved convective heat transfer within the
module core. The maximum temperature is slightly
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reduced (=25.3 °C) compared to the previous
configurations, indicating enhanced thermal management
efficiency. The temperature contours reveal a more
uniform distribution across individual cells, with reduced
thermal gradients between central and peripheral regions.
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Figure 9 Temperature Distribution with Inter-Cell Spacing
and Forced Air Cooling (CFG #3).

The temperature distribution within the fluid domain
for the third configuration is illustrated in Figure 10. This
configuration combines forced airflow with an increased
5 mm inter-cell spacing, which facilitates improved air
circulation between adjacent prismatic cells.

In comparison with the passive cooling configuration
(Figure 6), the thermal gradients within the enclosure are
noticeably reduced, and heat accumulation near the central
cells is significantly mitigated. Relative to the forced
airflow case without spacing (Figure 8), the introduction
of inter-cell spacing further enhances airflow penetration
between the cells, allowing more uniform cooling along
the battery array. Overall, the combined airflow—spacing
configuration demonstrates the most balanced temperature
distribution among the analysed cases, highlighting the
beneficial role of geometric spacing in improving the
thermal performance of the battery module.

Figure 10 Vertical cut plot of the fluid temperature distribution
for CFG #3.

To obtain a more detailed quantitative assessment
during the postprocessing stage, individual monitoring
goals were defined for each prismatic cell within the
module. These goals enabled the extraction of the
maximum temperature value for every cell under the three
investigated configurations (CFG 1, CFG 2, and CFG 3).

The resulting data were systematically centralized in
Table 1 and compared to evaluate thermal uniformity and
the influence of the applied cooling strategies.

The results indicate a consistent reduction in peak cell
temperature when transitioning from passive cooling
(CFG 1) to forced convection (CFG 2), and further to the
spaced configuration with enhanced airflow (CFG 3). In
CFG 1, most cells reached approximately 25.64 °C,
representing the highest thermal loading condition. The
introduction of forced air at 1 m/s in CFG 2 reduced
maximum temperatures to approximately 25.50 °C, while
the addition of 5 mm inter-cell spacing in CFG 3 further
decreased peak values to approximately 25.29 °C.
Although the absolute temperature differences appear
moderate under the imposed 40 W heat generation rate,
the trend clearly demonstrates improved thermal
dissipation and enhanced temperature uniformity across
the module. The centralization of these values confirms
that airflow management and geometric spacing
significantly contribute to reducing thermal gradients and
mitigating potential hotspot formation in low-voltage
BESS configurations.

Table 1
Maximum Cell Temperatures for Each Prismatic Cell
under CFG #1, CFG #2, and CFG #3
CFG 1 CFG 2 CFG 3
Cell #1 [°C] | 25.64 25.5 25.29
Cell #2 [°C] | 25.64 25.5 25.29
Cell #3 [°C] | 25.64 25.5 25.29
Cell #4 [°C] | 25.64 25.5 25.29
Cell #5 [°C] | 25.61 25.48 25.27
Cell #6 [°C] | 25.64 25.5 25.29
Cell #7 [°C] | 25.64 25.5 25.29
Cell #8 [°C] | 25.64 25.5 25.29
Cell #9 [°C] | 25.64 25.5 25.29
Cell #10 | [°C] | 25.64 25.5 25.29
Cell#11 | [°C] | 25.64 25.5 25.29
Cell#12 | [°C] | 25.22 25.15 25.08

4. CONCLUSIONS

The numerical investigation of the 6S2P second-life
prismatic NMC battery module integrated into a low-
voltage photovoltaic Battery Energy Storage System
(BESS) clearly demonstrates that the selected thermal
management strategy plays a decisive role in controlling
both peak operating temperatures and inter-cell thermal
gradients within the module. The baseline passive
configuration (CFG #1), in which no active cooling
mechanism is implemented, represents the most critical
thermal scenario. Under these conditions, the module
exhibits the highest localized temperature zones and the
least favourable temperature uniformity across the
individual cells, which may potentially accelerate non-
uniform ageing phenomena over extended operational
periods.

The introduction of forced convection through
controlled airflow (CFG #2) significantly enhances the
convective heat removal capability of the system, leading
to a measurable reduction in maximum cell temperatures
and a more balanced thermal distribution within the
battery module. A further improvement is observed in
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Configuration #3 (CFG #3), where the combined
implementation of airflow and a 5 mm inter-cell spacing
promote more effective air circulation between adjacent
cells. This design modification facilitates improved heat
dissipation pathways, resulting in the most homogeneous
temperature field and the lowest peak temperatures among
the analysed configurations.

Although the absolute temperature differences
obtained in the simulations remain moderate under the
imposed heat generation rate of 40 W per cell, the
identified thermal behaviour trends are technically
significant from a battery engineering perspective.
Stationary photovoltaic storage systems typically operate
at relatively low charge—discharge rates, generally below
or around 1C, which inherently produces less severe
thermal loads compared with automotive traction
applications. Consequently, such operating regimes
contribute to thermally stable conditions that are less
aggressive for NMC-based lithium-ion chemistry.

From a lifecycle perspective, this aspect becomes
particularly relevant for second-life batteries with a state
of health (SOH) below approximately 80%. Under
reduced thermal stress, the progression of degradation
mechanisms such as internal resistance growth, electrode
ageing, and electrolyte deterioration can be effectively
mitigated. As a result, the controlled thermal environment
associated with low C-rate stationary applications
supports extended service life and improved operational
reliability. These findings reinforce the technical
feasibility of repurposing automotive lithium-ion battery
modules for stationary photovoltaic energy storage
systems, provided that adequate thermal management
strategies are incorporated during system design and
integration.
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