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At present, energy storage in industrial and commercial scenarios has problems
such as poor protection levels, flexible deployment, and poor battery
performance. Aiming at the pain points and storage application scenarios of
industrial and commercial energy, this paper proposes liquid cooling solutions. In
this paper, the box structure was first studied to optimize the structure, and based
on the liquid cooling technology route, the realization of an industrial and
commercial energy storage thermal management scheme for the integrated
cabinet was studied to ensure that the temperature between the cabinets was
consistent and reduce the system capacity loss caused by the liquid-cooled
battery module was inconsistent. The industrial and commercial energy storage
integrated cabinet comprehensively considers the flexible deployment of the
system, enhances the protection level of the cabinet, and the structural strength
of the cabinet, and improves the temperature balance characteristics of the
battery module in the cabinet.
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1 Introduction

In industrial and commercial energy storage scenarios, energy storage batteries need to
be flexible, have high energy density, safe operation, and high battery consistency.
Therefore, distributed energy storage meets the needs of an industrial and commercial
energy storage flexible layout, and modular energy storage configuration can be selected
according to the power and energy requirements and area limits within the plant (Yang
et al., 2023).

In the present industrial and commercial energy storage scenarios, there are two
solutions: air-cooled integrated cabinets and liquid-cooled integrated cabinets. An air-
cooled converged cabinet uses fans and air conditioners to dissipate heat from lithium
batteries. A liquid-cooled converged cabinet uses coolant to dissipate heat. The
integrated design of the battery module heat dissipation and power conversion
system (PCS) provides higher battery energy density, a stronger protection level,
and better battery consistency, which helps to improve battery life and save
maintenance costs.

Literature (ZincFive, 2022a; ZincFive, 2022b) designed an uninterruptible power
supply battery cabinet and introduced the manufacturing of a green nickel-zinc UPS
battery cabinet provided by a Wyoming ultra-large-scale white box. However, the
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specific liquid cooling design, energy management design, and
cabinet design of energy storage battery cabinets were mentioned
less. Other literature (C and C Power Inc, 2016; C and C Power
Inc, 2019) focuses on the study of layered batteries. Compared
with single batteries, layered batteries improve safety and stability
and are more suitable for the development of energy storage
batteries. Some studies (C and C Power Inc, 2015; Researchers
Submit Patent Application, 2015; Researchers Submit Patent
Application, 2016) examine large and layered battery cabinets,
as well as the internal structure of battery cabinets, and have good
application value. Meng et al. (2015) analyzed the thermal
management system of outdoor batteries and conducted
numerical research but did not explicitly propose strategies to
reduce the operating temperature of outdoor batteries. C and C
Power Inc. (2013) and Patents (2015) researched and developed
battery cabinets, battery systems, and layered battery systems.

Other studies (Battery Cabinets, 2011; IntelliBatt, 2012; Saleh
et al., 2023) analyzed the operation strategy of cold storage and
heat storage tanks in the optimal design of a multi-power
generation system. The energy flow characteristics of a multi-
current cogeneration system are defined. The above articles do not
address battery cabinet liquid cooling systems but do
systematically study the battery cabinet frame design and
temperature and energy analysis. Therefore, this topic will take
the liquid-cooled integrated cabinet as the research object and
carry out the research and development of the key technologies of
the liquid-cooled integrated cabinet. Based on the current
research status of industrial and commercial energy storage
cabinets, this project intends to study the integrated technology
of industrial and commercial energy storage with high energy
density and design a cabinet with high protection levels, high
structural strength, and consistent temperature.

TABLE 1 Battery module parameters.

Battery modules work in series-parallel mode 1P52S

Parameter type Symbolic Unit Value

Rated charging hour rate n — 2

Rated hourly discharge rate n’ — 2

n Hourly rate-rated charging power Print kW 23.296

n’ hourly rate-rated discharge power Prdn’ kW 23.296

n Hourly rate-rated charging energy Erin kWžh 46.592

n’ hourly rate-rated discharge energy Erdn’ kWžh 46.592

n Hourly rate-rated charging capacity Crcn Ažh 280

n’ hourly rate-rated discharge capacity Crdn’ Ažh 280

Nominal battery module voltage — V 166.4

Battery module dimensions (L × W × H) — mm (1,186 ± 5)*(808 ± 5)*(242 ± 5)

Battery module quality — kg (327 ± 9)

FIGURE 1
Schematic diagram of high-voltage box connection.
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The main research contents are:

(1) Industrial and commercial energy storage battery technology
design, PMS + energy management system (EMS) joint

management, eliminate the (Station to Grid) difference
between clusters to ensure long-term system consistency.

(2) Improve the box design by providing a high protection
level, high structural strength, and meet the International
Protection Rating (IP) standards for overall cabinets,
IP55, and key components, IP67, to cope with the harsh
outdoor environment in industrial and
commercial scenarios;

3) Design the temperature consistency of the energy storage battery
cabinet and the liquid cooling circuit to cover each battery

The resulting cabinet will have more uniform heat dissipation,
lower cell temperature differences, and use an intelligent
temperature control strategy. Compared with conventional air
cooling, power consumption is reduced. The temperature
consistency design of the energy storage battery cabinet and the
balanced control of the whole life cycle ensure consistent energy
storage operations.

FIGURE 2
Electrical topology of the DC system.

TABLE 2 Battery parameters.

Item Specification

Rated cell capacity (Ah) 240

Cell dimensions (mm) 173x48x170

Nominal voltage (V) 3.2

Internal resistance (mΩ) ≤0.32

Cell weight (kg) ≤2.25

TABLE 3 Module parameters.

Item Specification

Nominal voltage (V) 116.4

Operating voltage range (V) 327 V

Overall dimensions (mm) 1,186*808*242

Weight (kg) 2000

Series-parallel system 280Ah cell, 1Px52S

TABLE 4 Parameters of a single battery cabinet.

Item Specification

Nominal voltage (V) 400 VAC

Operating voltage range (V) 650–949 VDC

Overall dimensions (mm) 1,350*1,300*2000

Weight (kg) 2,500

Series-parallel system 1Px52Sx6S

Energy (KWh) 232 kWh

FIGURE 3
Prototype welding frame.
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2 Design of high energy density
industrial and commercial energy
storage battery technology

2.1 Battery system

The storage medium of the battery system is a lithium iron
phosphate battery with high safety and high cycle life, which is
modular and easy to install and maintain (Battery Cabinets, 2011;
IntelliBatt, 2012).

Laser spot welding technology is used to form the battery
PACK box, model 1P52S from BatteroTech, Jiaxing City, China,
and the parameter is 166.4 V/280Ah (46.6 kWh). The modules of
five battery boxes are connected in series to form a cluster with a
capacity of 232 kWh, and the battery pack voltage is normal.
Table 1 describes battery module parameters.

2.2 High-pressure box design

The battery cluster high-voltage control box is equipped with
total positive contactors, total negative contactors, pre-charging
circuits, fuses, molded case circuit breakers, etc. All contractors
should be able to accept the control of the battery
management system.

The battery cluster is directly connected to the PCS bus. A
35 mm2/1000VDC high-voltage copper cable connects the battery
cluster to the PCS.

Figure 1 shows the schematic diagram of the connection of the
high-pressure box. The electrical topology shown in Figure 2 is
as follows:

Table 2 shows the cell parameters, Table 3 shows the module
parameters, and Table 4 shows the parameters of a single
battery cabinet.

3 Cabinet design with high protection
level and high structural strength

The key system structure of energy storage technology
comprises an energy storage converter (PCS), a battery pack, a
battery management system (BMS), an energy management
system (EMS), and a container and cabin equipment, among
which the cost of the energy storage battery accounts for nearly
60%, and the core component energy storage converter (PCS)
accounts for nearly 20%. Protecting the stable operation of the
battery pack and PCS is particularly critical. In a compact space,
improving the safety of the core components helps to improve the
system’s working ability. At present, there is a certain gap in the
field of integrated and multi-functional integrated cabinets made
in China.

The commonly used low-voltage power distribution
integrated power cabinet is an indoor structure (Ochmann
et al., 2023; Saleh et al., 2023; Yang et al., 2023), waterproof,
anti-foreign body level that only meets the requirements of IP30
(Kumar and Varghese, 2023; Tianfu et al., 2023; Vechi et al.,
2023). This cabinet cannot meet the requirements of outdoor

IP55 protection. IP30 requirements of IP30 state that the
contents of the cabinet must be protected against penetration
by a test rod larger than 2.5 mm test rod. IP30 does not address
waterproof performance. IP44 requirements can be understood
as follows: a test rod with a diameter of 1 mm and a length of
100 mm cannot reach the danger source in the cabinet, and the
contents of the cabinet are protected against water and splash.
Therefore, the integrated power cabinet can only be used indoors;
it cannot be used in any location where it might be subject to rain
or splashing water. It does not have standardized design and
construction design management. There is a need for a power
cabinet structure that can be used outdoors to meet the
IP44 protection requirements with a manufacturing design
that is simple and easy to standardize.

Some requirements for a high-protection outdoor integrated
power cabinet structure include a waterproof door device, a
waterproof door device including protection strip assembly
and water bar assembly, and a waterproof door device
arranged on both sides of the general cabinet frame. The
cabinet needs a ventilation device on the power cabinet door
comprising a louver assembly. The louver assembly must be
provided with a double layer (Ghamari et al., 2022; Zhang
et al., 2022; Wang et al., 2023). The upper surface waterproof
device comprises an upper cover and a lower cover, and the lower
cover is connected with an inner cavity of the upper cover. The
top surface waterproofing device is arranged on the top surface of
the general cabinet frame. The utility model uses a general
cabinet to ensure universality and be conducive to
standardized management, adopts a common cabinet when
high protection is not required, and only needs to add parts

FIGURE 4
Improved welded frame.
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and manufacturing processes to meet the IP44 protection
requirements when protection must be improved. The cabinet
must support standardized product maintenance, reduce the cost
of management, be simple and effective, and be useable outdoors.
This standard changes the restriction that limits the use of the
integrated power cabinet to indoors. Figure 3 shows the
prototype welded frame, and Figure 4 shows the improved
welded frame.

First, this version has been greatly improved in the
framework structure. The sealing plate of the facade and the
top cover plate assembly have been changed to the assembled
type, and the weight of the single welded frame is greatly reduced
compared with the original prototype. Because the frame is not a
semi-closed structure, it is conducive to excluding excess surface
treatment materials, so either painting or spraying will achieve
better surface coverage.

Column structure: The original prototype is made of profiles,
and to meet the existing inventory, the thickness of the profile
plate is 5 mm, but the welded frame is overweight. The improved
version of the column adopts full welding around the upper
profile of the machine, and the thickness of the plate is 3 mm.
At the same time, due to the height reduction of 190 mm, the
weight and cost can be reduced. Figure 5 shows the original
prototype column, and Figure 6 shows the improved version of
the column.

Reinforcement structure: the original prototype is only
strengthened through the intermediate bending sheet metal or
profiles. A cable-stayed structure is added to the improved model,
and the cabinet reinforcement structure is more reasonable
concerning the structure. Figure 7 shows the reinforcement
bar of the original prototype, and Figure 8 shows the
reinforcement bar of the improved version of the column.

Equipment installation structure: The original prototype
supports sheet metal welded parts, and the accuracy and
flatness requirements are high. There are many assembly
problems. In the improved version, the installation columns
are bent sheet metal attached with internal welding or rivet
nuts to form a prefabricated structure that meets the

FIGURE 7
Reinforcing rib of the original prototype.

FIGURE 6
Improved version of the column.

FIGURE 5
Column of the original prototype.
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installation accuracy and reduces the welding workload. Figure 9
shows the installation structure of the original prototype, and
Figure 10 shows the installation structure of the improved
version of the column.

Thermal insulation design: In the original prototype
structure, the outer facade was broken by the middle

reinforcement. Due to the existence of a waterproof edge, the
bent edge could not be affixed with a thermal insulation layer.
The improved version adopts the whole-plate prefabricated
assembly structure, which has a better thermal insulation
effect, but it needs to be sealed by glue. Figure 11 shows the
installation structure of the improved side cover plate.

Bending difficulty: The column side of the original prototype
is formed in one piece, and the required structure is formed
by bending. The original machine had a watertight edge

FIGURE 10
Improved column installation structure.

FIGURE 11
Installation structure of the improved side cover plate.

FIGURE 8
Improved column reinforcement.

FIGURE 9
Installation structure of the prototype equipment.
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with more bending and a bending time of h. In the improved
version of the structure. As a result, the same-position bending
times have been reduced by about 1/2.

Firefighting equipment: The original prototype firefighting
equipment is integrated with two boxes, but the height takes up
more space. In the improved version, the fire equipment is in a
scattered arrangement, so that the cabinet height can be further
reduced. Figure 12 shows the prototype firefighting
equipment.Waterproof structure: The waterproof structure
adopted by the original prototype used a waterproof edge plus
a sealing pad structure. The waterproof structural design is
relatively simple: the complex point is the welding
and bending structure at the joint. In the improved version of

the design, a baffle forms a waterproof edge, and a gasket is
attached. The gasket then covers the insulation layer as a whole,
crushing the gasket and sealing the cabinet. Glue is applied to the
threaded screw to seal it. The disadvantage of this structure is that
a large amount of glue is required, and the structure needs to be
designed to prevent the screw from tightening too tightly,
exceeding the compression of the gasket. Figure 13 shows the
waterproof structure of the original prototype, Figure 14 shows
the improved waterproof structure, and Figure 15 shows the
cover plate of the thermal insulation layer, which acts as a
waterproof cover plate.

The cabinet structure is improved: the column raw material
thickness, the number of profiles, and the bending times reduce the

FIGURE 12
Original prototype firefighting equipment.

FIGURE 13
Waterproof structure of the prototype.
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difficulty of welding and improve the standardization of parts
(reduce the type of insulation layer, reduce the type of parts) and
other aspects of cost reduction.

4 Research on temperature
consistency technology of energy
storage battery cabinet

4.1 Consistent temperature control in the
battery module

The liquid-cooled battery module uses the temperature
monitoring system and the liquid-cooled temperature control
system to ensure a consistent temperature of the battery cell
inside the module.

The liquid-cooled battery module is equipped with
16 temperature measuring points inside, and a maximum
of 52 temperature measuring points can be arranged to
monitor the temperature of the battery cells in each
position inside the module. The temperature monitoring
system collects the temperature of the battery cells inside the
battery module in real time through the battery management
unit (BMU).

The liquid cooling temperature control system cools the battery
through the uniform flow of the coolant in the liquid cooling plate at
the bottom of the module so that the battery has a good working
environment and consistent temperature. Figure 16 shows the
velocity distribution of the cold plate coolant. Figure 17 shows
the temperature rise distribution of the cell.

4.2 Temperature consistency control in
battery cluster

The PCS converter radiator and pack radiator are rated at 5 L/
min, with a minimum flow rate of 4 L/min and a maximum flow rate
of 6 L/min.

At a flow rate of 5 L/min, the flow resistance of
the pack radiator is 7.2 kPa, and that of the PCS radiator
is 23.5 kPa.

FIGURE 14
Improved waterproof structure.

FIGURE 15
Cover plate of the thermal insulation layer, which acts as a
waterproof cover plate.
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FIGURE 16
Coolant velocity distribution of the cold plate.

FIGURE 17
Temperature rise distribution of the battery cells.
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The ambient temperature is designed to be −40°C–50°C. The
cooling medium requires antifreeze treatment. The
volume concentration of ethylene glycol is 50%, and the specific
heat capacity is 3.068 kJ/(kg°C).

The water cooler is divided into two main water pipes: one
inlet and one outlet, and the main water pipe is divided into nine

parallel pipes. Two PCSs are connected to one pipeline in
parallel, and the remaining eight pipelines supply water to the
seven packs, respectively. See Figure 18 below for a
specific diagram.

Flow uniformity plays an important role in the temperature
consistency of the battery module. For this purpose, the flow was
simulated, and the actual flow of the liquid-cooled integrated cabinet
was measured. The flow rate of the whole tank is simulated using the
pipeline trim theory. Figure 19 shows the overall 3D diagram of the
liquid freezer, and Figure 20 shows the thermal simulation diagram
of the liquid-cooled battery cluster. Figure 21 shows a detailed
schematic diagram of the liquid cooling circuit.

In the simulation, the flow is measured by the flow test
platform. The radiator and the water cooler are placed inside
the platform and connected with the pipeline, and the flow test is
carried out for a single PCS. Both the simulation and the
measurement show that the maximum deviation of the flow
rate between battery modules is less than 5% of the average
flow rate. Refer to Figure 20 for a schematic diagram of the
thermal simulation of a liquid-cooled battery cluster and to
Figure 21 for a schematic diagram of a liquid-cooled battery
cluster. Each layer has a liquid cooling circuit. The simulation
values in Figure 20 show that the variation between battery
modules is less than 5% of the average flow rate.

5 Article summary

Based on the device status and research into industrial and
commercial energy storage integrated cabinets, this article
further studies the integration technology of high energy
density industrial and commercial energy storage liquid
cooling integrated cabinet, cabinet design with high
protection level and high structural strength, and temperature
consistency design of an energy storage battery cabinet. The
article reports on the development of a 116 kW/232 kWh energy
storage liquid cooling integrated cabinet. In this article, the
temperature equalization design of a liquid cooling medium is
proposed, and a cooling pipeline of a liquid cooling battery
cabinet is analyzed. The proposed system realizes the flow rate
equilibrium, flow resistance equilibrium, and temperature
equilibrium targets for a battery and a PCS in the whole life
cycle. The proposed design addresses the circulation problems
caused by PCS inconsistency and the abnormal capacity
attenuation caused by battery inconsistency.

Industrial and commercial energy storage battery technology
design with PMS + EMS joint management can eliminate the SOC
difference between clusters to ensure long-term system consistency.
Improved box design, high protection level, and high structural
strength meet the overall cabinet IP55 and key components
IP67 design standards to cope with harsh outdoor environments
in industrial and commercial settings. The proposed system
provides consistent battery storage cabinet temperatures. The
liquid cooling loop covers each battery to provide more uniform
heat dissipation. Cell temperature differences are limited to 3°C
through the use of an intelligent temperature control strategy.
Compared with conventional air cooling, power consumption is
reduced by 10%.

FIGURE 18
Cooling circuit diagram of the converged cabinet.

FIGURE 19
Overall 3D diagram of the liquid refrigerator.
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FIGURE 20
Schematic diagram of thermal simulation of the liquid-cooled battery cluster.

FIGURE 21
Detailed schematic diagram of the liquid cooling circuit.
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