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A B S T R A C T

Electrochemical battery energy storage stations have been widely used in power grid systems and other fields.
Controlling the temperature of numerous batteries in the energy storage station to be uniform and appropriate is
crucial for their safe and efficient operation. Thus, effective thermal management is required. In this work, an
approach for rapid and efficient design of the liquid cooling system for the stations was proposed. A hydraulic
solution model for the liquid-cooling network was established based on graph theory principles, and the genetic
algorithm was employed for automatic system optimization to achieve high cost-effectiveness and ideal tem-
perature distribution. Experiments were conducted to validate the accuracy of the hydraulic model and evaluate
the efficacy of the optimization strategy. The flow rate calculated from the hydraulic model agreed well with the
experiments, with a discrepancy smaller than 3.5 %, and the uniformity of flow rates was improved to as high as
70 % after the optimization. Furthermore, the applicability of this approach was also confirmed across various
sizes of energy storage systems.

1. Introduction

As electrochemical energy storage technology has advanced,
container battery energy storage stations (BESS) have gained popularity
in power grids [1,2]. Their advantages, such as reduced land use, easy
installation, and mobility, make them effective and flexible in balancing
energy demand and supply over time [3,4]. Since the performance of
batteries in BESSs depends heavily on the reaction temperature due to
internal electrochemical processes [5,6], the battery thermal manage-
ment system (BTMS) is crucial in container BESSs [7]. It plays a vital role
in ensuring both safety and efficiency [8,9]. One function of BTMS is to
maintain the temperature of every battery within an appropriate range
(20 ◦C–40 ◦C), which promotes system efficiency and prevents potential
safety hazards associated with thermal runaway of batteries [10,11].
Large temperature differences between battery packs will lead to battery
capacity loss [12], further reducing the lifespan of the energy storage
stations. Thus, the other important function of BTMS is to maintain
temperature consistency across different battery packs, with the tem-
perature differences typically below 5 ◦C [13]. Considering the energy
consumption of BTMS itself, designing BTMS presents a significant
challenge as it must ensure that the BESS operates at a uniform and

suitable temperature while maintaining low manufacturing and oper-
ating costs.
Among various BTMS solutions, liquid cooling plate system stands

out for BESS thermal management as the size of container BESS and
battery capacities continue to increase [14]. This strategy offers precise
and efficient heat dissipation capabilities [15], optimal security and
preferable cost-effectiveness. Compared to air cooling, which can cause
local hot spots [16], and immersion liquid cooling, which presents
higher safety risks [17], as well as other strategies [18], liquid cooling
plate cooling is a superior alternative. This makes it conducive to
ensuring the long-term feasibility of BESSs. Liquid cooling plate system
comprises of liquid cooling plates (LCP) and suited liquid-cooling
network. In its design, two primary challenges must be addressed to
achieve the thermal management target mentioned above. The first one
involves controlling the temperature distribution in the individual bat-
tery pack, which requires meticulous design of LCPs. To date, a series of
studies focused on the design and optimization of LCP have been re-
ported. Deng et al. proposed a cold plate with serpentine-channel
configuration, and studied the impact of channel number, channel
layout and coolant inlet temperature on the cooling performance [19].
Researchers have also investigated cold plates with various geometrical
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configurations and structures. For instance, Zhang et al. introduced a
biomimetic design inspired by the fin structure of horseshoe crabs for
liquid cooling systems. This design, optimized through multi-objective
techniques, demonstrated significant performance enhancements [20].
Additionally, other studies have explored butterfly-shaped, pin-shaped
col. plates and bi-functional heating-cooling plates, analyzing their heat
dissipation capabilities [21–24]. Meanwhile, researchers proposed an
advancing model for liquid cold plates. Zhang et al. introduced a
comprehensive computational method for total thermal resistance and
pressure loss of liquid-cooled battery thermal management system [25].
The second one involves achieving temperature uniformity across

different battery packs in the whole system. BESSs typically feature
parallel liquid cooling networks, in which the inlet liquid temperatures
for each LCP are the same and the temperature distribution in each
battery pack is closely linked to the flow rate through each LCP.
Therefore, ensuring uniform flow into each LCP is imperative for
maintaining system-wide temperature uniformity. However, the chal-
lenge of keeping flow uniformity between LCPs is complex. Due to the
spatial distribution of battery packs and the flow resistance loss of pipe
network, the flow distribution between cold plates is extremely uneven
[26,27], which further impacts the battery life and system performance
[28,29]. Current research and technology focusing on this issue pre-
dominantly rely on direct design pipe network using computational fluid
dynamics (CFD) simulation [30] and manual adjustment of CFD models
[31,32]. Additionally, there is ongoing research into maintaining dy-
namic monitoring during system operation [33]. Zhang et al. proposed a
manual CFD method for analyzing and resolving this issue, but this
approach is inefficient and unsuitable for coping with complex system
[34]. Pistoresi et al. used optimized tapered pipes to improve flow dis-
tribution uniformity [35]. However, the high cost of irregularly shaped
pipelines in practical applications, combined with their limitations
under off-design conditions, makes this approach less feasible. Chen

et al. proposed an optimization method for uniform flow distribution in
the manifold of server cabinets, but has limitations in single-stage, fixed-
structure [36]. Therefore, it is imperative to develop and implement
rapid design and optimization methods for thermal distribution in
BESSs.
In this work, a liquid-cooling network designing approach (LNDA)

was proposed for thermal management in BESSs. Our approach was
devised to efficiently construct liquid-cooling networks specifically
tailored for diverse scale BESSs, with considerations of cost-
effectiveness, energy efficiency, performance, and consistency. First, a
mathematical model was established for the liquid-cooling network of
BESS. This model integrated graph theory principles to arrange and
solve the equilibrium equation governing the pipeline network, thereby
obtaining comprehensive hydraulic performance of the network. The
LNDA coupled the proposed model with a genetic algorithm (GA) to
optimize various parameters. This included determining the diameter
and length of each pipeline, as well as number, and placement of booster
pumps, and determining the most favorable valve openings. Conse-
quently, this facilitated the operation of individual battery packs at their
ideal temperatures while ensuring uniform cooling across the entirety of
the battery system and minimizing associated costs. Additionally, the
accuracy of the model and efficacy of LNDA were validated and assessed
by extensive experiments and numerous case studies. Our approach
furnished an efficient and pragmatic solution for the design of liquid-
cooling system within BESSs.

2. Method

The schematic diagrams depicted in Fig. 1a illustrate the configu-
ration of the container lithium-ion battery energy storage station along
with its liquid-cooling system. Multiple battery packs are integrated into
the BESS, each requiring efficient heat dissipation. Consequently, a

Fig. 1. (a) Lithium-ion BESS with BMTS (formed by LCPs and pipeline networks) (b) single pack with its LCP (c) Simplified diagram of the whole system.
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dedicated LCP (as shown in Fig. 1b) is allocated to each battery pack.
These cold plates are interconnected by an intricate network of pipes,
forming a comprehensive pipeline network. The pipeline network and
LCPs constitute the thermal management system, whose operational
principles are presented in Fig. 1c. Here, the workingmedium undergoes
heat exchange within the cooler, subsequently being pressurized by the
primary pump of the pipeline network. It then circulates along the
pipeline and enters LCPs, where it engages in heat exchange with the
batteries, thereby effectuating cooling. The heated working medium is
then redirected back to the cooler, where it completes the cycle of the
liquid cooling system.

2.1. Hydraulic solution model of the pipeline network

A high-precision hydraulic solution model for the network is con-
structed to address the hydraulic characteristics of each segment of the
pipe network. The model works as the base of the LNDA. The solution
steps are as follows: 1. Establish the mathematical structure of the pipe
network 2. Formulate the governing physical Eq. (3). Simplify the
equations using graph theory. 4. Iteratively solve the equations to
determine the hydraulic characteristics of the network. When the bat-
tery pack index and arrangement mode are obtained, the mathematical
graph of parallel liquid-cooling network is constructed according to the
information (Fig. S1.1).

2.1.1. Governing equations
With this graph, the model is built based on the pipeline network

balance laws, comprising the node flow balance law and the loop
pressure balance law. The node flow balance law (Eq. (1)) ensures that
the net flow into or out of a node in the pipeline network is zero [37,38],
as

∑n

j=1
bkjQj = 0 (k = 1, 2,…,m − 1) (1)

where, n represents the number of pipelines in the network, and m is the
number of nodes. bkj is the directional characteristic coefficient of the
flow rate to the node k in the pipeline j. When the liquid flows into the
node in the pipeline, bkj = 1, when it flows out, bkj = − 1, and when the
pipeline is not connected with the node bkj = 0. Qj is the flow rate of this
pipeline j.
The loop pressure balance law (Eq. (2)) guarantees that the net

pressure around a loop in the pipeline network is zero, as

∑n

j=1
Cij
(
SjQj

2 − Hfj − HNj
)
= 0 (i = 1, 2,…, n − m+ 1) (2)

where, n-m + 1 represents the number of independent loops in the
network. Cij is the directional characteristic coefficient of the flow rate to
the loop i in the pipeline j. When the flow in the pipeline has the same
direction with the loop, Cij = 1, when they are opposite, Cij = − 1, and
when the pipeline is out of the loop Cij = 0. Sj is the drag coefficient of
this pipeline j.Hfj is the pump lift in the pipeline where the main/booster
pumps are located.

2.1.2. Simplification and selection of equations
The liquid-cooling networks of BESSs are extensively complex

(Fig. 1c). It contains many nodes and branches, which results in a large
number of equations according to Eqs. (1) and (2). Therefore, directly
solving these equations is hindered by over-constraint and over-load of
computations. To overcome these issues, the principles of graph theory
are adopted to select, simplify and arrange the system equations. The
graph-based process identifies independent loops within the pipeline
network to establish equations. Then, by solving these equations, the
flow and head variables for each necessary pipeline and node can be
calculated respectively.

To illustrate the loop selection process, a typical pipeline network
structure (Fig. 1a: 5 rows, 8-layer battery packs each row) is handled and
depicted in Fig. 2. Initially, a basic graph is created, consisting of nodes
and branches within the pipeline network (Fig. 2.1). The Kruskal algo-
rithm is then applied to identify the spanning tree of the graph (Fig. 2.2),
which establishes a path connecting all nodes without forming a loop
[39]. This spanning tree significantly simplifies the problem. According
to the graph theory, whenever an additional edge is added, loops are
formed, and these loops are independent with each other [40]. The
backtracking method [41] is employed to discover all independent loops
in the network (Fig. 2.3). Based on these independent loops, the non-
linear equations of loop pressure balance for the overall pipeline sys-
tem can be established as follows [42,43].

fi
(
qy1,qy2,…,qy(n− m+1)

)
=
∑n

j=1
Cij
(
sjqj2 − hfj − hNj

)
=0(i=1,2,…,n − m+1)

(3)

where, qy1, qy2,…, qy(n− m+1) represents the flow rates in edges of a
cotree.

2.1.3. Iterative solution
Assuming the non-linear equations have been iterated k times, the

approximation of the flow rates at k-th time can be obtained (Eq. (4)):

QKT
Y =

[
qy1k, qy2k,…, qy(n− m+1)k

]
(4)

Perform a Taylor expansion of Eq. (3) and neglect its higher-order
terms beyond the second order. Neglecting higher-order terms is justi-
fied as the retained terms provide the most significant contribution to
the function’s value, facilitating equation simplification and computa-
tional efficiency. The (k + 1)-th linearization approximation of equa-
tions can be written as follows.

fi
(
qy1k+1,qy2k+1,…,qy(n− m+1)k+1

)
= fi
(
qy1k,qy2k,…,qy(n− m+1)k

)
+

∂fi
∂qy1

Δqy1k

+
∂fi

∂qy2
Δqy1k+…+

∂fi
∂qy(n− m+1)

Δqy1k

(5)

where, Δqyik represents the k-th correction value of the flow rate, where

Δqyik = qyik+1 − qyik (6)

Thus, the Eq. (5) can be transformed into the matrix form (Eq. (7)).
⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂f1
∂qy1

∂f1
∂qy2

∂f2
∂qy1

∂f2
∂qy2

⋯

∂f1
∂qy(n− m+1)

∂f2
∂qy(n− m+1)

⋮ ⋱ ⋮
∂f(n− m+1)

∂qy1
∂f(n− m+1)

∂qy2
⋯

∂f(n− m+1)
∂qy(n− m+1)

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Δqy1k

Δqy2k

Δqy3k

Δqy4k

⋮

Δqy(n− m+1)k

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

= −

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

f1k

f2k

f3k

f4k

⋮

f(n− m+1)k

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(7)

With the hypothesis that the main diagonal is dominant, the Eq. (7)
can be simplified to the following form.

Δqyik = −
fik

∂fi
∂qyi

(8)

By substituting the cotree flow balance equation and finding the
partial derivative of qyi for fi, the first-order infinitesimal Δqyik is even-
tually described as follows (Eq. (11)):
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qj =
∑n− m+1

l=1
Cljqyl (9)

∂fi
∂qyi

=
∑n

j=1
Cij2
(

2sjqj −
dhfj
dqj

)

(10)

Δqyik = −

∑n

j=1
Cij
(
sjqj2 − hfj − hNj

)

∑n

j=1
Cij2
(

2sjqj −
dhfj
dqj

) (11)

For each independent loop, a flow correction value Δqyi is obtained
during each iteration. Therefore, it is necessary to set a desired value of
solution accuracy ε. When the flow correction value for each loop falls
below the specified solution accuracy, the solution process converges
(Eq. (12)). At convergence, the data for the head of each node and the
flow rate of each pipeline in the pipeline network can be obtained.

max
⃒
⃒
⃒Δqyi

⃒
⃒
⃒ < ε (12)

Through the meticulous identification of independent loops in the
pipeline network and subsequent solution of the associated equations,
the hydraulic solution model for the pipeline network is constructed.
Leveraging this model, the calculation of key parameters (including the
head of each node and the flow rate of each pipe) in the network is
conducted with high efficiency and accuracy.

2.2. Liquid-cooling network designing approach

Based on the hydraulic solution model of the liquid-cooling network,
the optimization algorithm is employed to facilitate the LNDA. The key
of LNDA consists of the optimized parameters, constrained conditions,
objective function and the optimization process.

2.2.1. Optimized parameters
The key factors which impact the hydraulic performance of the

pipeline network are identified according to the explanation of the drag
coefficient sj [44],

sj =
2λ⋅lj

πg⋅Dj3
+

ζ
2g⋅xj2

j = 1,2, 3…, n (13)

where, lj represents the length of the pipeline j while Dj is the diameter.
λ, ζ are determined by Colebrook-White diagram and engineering

estimate, containing factors such as fluid type, pipe shape, material,
roughness, and temperature. The optimization includes the geometry
parameters D and l of pipelines. Moreover, valves are applied in the
network to adjust the flow distribution as its affect described in the
second item of Eq. (13). xj is the opening value of valves, the range of
which is from 0 to 1, with 0 representing valve full-off, and 1 repre-
senting full-open (Fig. 3a). Additionally, the booster pumps are adopted
in the network to improve hydraulic performance. The optimized pa-
rameters contain their quantity and locations (Fig. 3b). The location
item serves as a pointer, enabling the code to automatically incorporate
the hydraulic matrix of the booster pump into the respective pipeline.
The hydraulic performance of booster pump can be written as ΔHPi =

Ab⋅QPi
2 + Bb⋅QPi + Cb. The form of the optimized parameter in the code is[

D1,2,3, L1,2,…,n,V1,2,…Nv ,Np,P1,2…Np
]
. Additionally, to address potential

pump force inadequacy, we adjust it by automatically increasing the
constant term of the head curve of the main pump in the calculation.
Particularly, in the pipeline where LCPs are located, the drag coefficient
should be replaced by the drag coefficient matrix of the LCP. Table 1
presents a comprehensive dataset concerning basic pipeline network,
experiments and optimization.

2.2.2. Parameter constraints and evaluation
Prior to optimization, it is imperative to impose constraints on the

geometric dimensions of pipeline length and diameter. Due to the en-
gineering nature of pipeline network design, nominal industrial pipe-
diameters are adopted for ease of implementation. Hence, the pipe
diameter selection is limited to the series of values provided by the in-
dustrial pipes. Additionally, the pipe-length influences system perfor-
mance and spatial size of integrated energy storage stations. Therefore,
the length ranges of different hierarchical pipelines across various rows
and layers are carefully valued as CONSTRAINT 1. It contains the in-
formation of LRimin ≤ li ≤ LRimax and Di ∈ [DRi1,…,DRik].
Simultaneously, an evaluation process must be conducted to ensure

the optimized parameters can satisfy the conditions for the calculated
hydraulic results within the pipe network, as well as the temperature
difference requirements between the battery packs. This evaluation
process is expressed as CONSTRAINT 2 in the code. The hydraulic
constraint necessitates that the liquid head hi at each node in the pipe
network exceeds 0, under which circumstance the flow can reach out to
this point. Meanwhile, the flow rate through each LCP QLCPi must sur-
pass the minimal required flow rate QiReq for effective and uniform heat
dissipation. Additionally, the maximum deviation of flow rates through

all LCPs
[(
QLCPi

)

max −
(
QLCPi

)

min

]
should be less than maximal tolerated

Fig. 2. The process of finding all independent loops of the pipeline network.
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difference ΔQTol. This constraint serves a dual purpose by ensuring the
seamless coordination of the system’s charging and discharging pro-
cesses, while improving its overall service life. Therefore, CONSTRAINT
2 includes the information of hi > 0,QLCPi > QiReq and
[(
QLCPi

)

max −
(
QLCPi

)

min

]
< ΔQTol. Among them, hi QLCPi ,

[(
QLCPi

)

max −

(
QLCPi

)

min

]
are calculated by our model. QiReq and ΔQReq are the user

defined parameters which should be given according various demands
and circumstances.
To demonstrate the capability of LNDA in this study, we use the

following battery working condition as the reference case. The heating
power of the single battery is set to 700W and the specific heat capacity
of the working medium is 4.2 kJ/(kg⋅K). The comprehensive charac-
teristics are detailed in S1.2. Consequently, the minimal flow rateQiReq is
set to 7 L/min. To adhere to the temperature uniformity requirement of
the entire system, another constraint demands that ΔQTol should be
<1.5 L/min [45]. The thermal distribution is obtained by COMSOL
Multiphysics [46], with the details of simulation shown in S1.3. Notably,
LNDA is designed to be a universal approach applicable to various types
of BESSs. This includes different types of battery packs, varying struc-
tures of LCPs, and a range of operating conditions, such as temperature
and humidity. To accommodate these diverse conditions, we adjust
CONSTRAINT 2 accordingly.

2.2.3. Optimization goal
In the process of optimization, the Fitness function is designed to

evaluate the economy of the liquid-cooling network [47]. Fitness func-
tion is a function related to (D, L, V, N, P), which consists of two parts
[48] and can be expressed as follows

Fitness(D, L,V,N,P) = C1 + C2 (14)

where, C1 is the total investment for the integrated energy storage liquid
cold and heat management system, and C2 is the system cost. The C1 and
C2 are respectively calculated by the following formula

C1 =
r(1+ rt)

(1+ r)t − 1

∑n

i=1
[f(di)li + g(vi)SV ] +

∑Npump

j=1
Wi (15)

C2 =
∑Npump

j=1

Hj × Qi

ηpi
⋅τ⋅ce × 10− 7 + αC1 (16)

where, r is the annual interest rate of the liquid-cooling network, t is the
investment recovery time, di and li are the pipe diameter and flow. The
pipe i cost can be calculated by the function f(di)li, which f can be
expressed by f(di) = cadi+ cb. g(vi)SV is the total cost of valves, where
g(vi) is the type of valve i and SV is the price of the valve i. Npump is the
number of pumps, andWi is the pump cost; H, Q, ηp are pump head, flow
and efficiency, τ, ce are annual working hours and electricity charges,
and α is the depreciation rate of the network.

Fig. 3. (a-b) Description of optimized parameters. (c) Flow chart of design and optimization of the LNDA.

Table 1
Comprehensive characteristics and dataset.

Parameter Symbol Value

Pipeline network geometry parameters
Number of batteries N –
Number of battery array set s –
Number of nodes m 2s+ 2N
Number of pipelines n 2s − 1+ 3N
Number of independent loops n − m+ 1 N

Experiment
Length (of pipeline with main pump) Lj 1200±20 mm
Length (of primary pipeline) Lj 200±10 mm
Length (of secondary pipeline) Lj 150±5 mm
Inner diameter (of primary pipeline) Dj 25 mm
Inner diameter (of secondary pipeline) Dj 10 mm
Drag coefficient (of primary pipeline) λp1 3.93× 10− 4 m/(L/min)2

Drag coefficient (of secondary pipeline) λp2 5.13× 10− 4 m/(L/min)2

Length of LCP LLCP 400 mm
Width of LCP WLCP 300 mm
Size of the cabinet – 1800× 600× 600 mm3

Height of the single step – 200 mm

Optimization operating conditions
Population quantity N 100
Iterations It 50/60/70
Catastrophe probability mut 0.4
Cross probability acr 0.5
Length range (of primary pipeline) Lj 1–2 m
Length range (of secondary pipeline) Lj 0.3–0.5 m
Diameter range (of primary pipeline) Dj 50–90 mm
Diameter range (of secondary pipeline) Dj 20–30 mm
Diameter range (of tertiary pipeline) Dj 8–15 mm
Solution accuracy ε 0.001

Objective function
Annual interest rate of network r 0.6
Investment recovery time t 5
Pump efficiency (main/booster) ηp 70 %/60 %
annual working hours τ 8640 h
Average electricity fee (Wuhan, China) ce 0.86 CNY/kWh
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2.2.4. Optimization algorithm and designing process
To determine the optimization algorithm, the results of three

different optimization algorithms are compared. The genetic algorithm
(GA) is finally found as the best-suited algorithm [49], owing to its
balance between efficiency and suitability. In GA, the maintenance of
population diversity enables a systematic search for the global optimum.
By evaluating and selecting adaptive function values, individuals dis-
playing enhanced performance are prioritized and retained for the
subsequent generation. The introduction of crossover and mutation
operations facilitates the generation of novel gene combinations,
thereby fostering population evolution and optimization. Through iter-
ations, it progressively converges towards the identification of the
chromosome parameter array that corresponds to the optimal fitness
function value.
Based on the algorithm above, the process for LNDA is elucidated,

and its flow chart is presented in Fig. 3c. The INPUTs of LNDA are the
number of battery packs and their arrangement mode (written as an
array). Initially, the graph of liquid-cooling network is formed according
to the input. In the step of population initialization, each individual in
the population is assigned an initial value in the form of [D1,…,D3,l1,…,

ln,V1,…,Vn,Npump,P1,…,PN]. In this notation, D1,…,D3 denote the di-
ameters of primary, secondary and tertiary pipes. l1,…, ln correspond to
the lengths of each pipe, Npump indicates the total number of booster
pumps. P1,…,PN specify the positions of the pumps along the pipeline,
identified by the serial number of the respective pipe. All these param-
eters are randomly generated within predefined constraints using a
constrained random function, ensuring that each value adheres to the
specified constraint ranges. Subsequently, the hydraulic performance,
temperature uniformity and fitness function value are computed for
each chromosome using the proposed hydraulic solution model. It is
followed by CONSTRAINT 2. Then the chromosomes undergo selection,
crossover, mutation, fitness recalculation, and cycle through this process
[50]. During the crossover step, a crossover factormut is introduced, and
a random array is generated for the population. If a chromosome’s
responding value exceeds the crossover factor, it undergoes crossover
with another randomly selected chromosome, starting at random nodes.
During the mutation step, a mutation factor acr is introduced, with each
chromosome node assigned a random value. If this value exceeds the
mutation factor, the node is mutated by multiplying it by a random
number. After a predefined number of iterations, the OUTPUTs of the
chromosome parameter including the length and diameter of each
pipeline, the opening of each valve, and the number and position of
booster pumps corresponding to the optimal fitness function value is
obtained.

2.3. Experimental method

A series of experiments are conducted to accomplish two primary
objectives: (a). To validate the accuracy of our hydraulic model through
experimental verification. (b). To assess and evaluate the efficiency and
effectiveness of the LNDA. Based on the purposes above, two experi-
mental rigs are established with specific functions. Rig 1 is dedicated to
parameter measurement (Section 2.3.1), whereas Rig 2 is geared to-
wards performance testing (Section 2.3.2). The experimental setups
(Section 2.3.3) involve the utilization of both Rig 1 and Rig 2, which
facilitate a comprehensive examination of objective 1 and 2.

2.3.1. Calculation parameter measurement
The experimental Rig 1 is designed and constructed to quantify the

drag coefficients and characteristics of hydraulic components in the
liquid-cooling network. It helps ensure the accuracy of parameters in the
model. The measurement principle is depicted in Fig. 4a. It involves the
measurement of the pressure difference in the fluid traversing the
working element, monitored by a pilot gauge, followed by the assess-
ment of flow rate using a flowmeter. The physical diagram of Rig 1 is
illustrated in Fig. 4b. In the experiment, 20 ◦C water is selected as the
working medium due to its common use and relevance. To ensure pre-
cision and reliability in the experimental measurements, a comprehen-
sive dataset is collected. Following the experimental phase, resistance
coefficients of the pipeline network elements are deduced through
fitting procedures. These acquired coefficients are then utilized in the
subsequent solution and optimization processes for the network.

2.3.2. Performance testing and evaluation
The experimental Rig 2 is designed and constructed to measure the

hydraulic parameters and flow distribution in the operating system. It
can be used to validate the model and evaluate the efficiency. The
structure and components of the flow rate uniformity measurement rig
are displayed in Fig. 4c-d, as the Fig. 4c shows the principle and layout of
the rig: The working liquid, stored within the water tank, is propelled
into the pipe network by the main pump. Consequently, the liquid is
distributed to each LCP and subsequently passes through corresponding
flowmeters before eventually returning to the tank, during which the
flow rate within each LCP is assessed. The network is arranged with
primary and secondary pipes. The primary pipeline is directly connected
to the main pump, while the secondary pipes are connected to the LCPs.
Valves are positioned at the center of the inlet secondary pipes, and
flowmeters are placed at the center of the outlet secondary pipes. The
sizes of the rig and LCPs are listed in Table 1. Fig. 4d shows the physical
diagram of Rig 2, which consists of multiple layers of LCPs. Additionally,
valves with adjustable opening and an S-shaped LCPs fabricated via CNC

Fig. 4. (a) Schematic diagram of Rig 1 for measuring drag coefficient of pipeline network elements. (b) Physical diagram of the Rig 1. (c) Schematic diagram of Rig 2
for evaluating network performance. (d) Structure of Rig 2.
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are used in the Rig 2. Through the experimental measurement, a
comprehensive evaluation of the liquid cooling system’s operational
characteristics is conducted, which is further used to substantiate the
accuracy of the model and efficacy of the LNDA.

2.3.3. Experimental setups: validation and evaluation
To verify the accuracy of the model, firstly, the drag coefficients of

elements (valve, LCP, etc.) in the liquid-cooling network are measured
by Rig 1. Subsequently, they are placed into our model code as inherent
coefficients. A 7-step and an 8-step structure with all valves fully open
are applied to the hydraulic solution model for calculation. Meanwhile,
through the practical operation in Rig 2, the hydraulic performance of
the 7-step and 8-step structure in the same operating conditions is
experimentally measured. The experimental results are compared with
the calculation results to validate the hydraulic solution model.
To evaluate the efficacy of the approach, LNDA is employed to

optimize the flow distribution in the 7-step structure using Rig 2. In the
optimization process, the openings of the 7 valves are chosen as the
parameters to be optimized, and the objective function is defined as the
difference between the maximum and minimum flow through different
steps in the overall system. LNDA will output optimal valve opening
values after optimization. Adjust the valves in Rig 2 according to these
output values. Measure the flow distribution and compare themwith the
initial values to evaluate the accuracy of LNDA.

3. Results and discussion

3.1. Modeling validation

Following the setup in Section 2.3.3, model validation is conducted.
Fig. 5(a-b) illustrates the drag coefficient and hydraulic performance
across different elements. To accurately position the valve opening, ball
valves with angular scale are adopted. By measuring the pressure drops
at various flow rates, the hydraulic curve (Fig. 5a) can be precisely fitted
using the form ΔP = Cv(i)Q2. Cv(i) is the second term of Eq. (13) and
represents the drag coefficient of the valve at the corresponding valve
opening i (denoted as 1 minus the angular scale indicator divided by
90◦). The hydraulic curves for various valve openings are first measured
and fitted to obtain the Cv values at different valve openings i. Conse-
quently, the curve of Cv(i) versus i can be plotted and fitted, as shown in
the upper left corner of Fig. 5a. As the valve opening i changes, the
resistance coefficient of the valve adjusts according to the function Cv(i),
impacting the flow distribution across the entire cooling network. In the
subsequent experiments, we optimized the valve openings as the key

parameter to evaluate the performance of LNDA. The drag coefficient
and hydraulic performance are also measured and fitted. Due to the low
precision of CNC machining utilized here, the drag coefficients of the
LCPs exhibit slight variations, despite having identical internal sizes and
structures. These shortcomings are not expected to exist in industrial
applications and industrialization. This is mainly because LCPs for in-
dustrial BESS are typically manufactured through stamping techniques,
resulting in minimal differences among individuals. In the experiments,
the 7-step structure contains LCP No. 1–7 from the highest layer to the
lowest layer, and the 8-step structure contains LCP No. 1–8. The height
difference between each layer is the same, which is 30 cm.
The parameters obtained by Rig 1 are input into the model, and the

hydraulic performance of the 7-step and 8-step structure are solved and
analyzed (Table 2). The solution process is displayed in Tables S2 and
S3. Meanwhile, the hydraulic performances characterized by the flow
rate of each LCP in two structures are measured. To avoid random results
in the experiment, repeated measurements are performed by restarting
the rig under the same conditions six times, and then the standard de-
viations of three measured values are calculated. Fig. 6 shows the hy-
draulic performances of 7-step and 8-step structures, respectively. The
calculated values using our model show excellent agreement with the
experiments. The computational results exhibit differences of 2.39 %
and 3.23 % compared to the experimentally measured flow rates for 7-
step and 8-step structures, respectively. The corresponding maximum
errors across each step are 5.81 % and 5.83 %. Given the minute
magnitude of errors, these results demonstrate excellent agreement with
the present model. Moreover, the error analysis is also conducted to
examine potential factors that could have contributed to the errors.
These factors include ignoring pipe length cutting errors, slight bends in
plastic pipes, drag coefficient measurement errors, and the inherent
accuracy limitations of the instruments used. In practical applications,
batch-cutting pipes, using metal pipes, and employing high-precision
instruments can further improve the model accuracy.

3.2. Experimental evaluation of LNDA

The LNDA is then applied to the practical experimental system, and
the approach is evaluated by following the setup in Section 3.3. In the
untreated 7-step structure, hydraulic performance exhibits in-
homogeneity, as illustrated by the varying flow rates across different
steps (Fig. 6b). This disparity in flow rates can result in divergent
thermal performances during practical applications. Here, the LNDA is
applied to optimize the flow distribution in the 7-step structure.
Fig. 6c provides a comprehensive overview of the entire optimization

Fig. 5. (a) The hydraulic curve and drag coefficient of the valve at various opening positions (b) the hydraulic performance of different LCP (selected).
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process, which necessitates only 34.6 s for the completion of 50 itera-
tions with the population of 50 and the attainment of the desired system
consistency. Throughout this process, the average value of the objective
function for the population (Average Fitness) demonstrates a converging
trend. Significantly, the optimal value for the objective function (Best
Fitness) reveals a discernible decreasing trend with each iteration,
diminishing from 1.89 to 0.45, a decrease of 76.2 %. The optimization
procedure ultimately culminates in the identification of the optimal
chromosome, characterized by the valve degrees [60◦ 45◦ 55◦ 0◦ 35◦ 55◦
55◦]. Smaller valve degrees correspond to greater flow rates, with
0◦ indicating a fully open valve.
The non-optimized flow distribution within the 7-step structure is

illustrated in Fig. 6b, where the abscissa represents the number of LCPs

in the structure and the ordinate depicts the corresponding flow rates.
Prior to optimization, all valve degrees are set to 0◦ (fully open). The
initial computational results (depicted in blue) reveal that the maximum
and minimum flow rates are 10.03 L/min and 8.14 L/min. The experi-
mental data (depicted in grey) indicate maximum and minimum flow
rates of 10.36 L/min and 8.27 L/min before the optimization, with a
deviation of 2.09 L/min.
After the optimization, the optimized valve degrees above are

implemented in the experimental rig to measure the flow distribution
and assess the efficacy of the optimization. The post-optimized flow
distribution is presented in Fig. 6d, where the calculation results indi-
cate that the maximum and minimum flows are 8.93 L/min and 8.47 L/
min. Similarly, experimental data show that the maximum andminimum

Table 2
Drag coefficients of LCPs and various valve openings.

LCP number 1 2 3 4 5 6 7 8

Drag coeff. 3.117 2.709 2.085 3.389 3.327 2.97 3.037 6.65
Valve degree 0◦/1 20◦/0.78 40◦/0.56 50◦/0.44 60◦/0.33 70◦/0.22 80◦/0.11
Drag coeff. 0.243 0.249 0.321 0.406 1.160 4.701 57.46

Fig. 6. The comparation of flow rate between the experiments and calculations in (a) 8-step structure (b) 7-step structure to validate the model To evaluate the
efficiency of LNDA, the (c) optimizing process of 7-step structure and (d) flow distribution after optimization.
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flow are respectively 8.80 L/min and 8.18 L/min, with a deviation of
0.62 L/min. The upper boundary of the shallow-grey region signifies the
maximum flow measured through the LCP in the experiment, while the
lower boundary indicates the minimum value. Notably, a distinct con-
sistency becomes apparent upon examining the shallow grey areas in
Fig. 6b and c. The optimization process results in a 70.3 % reduction in
the practical flow heterogeneity, and all values exceed the ideal flow
rate for uniform heat in a single battery pack.

3.3. Application for large-scale energy storage station

In the preceding Section 3.2, we explore the application of the LNDA
in a miniaturized BESS structure (capable of accommodating single-digit
battery packs), complemented by experimental results. However, larger
energy storage stations with the capacity for dozens/hundreds of battery
packs exist in practical scenarios, prompting us to employ this approach
for the design and optimization of such configurations. Moreover, when
investigating systems with an equivalent quantity of battery packs, our
inquiry encompasses the exploration of diverse pack arrangements. The
significance of studying diverse battery pack configurations lies not only
in determining the spatial arrangement of pipes but also in influencing
the total number of pipes and other pertinent parameters within the
system.

3.3.1. Effect of the quantity of battery packs
The LNDA is conducted with a variable number of battery packs,

denoted as N = 24, 30, 36 and 42. As the quantity of battery packs in-
creases, it is notable that they are not uniformly arranged in a single row
but rather dispersed across multiple rows. Additionally, the pipelines are
categorized into primary (main pipeline, connected to the main pump),
secondary, and tertiary pipelines (linked with the LCP). Consequently,
the battery arrangement modes are selected as AN = [6 6 6 6], [6 6 6 6
6], [6 6 6 6 6 6] and [6 6 6 6 6 6 6] respectively. Fig. 7g-h shows the
structural sketch of the liquid-cooling network for the case ofN= 30, 36,
with the arrangement mode remaining analogous under varying con-
ditions. For different quantities and arrangements of battery packs, the
network will vary. Assuming there are N battery packs divided into m

rows, with an arrangement described by A= [n1, n2,…, nm], where n1+
n2 + … + nm = N. The total number of nodes and pipelines can be
calculated as 2 m + 2 N and 2 m-1 + 3 N, respectively. In the supporting
information Section S1.1, we outline how to mathematically describe
different pipe network structures in the code and perform subsequent
calculations in detail.
In the optimization process, the size of the population is 50 and the

iteration step is 60. The optimization curve is shown in Fig. 7a. In these
processes, the optimal fitness value demonstrates an increase with the
increase of N, albeit not in a linear fashion. Observations reveal that the
greater the value of N, the slower the rate of increase in fitness. How-
ever, the efficiency of LNDA is enhanced within this range, as the ratios
of initial fitness value to the optimal ones are 42.6%, 21.8%, 24.2% and
20.8 % at N = 42, 36, 30, and 24 [51]. The total pump power of the
system is reduced through optimization. Before optimization, the pump
power requirements for N = 24, 30, 36, 42 are 3.96 kW, 6.23 kW, 7.99
kW, and 13.52 kW, respectively. After optimization, these values are
reduced to 3.68 kW, 5.06 kW, 7.35 kW, and 9.17 kW, respectively.
Fig. 7b shows the valve opening values before and after the LNDA.
Meanwhile, we examined the optimized flow distribution (Fig. 7c-f),
discovering minimal variation in flow among LCPs, which is within 1.5
L/min. Consequently, this results in a uniform temperature distribution.
We also demonstrate the temperature uniformity in case N = 24 by
simulation results, with the details discussed in Supporting information
S2. After optimization, the temperature uniformity has been improved,
which helps to avoid the capacity loss in the operation. This adherence
to design and application specifications attests to the effectiveness of the
optimization process.

3.3.2. Effect of the distribution of battery packs
Our investigation also extends to exploring the influence of various

arrangement modes on the liquid-cooling network. In this analysis, we
specifically choose N = 30 and categorize the battery packs into three
types of distribution modes: decreased arrangement (A1 = [8 7 6 5 4]),
sub-uniform arrangement (A2 = [8 8 8 6], A3 = [6 4 6 4 6 4]), and
uniform arrangement (A4 = [6 6 6 6 6], A5 = [5 5 5 5 5 5]). The basic
graph is displayed in Fig. 8b-f. These distinct arrangement modes

Fig. 7. (a) Optimizing process of different battery packs number N = 24, 30, 36, 42. (b) Valve opening value before and after the LNDA. (c-f) Flow distribution
through LCPs of different battery packs number. (g-h) Structural sketch of Liquid-cooling network at N = 30, 36.
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undergo thorough comparative analysis to elucidate their respective
impacts on the overall system.
In the optimization process, the size of the population is 50 and the

iteration step is 100. The optimization curve is shown in Fig. 8a.
Meanwhile, the flow distribution (Fig. 8g-j) is examined, discovering
minimal variation in flow among LCPs, which is within 1.5 L/min. While
the total flow rates of the system vary slightly in different arrangement
modes (233.15, 232.56, 228.92, 241.91, 231.36 L/min from A1 - A5), the
economic cost of the liquid cooling network differs considerably among
different arrangement modes. From Fig. 8a, it becomes evident that the
optimal economic performance of the system is achieved when the
battery packs are evenly distributed. The economic optimization of
LNDA shows high efficiency, with values of 26.0 %, 27.9 %, 31.3 %,
24.2 %, and 31.7 % from A1 to A5. Additionally, in the case of even
distribution, the arrangement of [5 5 5 5 5 5] is more economical than [6
6 6 6 6], which can be attributed to the fact that there is smaller pressure
loss caused by fewer battery packs arranged in each row.

4. Conclusion

This investigation presents an efficient liquid-cooling network design
approach (LNDA) for thermal management in battery energy storage
stations (BESSs). LNDA can output the full range of optimal parameters
for the liquid-cooling network only with the inputs of the number and
arrangement of battery packs. The designed network can ensure an
ideal, uniform flow distribution and the lowest system cost in BESSs,
thereby enhancing their benefits as well as ensuring their safety and
efficient operation.
LNDA is constructed on our developed graph-based hydraulic solu-

tion model of liquid-cooling network combined with genetic algorithm
optimization. The graph-based hydraulic model has high accuracy, in
agreement of >96 % with experimental results. LNDA shows notable
effectiveness and efficiency, taking only 34.6 s to improve the flow
uniformity of the practical system by 70.3 %. LNDA also demonstrates
wide applicability in large-scale BESS with varying numbers of battery
packs, where the economic efficiency can be improved by 20–40 % and
the high uniformity of the system can be ensured.
The impact of varying battery pack arrangements on the economic

viability and thermal uniformity of BESSs is also analyzed using LNDA.

Results reveal that the uniform arrangement outperforms non-uniform
arrangements in both economic efficiency and thermal uniformity.
Within a uniform arrangement, a configuration with fewer battery packs
in each row proves to be more advantageous for system operation. The
proposed approach and findings offer valuable insights that can
contribute to the advancement of energy storage systems and related
technologies.
For the current LNDA, there is still room for improvement in

allowing optimization based on the number of battery packs, rather than
requiring a predefined arrangement mode to design and optimize the
liquid cooling network. Moreover, LNDA’s versatility makes it a prom-
ising candidate for application in liquid-cooling thermal management
systems across various fields, such as data centers. LNDA has also
demonstrated the potential for temperature control in BESSs. The di-
rection of our future work focuses on leveraging LNDA’s rapid optimi-
zation capabilities to swiftly respond to temperature fluctuations within
the BESSs, thereby achieving effective system temperature control.
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