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ABSTRACT

In order to make full use of the latent heat of phase
change material (PCM) and reduce loss of active cooling
power consumption, based on synergy idea, this study
discusses the influence of three air supply strategies of
air-cooling start time, air-cooling stop time and air-
cooling velocity on the composite cooling effect. Based
on the entropy weight method, the optimal air supply
strategy in the above three schemes is selected. The
results show that after optimizing the air supply strategy,
the PCM utilization rate of three schemes is increased by
52.50%, 29.13% and 31.44% respectively. The loss of air-
cooling power consumption is reduced by 52.61%,
18.72% and 31.44% respectively. In particular, the
strategy of adjusting the inlet velocity of battery module
has the best comprehensive target performance, and the
OP value is 0.64. The maximum temperature and
maximum temperature difference after discharge are
307.55 Kand 2.66 K, respectively. In general, it is feasible
to optimize the composite cooling scheme based on the
idea of synergy.

Keywords: PCM cooling, air cooling, battery thermal
management, optimization strategy

NONMENCLATURE
Abbreviations
BESS Battery Energy Storage System
BTM Battery Thermal Management
PCM Phase Change Material
Symbols
Cp specific heat capacity, J-kg*-K?
frem PCM liquid fraction, %
k turbulent kinetic energy, m?-s?
Pfan fan power consumption, kJ
qub battery heat generation, W-m?3
T temperature, K

time, s

velocity, m-s

turbulent dissipation rate, m?-s3
thermal conductivity, W-m1.K?!
dynamic viscosity, N-s-m

TE >0t

density, kg:m

1. INTRODUCTION

Lithium-ion batteries are widely used in BESSs due to
their high energy density, long cycle life and low self-
discharge rate. In order to achieve high efficiency, it is
necessary to control the temperature of battery
between 288.15 K and 308.15 K [1]. Excessive
temperature will accelerate battery aging and affect life
expectancy. Too low temperature will increase the
internal resistance and affect performance. At present,
the main measures of battery thermal management
(BTM) include air cooling, liquid cooling, PCM cooling and
heat pipe cooling. Air cooling [2] has the advantages of
simple structure and low cost, but its relatively low
cooling efficiency limits its further application. Compared
with air cooling, liquid cooling [3] has higher heat
transfer efficiency, but it has the problems of complex
structure design of cooling pipeline and easy leakage of
coolant. Heat pipe [4] cooling mainly relies on high-
performance heat conduction process to achieve battery
heat dissipation, but the high cost limits its large-scale
application.

PCM cooling [5] has attracted more attention due to
its advantages of light weight, good temperature control
effect and no need to consume additional energy.
Khateeb et al. [6] added aluminum metal foam to PCM to
enhance the thermal conductivity of PCM. Cheng et al.
[7] explored the thermal conductivity of composite PCM
with different mass fractions of expanded graphite. Sun
et al. [8] proposed a new type of fin structure based on
the characteristics of straight fins and arc fins. Compared
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with the single PCM thermal management system, the
novel fins could extend the working time by 54%-90%
during the discharge process. However, when the
battery is discharged at a higher rate, the heat
generation exceeds the upper limit of PCM storage heat,
resulting in PCM cooling failure. At this time, the problem
can be solved by using PCM cooling combined with air
cooling or liquid cooling. Ahmad et al. [9] proposed a
cylindrical metal fin for enhanced composite cooling heat
dissipation. The effects of PCM thickness, number and
diameter of fins on BTM were studied. Chen et al. [10]
compared thermal characteristics of battery under four
schemes: no PCM cooling, single PCM cooling, single air
cooling and composite cooling. The results showed that
the core temperature of battery under composite
cooling scheme is reduced by 15.9 K.

Most of the existing research on composite cooling
aims to improve the overall heat dissipation
performance of cooling system. There are few studies on
the synergistic optimization strategy of mutual
cooperation between active and passive cooling. Wang
et al. [11] studied PCM-liquid composite cooling. When
the liquid cooling inlet flow rate is 0.0016 kg/s, the
melting rate of PCM is only 8% during the discharge
process. Zheng et al. [12] found that the heat absorption
of PCM accounted for less than 10% in the composite
cooling of PCM and liquid, and the heat absorption of
liquid cooling accounted for up to 80%.

The above studies show that overall heat dissipation
performance of composite cooling system can generally
meet the requirements of BTM at higher rates. However,
the proportion of heat absorbed between the active and
passive cooling schemes is not balanced. The proportion
of active cooling heat dissipation is far greater than that
of passive cooling. PCM is often not fully and effectively
utilized. Therefore, in order to make full use of the latent
heat advantage of PCM and reduce the power loss of the
fan, this study discuss the influence of three air supply
schemes of air-cooling start time, air-cooling stop time
and air-cooling velocity on the composite cooling effect
based on the synergy idea.

2. NUMERICAL SIMULATIONS
2.1 Physical model

Fig. 1 shows the BTM physical model of PCM-air
composite cooling. The battery parameters are from the
literature of Xin et al. [13]. The size of battery pack is 148
x 81 x 92 mm. A battery module is composed of 24
battery packs in series. The size of battery module is 544
x 374 x 234 mm. The distance between each battery pack

and between the battery pack and side walls of battery
module is 10 mm. The PCM is arranged in the
longitudinal side area of each battery pack. The PCM is
positioned numbered 1-6 along the air-cooled flow
direction. In addition, the thickness of PCM is 6 mm. The
melting temperature and latent heat of PCM are 303.15
K-305.15 K and 150 kJ/kg. The physical parameters of the
remaining materials are shown in Table 1.
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Fig. 1 BTM model of PCM-air composite cooling
Table 1 Physical parameters of materials in battery module.

Materials p Cp A u

Air 1.225 1006.43 0.0242 1.79x107°
Battery 2300 1072 1.5,18.5,18.5 /
Aluminum plate 2719 871 202.4 /
PCM 1000 2000 1.2 /

2.2 Mathematical model

2.2.1 Battery heat generation model

The energy equation of battery calculation zones is
expressed as follows.
0
5(pbcp,bT):v.(ﬂbVT)+qv,b (1)

As shown in Eq. 1, there is a source term gy in the
energy equation of batteries. Xin et al. [13] tested the
heat generation rate of battery by calibration calorimetry
method based on heat transfer theory and energy
conservation law, as shown in Eq. 2.

q, , = 26408.12838 —32.29395¢ + 0.02572t*

—8.77507x107°t* +1.15957x 10 ° t*
2.2.2 PCM model

(2)

The equivalent heat capacity method is used to
analyze PCM model. The heat transfer differential
equation in PCM zones is as follows.

or of
pPCMCp,PCM E =V (ﬂ?cmvncm ) + pPCMLPCM % (3)
The feem in Eg. 3 can be calculated by Eq. 4.
0 T<T,
T-T,
foom = T_T TL<T<T (4)
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2.2.3 Air cooling model

The mass, momentum and energy equations in the
air calculation zones are shown in Eq. 5-7, respectively.
op

E+pV-U=O (5)
2 (pU)+ pV-(00)=Vp+ ¥ (V) +p3 (6)
pc, (%w.vrj:v-(wr) (7)

In this study, the inlet Reynolds number of battery
module is 30789. Therefore, the standard k- model is
chosen to describe the turbulence flow of air. The
calculation methods of turbulent kinetic energy k and
dissipation rate € are shown in Eq. 8 and Eq. 9.

:t(pk)+a(pkyl)—a[[u+MJ?I<]+Gk+Gb—pE—YM (8)
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2.3 Initial and boundary conditions

In this study, the ambient temperature is set to
298.15 K. The initial temperature of the battery, PCM and
air is consistent with the ambient temperature. The
velocity inlet and pressure outlet are set as the boundary
conditions. The air velocity and temperature of inlet is
1.57 m/s and 298.15 K, respectively.

2.4 Model validation

2.4.1. Grid independence
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Fig. 2 Grid independence

Fig. 2 shows the comparison results of the maximum
temperature and maximum temperature difference of
battery module under different grid numbers. When the
number of grids is greater than 52864, the error of the
maximum temperature and maximum temperature
difference caused by continuing to increase the number
of grids is less than 0.01 K. Therefore, in order to save the
calculation time, this study finally divides calculation
model into 52864 grids.

306.9 T T T T T 2.70 g
) 8
P 306.8 } 42.65 §
g =
5 306.7 F {2.60 ©
= 2]
5 E
- <
c 306.6 F 42.55 b3,
= o
= 5
% 306.5 1250 2
= = T O AT g

306.4 L L L 245 %

<
=

2.4.2. Battery heat generation model

330 T T T T 1.0
4  Experiment

320} —_ Simu‘lation 108 .
Q O Reclative crror ?\i
g 30} Jo6 B
2 £
£ o
2 300} {04 2
5 g
o T
F

n HHHHH H N )

0 1200 2400 3600

Time (s)
Fig. 3. Comparison of simulation and experiment

In order to verify the accuracy of the numerical
results, this study chooses the experiment of Xin et al.
[13] for comparison. The results of comparison between
this study and experiment are shown in Fig. 3. It can be
seen that the numerical results are consistent with the
experimental results. The absolute difference of average
temperature of battery does not exceed 1 K, and the
relative error does not exceed 0.5%. Therefore, the
results show that the present mathematic model is
feasible to analyze the thermal performance of batteries.

3. RESULTS AND DISCUSSION

3.1 Composite cooling analysis
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Fig. 4. PCM liquid fraction

At the end of the discharge, the maximum
temperatures of single air cooling and composite cooling
are 308.68 Kand 306.72 K, respectively. When the single
air cooling is used, the maximum temperature of system
exceeds the upper limit of BTM temperature of 0.53 K.
After the composite cooling scheme is adopted, the
maximum temperature is reduced by 1.96 K. In terms of
temperature uniformity, the maximum temperature
differences of single air cooling and composite cooling
are 2.81 K and 2.64 K, respectively. Compared with the
single air cooling, the temperature uniformity of
composite cooling scheme is increased by 6.05%.



Furthermore, the liquid fraction of PCM in the
composite cooling scheme is discussed, as shown in Fig.
4. At the end of discharge, the liquid fraction of PCM at
six positions is 37.74%, 44.68%, 43.63%, 46.54%, 46.30%
and 34.18%, respectively. The liquid fraction of all PCM
does not exceed 50%, which indicates that the existing
composite cooling scheme does not give full play to the
passive cooling capacity of PCM. In order to make full use
of the latent heat advantage of PCM and reduce the
power loss of the fan, this study further discusses the
influence of three air supply strategies, air-cooling start
time, air-cooling stop time and air-cooling velocity, on
the composite cooling effect.

3.2 Delay air-cooling start time
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Fig. 5. Temperature characteristics of start time
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Fig. 6. PCM liquid fraction of start time

In order to select the best start time of air-cooling
system, Fig. 5 and Fig. 6 show the temperature
characteristics of battery and the liquid fraction of PCM,
respectively. It can be seen that when PCM liquid fraction
is larger, the air-cooling system is started, and the
maximum temperature and maximum temperature
difference are worse. However, the PCM utilization rate
of system is higher at this time. When considering the
requirements of the BTM temperature range, the
maximum temperature exceeds upper limit temperature
when the liquid fraction of PCM exceeds 0.6. From the
perspective of PCM utilization, when the liquid fraction
of PCM is 0.1, 0.2 and 0.3, the air cooling is started. After

the discharge, the liquid fraction of PCM in the system is
66.01%, 74.93% and 85.01%, respectively. The latent
heat of some PCM is still not fully utilized.

Therefore, considering the two factors, the final
choice is to start the air-cooling heat dissipation system
when the PCM liquid fraction is 0.4. At this time, the
maximum temperature and maximum temperature
difference of battery module are 307.67 K and 2.94 K,
respectively. The utilization rate of PCM is 94.68%.
Besides, the air-cooling start time corresponding to the
PCM liquid fraction of 0.4 is 1894 s. Compared with the
air supply strategy before optimization, the power
consumption of fan is reduced by 52.61%.

3.3 Early air-cooling stop time
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Fig. 7. Temperature characteristics of stop time
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Fig. 8. PCM liquid fraction of stop time
It can be seen from Fig. 7 and Fig. 8 that when the
PCM liquid fraction is larger, the air-cooling system is
stopped, and the maximum temperature is also lower.
However, the maximum temperature difference shows
an upward trend with the increase of PCM liquid fraction.
This is mainly because PCM cooling has better system
temperature uniformity than air cooling. In addition, the
delay of stop time causes a significant increase in fan
power consumption and a significant decrease in PCM
utilization.
Finally, when considering requirements of BTM
temperature range, when the PCM liquid fraction is 0.05
and 0.10, stopping the air-cooling system causes to have




a higher maximum temperature value of 308.28 K and
308.02 K. From the perspective of PCM utilization, when
the PCM liquid fraction is 0.20, 0.25, 0.30, 0.35, 0.40 and
0.45, the air-cooling system is stopped. After the
discharge, the PCM liquid fraction is 62.82%, 56.17%,
51.11%, 47.27%, 44.61% and 43.47%, respectively. At
this time, the utilization rate of PCM is significantly
insufficient. Considering the two factors, the final choice
is to stop the air-cooling heat dissipation system when
the PCM liquid fraction is 0.15. At this time, the
maximum temperature and maximum temperature
difference of battery module after discharge are 307.77
K and 2.00 K, respectively. The utilization rate of PCM is
71.31%. Besides, the air-cooling stop time corresponding
to the PCM liquid fraction of 0.15 is 2926 s. The power
consumption of fan is reduced by 18.72% compared with
that before optimization of air supply strategy.

3.4 Change air-cooling velocity
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Fig. 9. Temperature characteristics of changing velocity
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Fig. 9 and Fig. 10 show temperature characteristics
of battery module and power loss of fan at the end of
discharge, respectively. It can be seen that the greater
inlet velocity, the lower the maximum temperature.
However, the decrease of maximum temperature is
decreasing, and there is a marginal effect. When the
velocity increases from 0 m/s to 0.2 m/s, the maximum
temperature decreases by 2.05 K. When the velocity
increases from 1.4 m/s to 1.57 m/s, the maximum

temperature only decreases by 0.20 K. Combined with
Fig. 11, the fast velocity can cause a significant increase
in the power consumption of fan.

Finally, from the perspective of BTM temperature
range, when the velocity is less than 0.8 m/s, the battery
has a larger maximum temperature after discharge.
From the perspective of fan power consumption and
PCM utilization, when the velocity is 1.2m/s, 1.4m/s and
1.57m/s, the utilization of PCM after discharge is 61.04%,
50.86% and 43.47%, respectively. At this time, the
utilization of PCM is significantly insufficient, and the
power consumption loss of fan is greater. Considering
the above three aspects, the velocity of battery module
is finally determined to be 1.0 m/s. At this time, the
maximum temperature and maximum temperature
difference are 307.55 K and 2.66 K, respectively. The
utilization rate of PCM is 73.62%. Besides, the power
consumption of fan is reduced by 69.97% compared with
that before optimization of air supply strategy.

3.5 Optimization strategy selection

Through the above analysis and discussion, Table 2
summarizes the effects of three air supply strategies on
battery temperature characteristics, PCM utilization rate
and fan power consumption. From the perspective of
BTM temperature uniformity, the system temperature
uniformity using air-cooling stop time strategy is the
best. The maximum temperature difference is only 2.00
K. But the fan power consumption is 87.64 kJ. From the
perspective of fan power loss, when the velocity of
battery module inlet is 1.0 m/s, the fan power
consumption of system is 33.06 kJ. However, the
temperature uniformity is relatively poor at this time.
The maximum temperature difference is 2.66 K.

Further, in order to select the air supply strategy with
better comprehensive performance, this study calculates
the weights corresponding to maximum temperature,
the minimum temperature, the maximum temperature
difference, liquid fraction and fan power consumption
based on entropy weight method. Finally, the optimal
scheme can be selected by analyzing the score of the
comprehensive target performance OP. The calculation
method is shown in Eq. 10.

OP=0.23T,  +0.20T,, +0.25AT,  +0.16f,,, +0.16P, (10)

max min max

According to the Eqg. 10, the OP scores of the above
three air supply strategies are calculated to be 0.21, 0.61
and 0.64, respectively. The calculation results show that
changing inlet velocity of battery module has better
comprehensive target performance when considering
the temperature performance of BTM, improving the



utilization rate of PCM and reducing the power
consumption of fan.
Table 2 Optimization strategy summary.

Type Trax Thin ATmax fPCM Prfan
Starttime  307.68 304.73 2.95 94.68 51.10
Stop time  307.78 305.78 2.00 71.31 87.64

Velocity 307.55 304.89 2.66 73.62 33.06

4. CONCLUSION

In order to make full use of the latent heat advantage
of PCM in composite cooling and reduce the loss of air-
cooling power consumption, based on the idea of
synergy, this study deeply discusses the influence of
three air supply strategies on the composite cooling
effect. The main conclusions are as follows.

(1) PCM-air composite cooling system has better
temperature performance than single air-cooling
system. After adopting the composite cooling scheme,
the maximum temperature and the maximum
temperature difference of battery module are reduced
by 1.96 K and 0.17 K, respectively. The temperature
uniformity is increased by 6.05%.

(2) Compared with before optimization of air supply
strategy, when air-cooling start-up time is 1894 s, the
utilization rate of PCM is increased by 52.50%. The power
consumption is reduced by 52.61%. When air-cooling
stop time is 2926 s, the utilization rate of PCM is
increased by 29.13%. The power consumption is reduced
by 18.72%. When velocity at the inlet of battery module
is 1.0 m/s, the utilization rate of PCM is increased by
31.44%. The power consumption is reduced by 69.97%.

(3) From perspective of meeting BTM temperature
performance, improving PCM utilization and reducing
fan power consumption, the strategy of changing inlet
velocity of battery module has better comprehensive
target performance, and the OP value is 0.64.
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