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temperatures of 25 °C and 40 °C. In addition, a random-effects meta-
analysis of eight published comparisons was conducted. The results
showed that, at 3C and 25 °C, the peak core temperature was reduced
from 58.27 °C under the natural air to 34.02 °C under the immersion
cooling and to 34.45 °C under the hybrid PCM-liquid system.
Moreover, when a coolant pump failure was simulated at 40 °C, the
hybrid system limited the peak temperature to 44.79 °C, while the cold
plate reached 59.42 °C. The meta-analysis gave a pooled reduction of
the maximum temperature of 9.51 °C (95% CI 7.48 to 11.55 °C) with a
high heterogeneity (I* = 92.7%). These results suggest that the hybrid
PCM-liquid architecture gives a good balance between the cooling
performance and the fault tolerance, and this makes it a suitable
candidate for the electric vehicles which operate in hot climates.
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Introduction:-

The electric vehicles are considered now as the main option for reducing the emissions of the road transport, and the
lithium-ion battery is the most expensive and the most sensitive component in these vehicles. The performance of
the lithium-ion cell depends strongly on the temperature, where the recommended operating window is usually
between 15 °C and 40 °C, and the cell-to-cell temperature difference should be kept below about 5 °C. When the
temperature exceeds this window, the aging of the cell is accelerated, and in the extreme cases the thermal runaway
can be triggered [1]. Accordingly, the battery thermal management system (BTMS) is a necessary part in every
electric vehicle, and the design of the BTMS became more difficult with the increase of the fast-charging
rates.Several cooling technologies were proposed in the previous studies. The air cooling is simple and cheap, but
the low heat capacity of the air limits its ability at the high C-rates. The indirect liquid cooling with the cold plates is
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the dominant solution in the commercial vehicles, and the previous studies showed that the position of the coolant
channel affects the performance strongly, for example the inter-cell channel gave a peak temperature rise of 4.1 °C
compared with 14.2 °C for the edge cooling under 5C charging [2], [3]. On the other hand, the passive PCM absorbs
the heat as a latent heat, and the hybrid PCM-liquid systems combine the both mechanisms [4], [S]. Moreover, the
single-phase and the two-phase immersion cooling in a dielectric fluid received a big attention recently because the
fluid contacts the whole surface of the cell [6], [7], [8], [9], [10].

However, it should be noted that most of the previous researches studied one cooling technology under one ambient
temperature, and the comparison between the technologies was made usually against a different baseline in each
study. Furthermore, the behavior of the BTMS under a failure of the active component, such as the pump, was rarely
reported, although this scenario is important for the safety. With regard to the hot climates, where the ambient
temperature in summer exceeds 45 °C, the control of the battery temperature is more difficult, and the optimal
control strategies were proposed for the extreme ambient conditions [11].For this reason, the current study compares
six cooling strategies under the same conditions by using a reduced-order thermal model of a 21700 module. The
performance is evaluated at 25 °C and at 40 °C, and also under a pump failure scenario, which received little
attention in the previous studies. In addition, the published results are synthesized through a quantitative meta-
analysis, so that the ranking obtained from the simulation can be checked against the experimental and the numerical
evidence of other research groups, and a practical design guidance can be given for the electric vehicles in the hot
climates.

Methodology:-

Reduced-Order Thermal Model:-

A module of ten 21700 cells (5 Ah) connected in series along the coolant flow path was considered. Each cell was
represented by a two-node model, which consists from a core node and a surface node, and the heat generation was
calculated from the irreversible Joule term of the energy balance of Bernardi et al. [12], where the reversible
entropic term was neglected:

Ce dTo/dt = PR(To) — (Te = T)/Res (1)

C, dTydt = (Tc - Ts)/Rcs - hAc(Ts - Tf) (2)

where C, and C; are the heat capacities of the core and the surface, R is the core-to-surface thermal resistance, h is
the heat transfer coefficient, A, is the cooled area and Ty is the local coolant temperature. The internal resistance was
taken as 20 mQ at 25 °C with an Arrhenius temperature dependence, and a random spread of +5% was added to the
resistance of the cells in order to represent the manufacturing variation. The coolant temperature was increased from
cell to cell according to the energy balance of the fluid, and this gives the cell-to-cell temperature difference AT. For
the PCM cases, a third node was added for a paraffin and expanded graphite composite with a melting range of 36 to
40 °C and a latent heat of 180 kJ/kg, and the enthalpy method was used. The equations were integrated with an
explicit scheme and a time step of 1 s. The main parameters are given in Table I.

Table I Main Parameters Of The Cooling Configurations

Configuration h Area Coolant / inlet
(Wm’K)

Natural air 7 100% |none / ambient

Forced air 45 100% |air, 4 g/s /
ambient

Cold plate 900 20% glycol, 10 g/s /
25°C

PCM 7 (outer) [100% |30 g PCM per
cell

Hybrid PCM-liquid {900 20% glycol + PCM /
25°C

Immersion 320 100% dielectric oil, 30
g/s/25°C

Cell: 21700, 5 Ah, 68 g, c, = 1100 J/kgK, R.s = 1.8 K/W, Ry =20 mQ at 25 °C.
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Test Scenarios and Indicators:-

Three scenarios were simulated. In the first scenario, a constant-current discharge at 1C, 2C and 3C was applied at
the ambient temperatures of 25 °C and 40 °C, where the cells start at the ambient temperature. In the second
scenario, an aggressive duty cycle was applied at 40 °C, which consists of two repetitions of a 3C discharge, a 10
min rest, a 2C charge and another rest. In the third scenario, the coolant pump was stopped after 5 min of a 3C
discharge at 40 °C, and only the natural convection remains. The indicators were the peak core temperature T, the
maximum cell-to-cell difference AT, and a relative aging factor which is the time-average of exp[(E./R)(1/298.15 —
1/T.)] with E, = 31.5 kJ/mol [1]. The parasitic power of the fan or the pump was estimated from the pressure drop
and the flow rate with an efficiency of 0.5.

Meta-Analysis Procedure:-

The published studies which report the maximum temperature of a cooling technology and of a baseline under the
same conditions were collected, and the effect size was defined as the reduction of T, relative to the baseline of
each study. Eight comparisons from six studies were included [2], [4], [5], [6], [13], [14], as it is shown in Table III.
As for the within-study variance, the studies did not report it, therefore the standard error was assumed as 0.71 °C
for the experimental studies (0.5 °C thermocouple accuracy on two readings) and 1.0 °C for the numerical studies.
The pooled effect was estimated by the DerSimonian-Laird random-effects model [15], and the heterogeneity was
measured by the Q statistic and the I? index [16]. Two sensitivity analyses were performed, the first one by doubling
all the variances and the second one by keeping only the experimental studies.

Results:-

Comparison of the Cooling Strategies:-

Fig. 1 presents the peak core temperature for all the configurations. At 25 °C and 1C, all the strategies kept the cells
below 36 °C, and the difference between them was small. However, the difference became large with the increase of
the C-rate. At 3C, the natural air reached 58.27 °C and the forced air reached 45.35 °C, which is on the limit of the
safe window, while the cold plate, the hybrid system and the immersion cooling kept the peak temperature at 35.34
°C, 34.45 °C and 34.02 °C, respectively. The PCM alone gave 43.02 °C, and it was better than the forced air, but the
PCM was fully melted near the end of the discharge.

2)

Ambient 25 °C Ambient 40 °C
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Peak cell core temperature (°C

1C 2C 3C 1C 2C 3C
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w: Forced air am PCM = [mmersion

Fig. 1. Peak cell core temperature at the end of a constant-current discharge for the six cooling strategies at
25 °C and 40 °C ambient. The dashed line shows the 45 °C limit.

At the ambient temperature of 40 °C, the situation is different. The strategies which depend on the ambient air,
namely the natural air, the forced air and the PCM, exceeded 55 °C at 3C, and this is because the driving
temperature difference between the cell and the air was reduced. In addition, it should be noted that the PCM lost
most of its benefit at 40 °C, since the material was already at its melting range before the discharge started, and
therefore the latent heat was not available. As for the liquid-based systems with a chilled coolant at 25 °C, the cells
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were cooled down from the initial 40 °C during the discharge, and the peak temperature remained close to the initial
value. The detailed values at 3C are given in Table II.

Table Ii Simulated Performance At 3¢ Discharge

Strategy Tmax |AT Tmax |AT Aging (P
25 25 40 40 40 W)

Natural air 58.27 {3.50 [66.05 (3.04 |(3.30 |0

Forced air 45.35 13.92 |55.56|3.20 (2.74 |[1.30
Cold plate 3534 11.32 |40.55|1.32 |1.55 ]0.09
PCM 43.02 |12.02 |[57.48 |2.19 [2.76 |0
Hybrid PCM-|34.45|1.23 |41.96 |3.08 |[1.69 [0.09
lig.

Immersion 34.02 |1.18 [40.33 |1.18 |1.46 |0.70

Temperatures in °C at 25 and 40 °C ambient. Aging: relative Arrhenius rate (1.0 =25 °C). P: fan or pump power per
10-cell row, chiller power not included.Regarding the temperature uniformity, the immersion and the hybrid systems
gave the lowest AT at 25 °C (1.18 °C and 1.23 °C), while the forced air gave the highest value (3.92 °C) because the
air was heated along the row of the cells. In addition, the relative aging factor at 40 °C was 3.30 for the natural air
and only 1.46 for the immersion cooling, which means that the cells under the natural air age about 2.3 times faster
than the cells under the immersion cooling.

Duty Cycle and Pump Failure:-

Under the aggressive duty cycle at 40 °C, the natural air reached 70.12 °C and the PCM reached 59.86 °C, while the
cold plate, the hybrid and the immersion systems stayed at 40.55 °C, 41.96 °C and 40.33 °C, respectively. Fig. 2
shows the transient response at 3C and 40 °C including the pump failure. When the pump was stopped at 5 min, the
cold plate temperature increased fast and reached 59.42 °C, and the immersion cooling reached 59.40 °C. In
contrast, the hybrid PCM-liquid system was limited to 44.79 °C, which is 14.63 °C lower than the cold plate,
because the PCM which was kept solid by the liquid before the failure absorbed the heat during the rest of the
discharge.

70
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Forced air —  Immersion
G0 o — Cold plate == Cold plate {pump.t 2 min) i3
— PCM Hybp Fl-liguid (pump fuw
) —
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Fig. 2. Transient peak core temperature at 3C and 40 °C ambient. The dashed and dotted lines show the cold
plate and the hybrid system when the coolant pump fails after 5 min.

Meta-Analysis of the Published Studies:-

The included comparisons are summarized in Table III and the forest plot is given in Fig. 3. All the eight
comparisons showed a reduction of the maximum temperature, and the effects ranged from 3.44 °C to 14.0 °C. The
random-effects pooled reduction was 9.51 °C (95% CI 7.48 to 11.55 °C), with Q = 96.11, 1 = 7.93 and I* = 92.7%,
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which indicates a high heterogeneity between the studies. With regard to the subgroups, the liquid cooling gave
10.79 °C (7.93 to 13.64, k = 3), the PCM gave 9.65 °C (5.14 to 14.15, k = 2), the hybrid systems gave 5.87 °C (1.21
to 10.54, k = 2), and the single immersion study gave 12.5 °C.

Table Iii Comparisons Included In The Meta-Analysis

Study Type | Comparison Effect
(§(®)
Sundin [6] Exp |Immersion vs forced air,|12.5
1C
Chen [4] Exp |PCM vs no cooling, 3C|7.4
charge
Chen [4] Exp |Liquid vs no cooling, 3C|8.5
charge
Chen [4] Exp |Hybrid vs no cooling, 3C (8.2
charge
Karimi Kisomi [14] Num |PCM vs air, finless cell 12.0
Zhao [2], [3] Exp |Inter-cell vs edge liquid,|10.1
5C
Rabiei [13] Num |Metal-foam vs straight|14.0
channel
Lyu [5] Num |Hybrid vs conventional |3.44
liquid, 1C
Sundin & Sponholtz 2020 - Immersion - —
Chen et al. 2021 (PCM) - PCM - ——
Chen et al, 2021 (liguid) Ligpuiicd — —_
Chen et al. 2021 (hybrid) - Hybrid - ——
Karimi Kisomi 2025 PO = _—
Zhao et al. 2021 Liguid = ——
Rabiei et al. 2023 - Liguld = ——
Lyu el al. 2024 Hylrid = —_——
Pooled, all (RE) — B
Licuid (k=3) — i
PCM (k=2) — = < =
Hybrid (k=2) = == - =
Immersion (k=1) — ==
1 I
(8] o 10 15

Reduction in T ax (°C)

Fig. 3. Forest plot of the reduction in the maximum temperature relative to the baseline of each study (95%
CI), with the random-effects pooled estimate and the subgroup estimates.
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The sensitivity analyses confirmed the stability of the pooled estimate. When the variances were doubled, the pooled
reduction was 9.51 °C (7.47 to 11.54 °C), and when only the five experimental comparisons were kept, the pooled
reduction was 9.34 °C (7.57 to 11.11 °C).

Discussion:-

The results of the simulation and the results of the meta-analysis are consistent in the ranking of the technologies.
Both of them place the liquid-based systems and the immersion cooling at the top, and the PCM in a moderate
position, although the confidence intervals of the subgroups in the meta-analysis overlap and the ranking from the
meta-analysis alone is not conclusive. The smaller pooled effect of the hybrid subgroup should not be interpreted as
a weak performance of the hybrid systems, because the study of Lyu et al. [5] compared the hybrid system against a
conventional liquid system, which is already a strong baseline, while the other studies compared against the air or
the no-cooling case. Therefore, the high heterogeneity is explained mainly by the difference of the baselines and of
the C-rates, and this is a known problem in the BTMS literature, where a common benchmark condition is missing.
Furthermore, the cold plate design itself causes a large variation, and Sevilgen et al. [17] reported a reduction of the
maximum temperature up to 45% only by changing the cold plate geometry.

As for the hot climates, the current study shows two important points. The first point is that any strategy which
rejects the heat directly to the ambient air is not sufficient at 40 °C and 3C, and a chilled liquid loop is required. The
second point is that the melting point of the PCM must be selected above the hot-soak temperature of the parked
vehicle, otherwise the PCM is melted before the driving and it gives no protection. This choice depends on the local
climate, and for the Gulf region a melting point near 45 °C may be more suitable.With regard to the safety, the pump
failure scenario showed that the active systems lose their advantage completely when the coolant stops, and the
temperature returns to the level of the natural convection. The hybrid system keeps a passive thermal buffer, and
accordingly it gives a time margin for the battery management system to reduce the current or to warn the driver. On
the other side, the immersion cooling gave the best uniformity and the lowest aging factor, but it requires a dielectric
fluid and a higher pump power (0.70 W per row compared with 0.09 W for the cold plate), and the long-term
compatibility of the fluid with the cell materials is still under investigation [9], [10].The limitations of this study
should be mentioned. The thermal model is a reduced-order model and it was not validated against a specific
experiment, the entropic heat was neglected, and the heat transfer coefficients were taken from the typical ranges
and not from a CFD analysis. In addition, the meta-analysis included a small number of comparisons and the within-
study variances were assumed, therefore the confidence intervals should be considered as approximate.

Conclusion and Future Directions:-

In this paper, six cooling strategies for the electric vehicle battery were compared by a reduced-order thermal model
at 25 °C and 40 °C, and the published results were synthesized by a random-effects meta-analysis. The main
conclusions are as follows. At 3C, the immersion and the hybrid PCM-liquid systems reduced the peak temperature
from 58.27 °C to about 34 °C. At 40 °C, only the chilled liquid systems kept the cells near the safe limit. Under a
pump failure, the hybrid system limited the temperature to 44.79 °C, while the cold plate reached 59.42 °C. The
pooled published reduction of the maximum temperature was 9.51 °C with a high heterogeneity.Several directions
remain open for the future work. The most important next step is an experimental validation of the hybrid system
under the summer conditions of the Gulf region, because the present model was not validated against a specific test.
In addition, the field needs a common benchmark protocol which fixes the cell format, the C-rate, the ambient
temperature and the baseline, since the high heterogeneity found in this study comes mainly from the different
baselines. The PCM with a higher melting point and the nano-enhanced composites also deserve more attention for
the high ambient temperatures. Lastly, the integration of the predictive control and the machine learning with the
BTMS, as in the optimal control of [11], may reduce the energy consumption of the chiller during the fast charging.
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