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Abstract. The overall efficiency of battery energy storage systems (BESSs) strongly depends on the temperature uniformity of the batteries,
usually disregarded in studies of the integrated performance of BESSs. This paper presents a new battery thermal management system (BTMS)
using a personalized air supply instead of a central air supply. Thermal models are established to predict the thermal behavior of BESSs with 400
battery packs. Moreover, several optimizations comprising the effect of the position and number of air inlets, the number, and angle of the baffles
on the air distribution in the ducts are proposed. The results show that the distributed air supply from the main air inlet makes the air velocity in
the main air ducts more uniform. It is demonstrated that air deflection is the main source of airflow inhomogeneity at the air outlets. The airflow
uniformity is better when the baffles are added at the entrance and the bottom of each riser duct than at other locations. The improved air supply
scheme makes the nonuniformity coefficient of air velocity reduced from 1.358 to 0.257. The findings can guide the selection of a cooling form
to enhance the safety of BESSs.
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1. INTRODUCTION
Battery energy storage systems (BESSs) provide a new solu-
tion to the imbalance between the supply and demand of power
systems caused by the peak–valley difference of power con-
sumption [1]. In recent years, BESSs have been used in many
large-scale projects [2]. During the charging and discharging of
BESSs, its batteries will produce a significant amount of heat.
Because there are more than 5 000 batteries in the energy stor-
age system [3], the batteries are arranged closely, and the heat
generated will not dissipate quickly. The accumulated heat will
cause temperature differences among the batteries [4]. In the
long-term operation of the batteries, serious inconsistencies will
arise in the internal resistances and capacities of the batteries,
leading to reduced cycle life, thermal runaways, and even fires
or explosions [5–7]. Therefore, the performance of BESSs is
closely related to the temperature and its uniformity, the opti-
mal temperature of the battery is similar to the temperature that
is comfortable to a human body [8, 9].

Many researchers proposed cooling optimization strategies
aimed at improving thermal performances [10–13]. Forced air
cooling systems are a preferred option due to their high reli-
ability, low manufacturing cost, and simple structure and lay-
out [14–17].

Zhang et al. [18] proposed that the cooling air was first sent
to the wind wall of the container energy storage system through
the duct, and then it was distributed to the battery packs through
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a series of holes in the wind wall. Wang et al. [19] inserted
tapered and divergent baffles in the cooling duct of a battery
pack. They used fans to adjust the airflow and reduce the vortex.
Wang et al. [20] installed baffles in the air ducts to make the air-
flow and temperature fields uniform. Sun et al. [21] found that
the most uniform air distribution is obtained inside a Z-shaped
cooling channel, in which the maximum temperature difference
among the batteries was considerably low. Lu et al. [22] de-
signed a “U-type” cooling channel and the maximum temper-
ature difference among the batteries was lower by 3 K. Addi-
tionally, Liu et al. [23] proposed an innovative “J-type” cool-
ing channel for BTMSs by strategically combining “U-type”
and “Z-type” designs. This optimal control strategy was also
developed to improve system temperature uniformity. Hba et
al. [24] designed a scheme of adding a heat pipe made of copper
sheets to the air-cooling system. The heat pipe reduced the bat-
tery surface temperature by more than 40%. Huang et al. [25]
proposed a new BTMS based on forced-air convection cool-
ing that used PCMs and fins. The fins improved the thermal
conductivity of the PCMs and expanded the surface area of the
heat exchanger. The maximum temperature and maximum tem-
perature difference of the optimized BTMS were lower than
those of a standard BTMS by 38.72% and 40.09%, respec-
tively. However, both in experimental and theoretical publica-
tions, the BESSs auxiliary consumption and compact structural
design are often neglected. Problems, such as excessive cooling
of the supplied air, unevenness of the air supply, complex struc-
tures, and high resistance characteristics of the air ducts, still
exist.

This paper proposes an improved air supply scheme for
BESSs based on the concept of equipment comfort and compact
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Fig. 1. Battery pack layout and air-cooling duct design

design. The air distribution performances of different airflow
ducts are investigated by computational fluid dynamics. Then,
the structure of the air-cooling duct is optimized by changing
the form of air inlets and adding baffles in some key locations.
The results offer a reference for air supply duct mode choosing.

2. AIR COOLING DUST STRUCTURE
As shown in Fig. 1, the two battery cabinet sets are symmet-
rically placed in the battery container. In each battery cabinet,
there are ten battery racks provided with two rows of battery
packs and each row has ten stacked battery packs. Initially, each
air supply box is responsible for each side of the battery cabi-
net. The path followed by the airflow is as follows: air inlet→
main air duct → small air duct at the top → riser duct at the
back→ battery pack.

3. NUMERICAL COMPUTATION METHODOLOGY
3.1. Mesh division
Because the ducts on both sides of the container are symmetri-
cal, only one side is selected as the research object. The duct is
modeled and divided into a structural grid by ICEM 18.0 soft-
ware, as is shown in Figs. 2 and 3. The ducts are numbered

from 1 to 20 starting from the left, and the outlets are numbered
from 1 to 10 starting from the top.

Fig. 2. Air cooling duct model

Fig. 3. Air cooling duct mesh model
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3.2. Boundary condition of the air-cooling duct
Boundary conditions, which are set as realistically as possible,
are presented in Table 1. The SST k–ω turbulence model is se-
lected, and the SIMPLE algorithm is used to simulate the air-
flow field in the cooling duct.

Table 1
Boundary conditions of the air-cooling duct

Part Parameters Value

Air inlet Velocity-inlet 15.76 m/s

Air outlet Pressure-outlet 0 Pa

Wall Wall insulation

3.3. Mesh validation
To verify grid independence, the average air velocity at the out-
let of a riser duct is selected as the evaluation index. Five sets
of grids are compared in Table 2.

Table 2
Grid independence verification

Number of the grid
(million)

Average air outlet velocity
of a riser duct (m/s)

2.9 1.57986

3.4 1.62546

3.9 1.63826

4.4 1.64395

4.9 1.64278

As shown in Table 2, when the number of grids exceeds 4.4
million, the average air velocity tends to be constant. Therefore,
4.4 million is chosen as the number of grids in the duct model.

3.4. Algorithm verification
The model used by Yao et al. is taken as the verification ex-
ample [26]. The cooling ventilation ducts of offshore platforms
are used to solve the heat dissipation problem of engines and
transformers, which is shown in Fig. 4.

Fig. 4. Duct model used by Yao et al. [26]

The comparison of numerically simulated resistances and
measured resistances is shown in Table 3.

Table 3
Comparison of numerically simulated resistances and measured

resistances

Working
condition

1 2 3 4 5 6

Ventilation
rate

(104 m3/h)
15 16 17 18 19 20

Numerical
simulation

of resistance
value (Pa)

916.8 1042.5 1178.7 1320.0 1471.2 1632.6

Actual
measured
resistance
value (Pa)

913.5 1037.8 1170.2 1313.8 1463.4 1623.8

4. CALCULATION RESULTS AND ANALYSIS
4.1. Simulation analysis of the initial scheme

of the air-cooling duct
The normal air velocity at each outlet is numerically calculated
(Tables 4 and 5).

It can be seen from Tables 4 and 5 that significant differences
exist among the air velocities at the different outlets. Excessive
air supply at the bottom outlet and serious reversed flow phe-
nomenon occurs in some locations.

The uniformity of air velocity at each outlet is evaluated us-
ing the coefficient of nonuniformity of air velocity. Formula (1)
defines the coefficient of air velocity nonuniformity:

S =

√
1
m ∑

(
Vi−V

)2

V
, (1)

where S is the nonuniformity coefficient of air velocity, Vi is the
air velocity at the i-th outlet, V is the average value of the air
velocity at the outlets, and m is the number of air outlets.

According to Formula (1), S of the initial scheme of the air-
cooling ducts is 1.358, which is found to be large. In order to
find the cause of nonuniform airflow inconsistency, the distri-
bution of the airflow field in the duct is analyzed.

Figure 5 shows the streamline distribution in the air-cooling
duct. As the figure shows, the streamline in the main air duct is
disordered with many vortices. The enlarged drawing A shows
cold air from the inlet directly entering No. 7 and No. 8 riser
ducts, the resulting excessive airflow in the two riser ducts. Fur-
thermore, when the air flows into a riser duct, it may shift to one
side and rush to the bottom of the duct, increasing the airflow
rate of the outlets at the bottom of the riser duct and decreas-
ing the airflow rate of the outlets at the top of the riser duct.
Moreover, when the air velocity is too high, a negative pressure
zone is formed behind the outlets, resulting in a reverse flow
phenomenon.
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Table 4
Air velocity at the outlets (m/s)

Number of Column number of air outlet
air outlet 1 2 3 4 5 6 7 8 9 10

1 –3.17 –3.09 –4.23 –3.00 –3.51 –3.05 –2.93 –1.20 –2.83 –1.28

2 0.51 –0.90 0.20 –0.39 –0.40 –0.40 –0.61 –0.50 –0.93 0.47

3 1.12 1.02 0.68 1.01 0.06 0.58 0.01 0.66 0.38 0.96

4 1.54 1.61 1.59 1.78 0.89 1.64 0.97 2.22 0.72 1.16

5 2.05 2.15 2.01 2.12 1.47 2.39 2.05 2.75 1.33 1.96

6 2.57 2.82 2.95 2.55 2.23 2.99 2.98 3.20 2.01 2.38

7 3.28 3.45 4.15 3.14 3.40 3.37 3.35 4.10 2.80 2.93

8 4.07 4.46 2.71 3.83 4.50 4.65 3.70 0.68 3.19 3.39

9 4.67 2.42 0.99 4.66 2.98 2.51 1.07 0.87 0.16 0.88

10 3.19 2.42 4.55 3.33 3.03 2.96 2.43 4.13 3.00 2.73

Table 5
Air velocity at the outlets (m/s)

Number of Column number of air outlet
air outlet 11 12 13 14 15 16 17 18 19 20

1 –1.81 –0.42 –3.85 –0.75 –3.98 –4.22 –2.23 –3.51 –5.51 –4.48

2 –0.32 0.09 –1.05 0.76 0.36 –0.15 1.95 0.30 0.74 –1.91

3 0.71 –0.03 0.80 1.36 2.34 2.86 2.26 2.54 2.09 0.91

4 1.29 1.34 1.72 0.86 3.18 3.49 3.67 2.67 2.24 1.45

5 1.65 2.10 2.44 3.06 3.76 4.95 4.14 4.05 2.44 1.92

6 1.65 1.99 3.36 4.46 3.78 1.18 5.19 2.33 2.75 2.50

7 0.14 0.81 1.79 2.05 4.69 –0.60 1.65 –0.65 3.37 3.31

8 –0.41 0.65 0.20 0.58 5.87 –0.67 0.34 1.67 4.47 4.67

9 0.12 1.41 –0.28 2.70 1.67 2.44 2.13 3.35 5.66 5.31

10 2.05 2.05 3.88 4.96 3.73 5.95 5.46 6.23 6.04 5.48

Fig. 5. Streamline distribution of the air-cooling duct
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4.2. Optimization of the air-cooling duct structure
The air supply scheme should be optimized because of the prob-
lems of the initial air supply scheme in the previous section.
The overall optimizing calculation is difficult with the complex
structure. Therefore, this paper suggests that the main air duct
and riser ducts are optimized separately. Figure 6 presents the
optimization of the air-cooling duct. Firstly, the riser ducts are
optimized by adopting a separated structure and installing baf-
fles to make the air velocity at the outlets of each riser duct uni-
form. Secondly, the effect of the number and angle of the baffles
on the uniformity of air velocity at the outlets is explored. Then,
the optimized structure is obtained. Moreover, the optimization
of the main air duct is simultaneous. In order to reduce the mu-
tual interference between the air supply outlets, the air inlets
are rearranged, and the cross-section of the main air duct is ad-
justed. Finally, the optimized main air duct is combined with
the optimized riser ducts and the deflecting problem of com-
bined airflow is corrected by the baffles at the entrance of the
riser ducts.

Fig. 6. Optimization of the air-cooling duct

4.2.1. Optimization of the riser duct structure
Controlling the airflow from the main air duct to each outlet
of the riser duct is difficult when a riser duct is responsible for
two rows of air outlets in the initial scheme. Therefore, the riser
ducts are split into two parts, which are shown in Fig. 7.

Fig. 7. Changes made to the riser duct structure

In order to adjust the inconsistent airflow rate of each outlet,
some baffles are added to the riser duct, as is shown in Fig. 8.
This section will first investigate the effect of the number and
angle of the baffles on the uniformity of air velocity at the air
outlets. Each baffle is 60×56 mm in size. Two baffles work as
a group at each air outlet; α is the deflection angle of the baffle.
The optimization scheme is shown in Table 6.

Fig. 8. Schematic diagram of the riser duct with the baffles installed

Figure 9 depicts the air velocity diagrams at the outlets of a
riser duct for different baffle groups and angles.

As shown in Fig. 9, for a given baffle angle, the number of
the baffles has little effect on the air velocity at the air outlets.
When the baffle angle is 45◦, the uniformity of the air velocity
is significantly enhanced and is less affected by the change in
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Fig. 9. Velocity diagrams of air at the air outlets of a riser duct for different baffle groups and angles

Table 6
Description of the riser duct optimization scheme

Angle of Number of the baffle groups
the baffle 4 5 6 7 8

0◦ case1 case2 case3 case4 case5

15◦ case6 case7 case8 case9 case10

30◦ case11 case12 case13 case14 case15

45◦ case16 case17 case18 case19 case20

60◦ case21 case22 case23 case24 case25

75◦ case26 case27 case28 case29 case30

the number of baffles. At the other baffle angles, the uniformity
of air velocity at the outlet becomes worse than that at 45◦. The
velocity deviation coefficient is introduced to distinguish the
air velocity uniformity in cases 15–20, which can be defined as
follows:

Li =

∣∣Vi−V
∣∣

V
, (2)

where Vi is the air velocity at the i-th air outlet, V is the average
value of air velocity at the air outlets, and Li is the velocity
deviation coefficient.

Figure 10 shows the effect of the number of baffles on air
velocity deviation coefficient (2%–25%) at ten outlets of the

riser duct at a baffle angle of 45◦. Case 20 is selected because
its velocity deviation coefficient is the lowest among the five
cases considered.

Fig. 10. Velocity deviation coefficient diagrams
for a baffle angle of 45◦

As the air flows to the bottom of the riser duct, it hits the bot-
tom wall, causing bottom streamline disorder. Therefore, baf-
fles are also installed at the bottom of the duct. The optimized
riser duct is shown in Fig. 11.
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Fig. 11. Optimized riser duct

Figure 12 shows the air velocity diagrams at ten outlets of the
optimized riser duct. It can be seen from the figure that at each
air outlet, the air velocity is uniform (between 1.6 and 2.0 m/s).

Fig. 12. Air velocity diagrams at the air outlets of the optimized
riser duct

4.2.2. Optimization of the main air duct structure
The air supply from the upper right side of the main air duct is
uneven. Therefore, the air inlet is shifted toward the middle of
the main air duct, as shown in Fig. 13.

Besides, owing to the large size of the main air duct, stream-
lines are particularly prone to drift in the ducts. Therefore, the
cross-section is reduced to improve the uniformity of the air ve-
locity. Figure 14 is a schematic diagram showing the adjustment
of the main air duct geometry.

Fig. 13. Schematic diagram showing the air inlet position adjustment

Fig. 14. Schematic diagram of the geometric adjustment
of the main air duct

Figure 15 is the air velocity diagram of the outlets after ad-
justing the air inlets and duct structure. It can be seen from
Fig. 15 that the air velocity in the main air duct is high in the
middle and at both ends of the duct and that the air velocity at
both sides is almost similar. Therefore, in this paper, the air ve-
locity inconsistency of the main duct outlet is further alleviated
by increasing the number of air supply inlets. Through consis-
tent attempts, the four-inlet solution is proved to be superior.

Fig. 15. Air velocity diagram of the outlets after adjusting
the air inlets and duct structure
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The optimized main air duct is shown in Fig. 16. It has four
air inlets on its side. Its width has been reduced, and an air duct
with baffles has been installed between the duct and air supply
box. The main duct is divided in the middle by a partition to
reduce the mutual interference of the air supplies on the two
sides.

Fig. 16. Optimized main air duct

Figure 17 shows the air velocity diagram at the outlet of the
optimized main air duct, the air velocity at the outlet of the main
air duct is uniform after optimization and is in the 7.0–10.0 m/s
range. According to formula (1), the nonuniformity coefficient
of air velocity at the outlet of the main air duct is 0.065, and
thus, an acceptable air supply scheme has been established after
optimization.

Fig. 17. Air velocity diagram at the outlet of the optimized
main air duct

4.2.3. Optimization of the main air duct structure
After optimizing the main air duct and riser ducts, the optimized
main air duct and the riser ducts should be combined, and the
overall simulation calculation is performed. The overall model
of the optimized air-cooling duct is shown in Fig. 18.

Figures 19 and 20 show the air streamlines and velocity
nephograms at the air outlets of the optimized air-cooling duct.

Fig. 19. Streamline distribution in the cooling duct after duct
optimization

Fig. 20. Velocity nephogram in the cooling duct after duct
optimization

As shown in Fig. 19, when the air flows into the riser duct
through the main air duct, the airflow can get easily deflected to
one side. It can be seen from Fig. 20 that the air velocity distri-
bution at any air outlet is uneven, which is unfavorable for the
heat dissipation of the battery. Therefore, baffles are installed
at the entrance to the riser duct to improve the deflection of the
airflow. Figure 21 is the schematic diagram of the air-cooling
duct with baffles installed at the entrance to the riser ducts.

Fig. 18. Optimized air-cooling duct
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Fig. 21. Schematic diagram of the air-cooling duct with baffles installed at the entrance to the riser ducts

Figures 22 and 23 are the air streamline diagrams in the air-
cooling duct and the air velocity nephogram at its air outlet after
the baffles are installed at the entrance to each riser duct.

Fig. 22. Streamline diagram in the air-cooling duct after baffles have
been installed at the entrances to the riser ducts

Fig. 23. Velocity nephogram at the air outlet of the air-cooling duct
after baffles have been installed at the entrances to the riser ducts

It can be seen from Fig. 22 that air flows into the riser ducts
through the main air duct with no deviation and that the airflow
in each riser duct is smooth with no significant disturbance. And
as shown in Fig. 23, the air velocities at the outlets of the cool-
ing duct are uniform, with no significant differences existing
among them.

4.2.4. Optimization of the main air duct structure
Table 7 shows the comparison of the main indexes of the air-
cooling duct before and after its optimization.

Table 7
Comparison of the main indexes of the air-cooling duct before and

after its optimization

The velocity unevenness
coefficient

Pressure loss
(Pa)

Initial scheme 1.358 372.57

Optimization scheme 0.276 220.08

It can be seen from Table 7 that the nonuniformity coefficient
of the air velocity has decreased from 1.358 to 0.276, and the
uniformity of the air velocity at the air outlets has significantly
improved. The pressure loss of air has decreased from 372.57 to
220.08 Pa. Therefore, the overall performance of the air-cooling
duct has been significantly improved by optimization.

5. CONCLUSIONS
In this paper, an improved air supply scheme combining the
main air duct and the riser ducts is designed for BESSs. The
evaluation method of air supply uniformity is proposed and the
ventilation system in each optimization process is simulated by
the CFD method. The main findings listed in the paper are as
follows:
1. The inhomogeneity of the outlet velocity of the riser duct

is mainly caused by the inconsistency between the velocity
direction of the airflow in the riser and the normal veloc-
ity at the outlet. And the airflow direction deviation and the
airflow accumulation are also responsible for the inhomo-
geneity. The main method to solve the above problem is to
add the baffles with inclination.

2. The inhomogeneity of the outlet velocity of the main air
duct is mainly caused by the arrangement of the air inlets
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and the duct section structure. A four-inlet solution has bet-
ter performance. In terms of the uniformity of the air, re-
ducing the cross-sectional area of the duct to double has
also brought beneficial effects.

3. The uniformity of the airflow in the overall model can be
effectively improved by installing baffles at the entrance to
each riser duct. The nonuniformity coefficient of air veloc-
ity at the outlet of the air-cooling duct reduces from 1.358
to 0.276 with the optimization.

The personalized air supply scheme provided by this paper
can effectively improve the comfort of the battery pack, restrain
the excessive air supply, and ensure a compact structure.
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