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ABSTRACT: Phase Change Material (PCM)-based cold energy storage system (CESS) can effectively utilize the peak
and valley power resources to reduce the excessive dependence on the power grid. In this study, a PCM-based CESS
was designed for cold storage applications. The optimal number of PCM plates was determined through numerical
simulations to meet the required cold storage temperature and control time. Additionally, the air temperature field, flow
field, and melting characteristics of the PCM plates during the cooling release process were analyzed. The effects of plate
positioning and thickness on the cooling release performance were further investigated. The results indicated that when
64 PCM plates were used, the duration for maintaining temperatures below —18°C increased from 0.6 h to approximately
16.94 h. During the cooling release process, the temperature field in the cold storage exhibited stratification, and the
melting of the PCM plates was non-uniform. Placing the PCM plates at the top or within the interlayers without cargo
above proved more effective, with their cooling release power being approximately twice that of the PCM plates placed
in the interlayers with cargo above. Furthermore, reducing the thickness of the PCM plates from 15 to 7.5 mm resulted in
a 3.6-h increase in the time below —18°C and a 4.5-h reduction in the time required to reach 80% liquid phase fraction.
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1 Introduction

In recent years, the cold chain logistics market, particularly cold storage, has experienced rapid growth.
Driven by rising consumer demand, Chinas cold storage industry has entered a phase of high-speed
development. Between 2018 and 2022, the country’s cold storage capacity expanded from 43.07 million tons
to 56.86 million tons. By 2028, it will reach 90.23 million tons [1]. However, as the scale of cold storage
expands, the issue of energy consumption has become increasingly significant.

To investigate the factors influencing energy consumption in cold storage, Evans et al. developed a
mathematical model of energy consumption to assess the refrigeration efficiency of various cold storage
types [2]. It was found that cold storage capacity is the primary factor affecting both efficiency and energy
consumption. Since the capacity of cold storage is typically predetermined, researchers are devoted to
enhancing the heat transfer characteristics of cargo to reduce the energy requirements of the facility. The
effects of cargo stacking size and modes on the refrigeration characteristics of cold storage were simulated
and analyzed by Chourasia et al. [3]. A sensitivity analysis of the shape and dimensions of the cargo was also
carried out. It was found that the average temperature and cooling time of the cargo could be reduced by
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increasing the width-to-height ratio of the cargo. While the opposite effect was shown in terms of volume
and height, and the influence on the width direction was not significant. Meanwhile, increasing the vertical
spacing could effectively enhance the heat transfer properties of the cargo stack, thereby improving cooling
efficiency. Additionally, the operation of the chillers played a crucial role in influencing the overall efficiency
of the refrigeration system in cold storage. Ho et al. established a two-dimensional cold storage model
and verified it experimentally with a three-dimensional model [4]. Based on the model, different blowing
speeds and arrangement positions of chillers were parametrically analyzed. It was found that using higher
blowing speeds and arranging the chiller at a lower position close to the cargo columns could improve the
uniformity of the temperature and cooling effect. Jing analyzed the flow field inside the cold storage [5]. The
analysis results showed that when multiple chillers were arranged inside the cold storage, by changing the
speed of those chillers, the blowing speed and the reflux position could be adjusted so as to achieve a better
cooling effect.

The traditional research on reducing the cooling load and increasing the operating efficiency of
cold storage refrigeration systems has not effectively solved the problem of excessive energy consumption
resulting from prolonged system operation. Energy consumption is mainly caused by refrigeration systems,
which account for more than 70% of total energy consumption. Under the background of carbon peaking
and carbon neutrality, peak-valley electricity price policies have been implemented. If the valley electricity is
converted into stable cold energy storage and released at peak time, the problem can be solved effectively [6].
Through the material phase, PCM-based CESS could charge the cold energy and release it [7]. PCM
is beneficial in keeping the temperature of refrigerated (frozen) cargo at a constant value without large
temperature fluctuations, and it can improve temperature uniformity [8]. During the phase change process,
the PCM temperature remains almost unchanged. Compared to sensible heat energy storage, the energy
storage density of the latent storage system is higher, and the charging and discharging processes are more
controllable than thermochemical storage [9].

In order to enhance the heat transfer of PCM, scholars have conducted research on increasing latent
heat [10-12], reducing supercooling degrees, improving stability, etc. [13,14]. In addition, different types of
PCM have been tried to use for energy storage. For example, due to its better practicality, solid-liquid PCM
has been widely used in cold chain energy storage [15-17]. Composite PCM was inserted into the inner wall
of the refrigerated truck box by Xia et al. to control the temperature of the refrigerated truck [18]. It was found
that the temperature rise rate of the refrigerated truck with PCM was lower, which was more conducive to the
refrigerated transportation of food. PCM plates were arranged by You et al. on the top of the cold storage [19].
Its temperature rise time was delayed two hours compared with the non-PCM-based CESS. As a result, PCM
could delay the activation of the refrigeration unit, thereby reducing the reliance on the power grid for cold
storage. Additionally, the factors influencing the cooling release effect of the PCM-based CESS were studied
further. The positions of the PCM plates in the refrigerated truck were studied in Xie et al’s research [20].
It was observed that when the plates were placed on the sides, the overall temperature was lower, and the
uniformity was better than when PCM plates were partially arranged on the sides and partially on the top.
Cao et al. found that the geometric dimensions of the PCM-based latent heat storage unit significantly affect
the variations in liquid fraction and the time required for complete solidification [21,22]. The cold energy
storage efficiencies of PCM plates were improved by increasing the PCM thermal conductivity and the
difference between the surrounding temperature and PCM melting temperature. Furthermore, Omid et al.
simulated and analyzed the optimal volume of PCM in a certain freezing space [23]. With the increase of
PCM thickness, both the latent and sensible heat transfer were increased, which could extend the time at a
specified temperature. Gou et al. analyzed the impact of varying air inlet speeds and PCM plate spacing on
the cooling release performance [24]. It was found that increasing the inlet speed could effectively improve
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the melting rate. However, it simultaneously resulted in uneven melting of the plates and accelerated the rise
in outlet temperature. To solve this problem, the spacing between the PCM plates was increased. Researchers
also improved PCM-based cold energy storage units to enhance the overall performance of the PCM-based
CESS. Liang et al. investigated the impact of key factors [25], such as the size, arrangement, and fin structure
of the PCM plates, on the charge and release energy of the cold storage unit. To improve the heat transfer
performance, the ice storage process in the ice-CESS was simulated and analyzed by Yang et al. [26]. It was
discovered that when the refrigerant inlet temperature of the CESS unit was decreased, the cold storage
rate and capacity were increased, but the unit coefficient of performance was decreased. This meant that
the overall efficiency of the system should be considered when optimizing its cold storage performance.
Furthermore, according to [27,28], the electricity cost of PCM-based refrigerated containers was reduced by
79% compared to the traditional ones. The period for recovery of investment was 4-4.5 years and 7 years
for the high-temperature and low-temperature PCM-based refrigerated containers. Besides, PCM plates can
be directly placed on cold storage shelves without changing their original structure. Therefore, PCM-based
CESS has bright application prospects and low energy consumption.

However, most of the research on CESS focused on the development of PCM, its applications in small
spaces like storage containers and refrigerated trucks, and the improvement of the heat transfer performance
of CESS units. The application in large space is rarely studied. Taking cold storage as the study object, a PCM-
based CESS was designed in this paper. During the valley power period, the refrigeration system stores excess
cold energy in the PCM-based CESS while meeting the cooling demand of the cold storage itself. During peak
electricity hours, the refrigeration system is closed. By cooling released through the PCM, the cold storage is
maintained at a low temperature, which is beneficial to energy conservation and emission reduction. In this
paper, the cooling release performance of the PCM-based CESS was analyzed using numerical simulation.
The optimal number of the PCM plates was determined. Then, the temperature field, the flow field, and
dynamic cooling release characteristics of the PCM plates during the cooling release process were studied.
Finally, the influence of the arrangement positions and thickness of the plates on the cooling release effect
were analyzed.

2 Description of the PCM-Based CESS

In this paper, cold storage in the Jiading area of Shanghai was taken as the prototype. Its physical
model is shown in Fig. la. According to the CAD model of the cold storage, its specific dimensions are
32.8 m x 8.7 m x 10.5 m. A polyurethane insulation layer with 100 mm thickness is also used as the enclosure
structure for the cold storage. Its temperature should be below —18°C. There are four rows of shelves for
storing cargo, each with five layers. The PCM is HM-E-20 of Heatmate New Energy Technology Co., Ltd.
(Shanghai, China). It is one of the eutectic phase change materials. Its physical properties are listed in Table 1.
The temperature-changing curves of HM-E-20 PCM during the heating and cooling processes are shown
in Fig. 2. The PCM was filled in the rectangular plates with a filling rate of 85%. Taking the actual packaging
density into account, the latent heat of the PCM plates was reduced to 72% of its original value. The external
dimensions of the PCM plates are 452.6 mm x 107.6 mm x 17.6 mm. The PCM envelope is plastic with a
thickness of 1.3 mm. The size of each cargo placed on the shelves is assumed to be 1200 mm x 1000 mm x
1550 mm. Referring to the “Cold Storage Design Standards” for temperature requirements for cargo storage,
the cargo was set as frozen meat in the simulation. The physical properties of corresponding materials are
presented in Table 2.
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Figure 1: The model of the cold storage and PCM plates; (a) Cold storage physical model; (b) PCM plates module;
(c) PCM-based CESS model

Table 1: Physical properties of the PCM

Physical properties Numerical value Unit
Density (solid/liquid) 1030/1180 kg/m’
Specific heat (solid/liquid) 1630/2650 J/(kg K)
Thermal conductivity (solid/liquid) 0.52/0.53 W/(m K)
Latent heat 228.13 J/kg
Phase transition temperature -20 °C
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Figure 2: The temperature changing curves of HM-E-20 PCM; (a) Heating curve; (b) Cooling curve
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Table 2: Physical properties of PCM envelope, insulation layer of the cold storage and cargo

Density Specificheat  Thermal conductivity

(kg/m*) (J/kg K) (W/mK)
Plastics (PCM envelope) 950 1882.8 0.46
Polyurethane (insulation layer of 40 1256.04 0.031
the cold storage)
Frozen meat (cargo) 400 1400 11

Due to the large model size and high computational requirements, a two-dimensional model of the YZ-
axis cross-section was used for simulation. The CESS of the cold storage is the PCM plate modules, which are
composed of several PCM plates, as shown in Fig. 1b. During simulation, the PCM plates were simplified as
rectangular entities. They were arranged at the highest position of the shelves, 500 mm below the top of the
cold storage. The schematic diagram of the two-dimensional model of PCM-based CESS is shown in Fig. Ic.

3 Numerical Model of the PCM-Based CESS
3.1 Mathematical Model and Control Equations

In this paper, ANSYS-Fluent software was used to simulate and analyze the cooling release process of
the PCM-based CESS. During the cooling release process, the heat of the PCM plates was exchanged with
the air inside the cold storage through natural convection. In order to establish the basic control equations
of the temperature and flow fields inside the cold storage and obtain the corresponding solution conditions,
the following assumptions were made:

1. The PCM is isotropic and distributed evenly. The matter is not exchanged with the external environment
during the phase transition process.

2. Assuming the air inside the cold storage is the incompressible ideal fluid only the effects of temperature

changes on air density are considered.

Physical parameters of solid and liquid phases of PCM are constant.

The cold storage is airtight, with no exchange of materials or substances with the external environment.

All fluid on solid boundaries and walls satisfies no-slip boundary conditions.

The contact thermal resistances are neglected.

Considering that the shelf model was complex and had minimal impact on simulation results, the

shelves were ignored during modeling.

NSk W

The numerical simulation of the cooling release process for the PCM-based CESS was conducted based
on the assumptions mentioned above. The governing equations were shown as follows:

% 4 pi=0 <1>
%(p;)+V(p;;) = V(ptV;) —VP+§ (2)
%'FV(/);TKJH) = V(Civaair) (3)

where, T,;; (°C) and p (kg/m?) are the temperature and density of the air. k is the heat transfer coefficient,
W/m? K. C, is the constant pressure specific heat capacity, J/kg K. u is the dynamic viscosity, N S/m’.
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v is the velocity vector, m/s. P is the pressure, Pa. S is the generalized source term of the momentum
conservation equation.

The enthalpy porosity equation was used to simulate the melting process of the PCM. The liquid phase
was represented in terms of volume fraction and calculated for each cell in the region. Liquid phase fraction
was computed at each iteration based on enthalpy balance. Based on the method, the PCM melting process
could be studied accurately [29].

H=AH+h (4)

where, H is the specific enthalpy, AH and h are latent heat and sensible enthalpy [30,31].

T
h= href+f C,dT (%)
Trcf

where, h, is the reference enthalpy at T, .
AH =L (6)

where, 8 is the liquid phase fraction.

when T < T, =0

when T > Tp, =1

whenTL<T<TS,/3:%

where, Ts and T} are the temperatures in solid and liquid states, K.

Based on the calculation results of the Reynolds number, it was found that the airflow was turbulent.
Therefore, the k — & turbulence model was used to describe the flow field in the cold storage. The governing
equations were as follows:

0 0 0 yt) ok

Z (pk) + — (pku;) = — B G+ Gy —pe— Yy +S 7

5 (P )+ax,-(’)”) ax,-[(”+ak 7%; +Gr+ Gy — pe— Yy + Sk (7)

0 0 ) pe Oe € &

3 (pe) + a_x, (peu;) = a_x, [(# + z) B_xJ] + ClsE (Gk + C3:Gyp) - CzeP? + S, (8)
2

/"t:PC#: )

where, y is the turbulent viscosity. G is the turbulent kinetic energy generated by the mean velocity gradient.
Gy is the turbulent kinetic energy generated by the buoyancy effect. Y reflects the effect of fluctuating
expansion on the overall diffusivity in compressible turbulence. Cy, = 1.44, C,, =1.92, C, = 0.09 0y = 1.0
0. = 1.3. S; and S; are source terms [19].

3.2 Boundary Condition and Mesh-Independent Verification

As it was a large space turbulent flow heat transfer problem, the k — ¢ viscosity equation was employed
to analyze the flow field in the cold storage with a pressure-based solver. Because the experimental conditions
were limited, the k — ¢ model was not verified in this paper. But according to [19,32], the error was evaluated
when the k - ¢ turbulence model was used. The error was less than 10%. During the simulation, the outer
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surfaces of the walls on the top and sides of the cold storage were set to a constant temperature of 37°C,
with no heat loss to the environment from the walls, while the bottom was insulated. The heat of the PCM
plates was exchanged with the air inside the cold storage through natural convection. The initial temperature
inside the cold storage was —21°C. PCM was in a solid state. The heat from the surroundings was transferred
into the cold storage through thermal conduction, leading to a rise in internal temperature. To maintain the
desired temperature inside, the cooling was released from the PCM through natural convection.

The Fluent-mesh software was used for meshing. The quadrilateral was selected as the type of element.
Three boundary layers were applied to the surface of PCM plates. Since the flow field around the plates and
the upper region of the cold storage was turbulent during the cooling release, the mesh density was refined
in these areas. The PCM melting time was used as a reference for grid independence. Take the model with
64 PCM plates at the top of the cold storage as an example, and simulations were conducted for five elements
number 61,190, 130,334, 255,849, 308,163, and 430,253. The complete melting time of the PCM under different
grid sizes isillustrated in Fig. 3. When the element number was 308,163, the complete melting time was 16.533
h, almost the same as 16.532 h for 430,253 elements. Therefore, 308,163 elements were used for subsequent
simulations. The model was further validated by comparing the cold storage wall’s theoretically calculated
heat transfer power, 420.78 W, with the simulated heat transfer power, 367.37 W. The error was 14.5%, which
was acceptable.

18.5

i P o
= in =
T T T

Melting time of the PCM (h)

il
tn
L§

16.0 1 1 1 1 1 1 1

64000 128000 192000 256000 320000 384000 448000

Elements number

Figure 3: Grid independence verification of the PCM-based CESS

4 Numerical Simulation of the Cooling Release Process in the PCM-Based CESS
4.1 Optimum Utilization Number of the PCM Plates

During the simulation, it was considered that the outer wall of the cold storage was insulated. It was
covered with a 100 mm polyurethane layer with a thermal conductivity of 0.3 W/m? K. In cold storage, the
main source of thermal energy is the heat transferred through the enclosure structure. It could be calculated
as follows:
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Q=KxAx(t,—-t,)xa (10)

where, K (W/m? K) is the heat transfer coefficient of the wall. K = 0.29, which is calculated according to
Ref. [33]. A (m?) is the heat transfer area of the enclosure structure. t,, and t, (°C) are the temperatures
on the outer surface and inner surface of the wall, t,, = 37°C, t, = —18°C. a is the temperature difference
correction factor. According to Ref. [33], a = 1.05. Due to the peak power and flat power period being 16 h
in Shanghai, when the chillers stop running, the cold storage should be maintained at the set temperature
below —18°C for 16 h. The cooling release process of the PCM-based CESS was analyzed by taking the cold
storage capacity of the cargo themselves into account. The maximum cooling release power of the PCM plates
(calculated every 3 s) and the time to keep the temperature below —18°C in the cold storage when 96, 80,
64, 56, and 48 PCM plates were arranged (the volume of single PCM plate is constant), were compared. The
comparison results are shown in Fig. 4. As the plate number decreased, the total cooling release power of
the plates decreased, resulting in a corresponding reduction in the duration of maintaining the temperature
below —18°C. For example, with 96 PCM plates, the maintaining time of the temperature below —18°C was
24.02 h, and the maximum cooling release power was 194.54 W. When the number was reduced to 48, the
maintaining time and the maximum cooling release power were decreased to 12.51 h and 138.96 W. It was
because, under the same boundary conditions, the heat transferred into the cold storage was unchanged
when the inside temperature was risen to —18°C. As the plate number decreased, the total heat transfer
area decreased accordingly, which could lead to a reduction in the overall cooling release power. According
to Fig. 4, it can be seen that when 64 PCM plates were arranged along the YZ direction of the cold storage,
the time for maintaining the temperature below —18°C was 16.94 h. It could just meet the peak electricity
demand requirements in Shanghai while avoiding excessive surplus cooling capacity. Therefore, the optimal
utilization number of PCM plates was 64.

35 250
[ The maintaining time of the temperature below -18°C
30 The maximum cooling releasing power of the PCM plates
94.54W = 200
25 | 2eom 17691W
4 152.83W
= 20.75h) 150
E 20 | 138.96W g
= 16,94k ]
= £
I5F 13.75h d100 £
1251k
10 |
- 50
5 =
0 (]

96 PCM plates 80 PCM plates 64 PCM plates 56 PCM plates 48 PCM plates

Figure 4: Comparison of different cold storage capacities

The maximum cooling release power of a single PCM plate with varying numbers of plates is shown
in Table 3. It is evident that the cooling release power of a single PCM plate exhibited an opposite trend
to the total cooling release power. As the number of plates decreased, the spacing between the PCM plates
increased, which in turn enhanced the airflow between the plates and improved heat transfer efficiency.
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Table 3: Maximum cooling release power of single PCM plate

Number 96 80 64 56 48
Power/W 203 221 248 272 290

Taking the arrangement of 64 PCM plates as an example, the process of cooling release was analyzed.
The air velocity in the process of cooling release was shown in Fig. 5a, and the heat transfer powers of cargo,
PCM plates, and cold storage walls were shown in Fig. 5b. According to the initial condition, the heat from
outside flew into the cold storage suddenly at the beginning of the simulation, resulting in a severe turbulent
airflow field in the cold storage. Consequently, the air velocity inside was increased rapidly from 0 to a
maximum of 0.42 m/s within the first 6 min. At the same time, the heat transfer power of the cold storage
walls was increased to 426 W. At one hour, the heat transfer power of the cold storage walls was stabilized
at around 406 W. The heat transfer powers of cargo inside and PCM plates were 263 and 135 W, which
were essentially balanced with the heat transfer power of cold storage walls (406 W). At this time, the air
temperature was —18.8°C according to Fig. 5d. The liquid phase fraction and the average temperature of the
PCM during the cooling release process are shown in Fig. 5¢. In Fig. 5¢, the temperature and the melting rate
of PCM were initially increased, then remained relatively constant in the middle stage, and finally decreased
towards the end. The air and cargo temperatures are shown in Fig. 5d. As the blue curve shows if only the
cargo were arranged, the temperature inside would increase quickly when the chiller closed. Within 0.6 h,
the air temperature without PCM plates was higher than —18°C, failing to meet the temperature control
requirements. As the red cure in Fig. 5d showed, when the PCM plates were arranged in cold storage, it could
effectively slow down the rate of temperature rise.

As the red cure in Fig. 5d showed, the changing process of the air temperature can be divided into three
stages. In the first stage, the temperature in the cold storage was risen suddenly from —21°C to —18.8°C within
0-1h. It was defined as the sudden rise period. The initial cooling release temperature was °21°C, which was
lower than the phase change temperature of the PCM. As the temperature of PCM plates rose to —20°C, it
relied on sensible heat to keep the low temperature inside. However, the sensible heat value is much smaller
than the latent heat value, which has a poor effect on temperature control. In this stage, the temperature was
below the required temperature for storing cargo. Therefore, the cargo quality was not affected. The second
stage was the slow rise period, in which the temperatures of air and cargo in the cold storage with PCM
plates were maintained below —18°C for 16.94 h, relying on the latent heat released by the PCM plates and the
intrinsic cold of the cargo. The cooling release power of PCM plates tended to be stabilized, and the amount
of the PCM melted per unit time was unchanged. Because there was no severe temperature fluctuation and
the duration time was relatively long, it was better to store cargo at this stage. The third stage was the rapid
rise period. At this stage, most of the PCM have melted, leading to a reduction in the effective heat transfer
area. Compared to the first stage, the temperature difference between the air and PCM plates was greater, but
the total heat transfer power of the PCM plates was decreased due to the reduced proportion of solid PCM
and the decreased effective heat exchange area of the plates. Mainly relying on the PCM sensible heat effect,
the temperature control effect was not as good as when latent heat dominated, leading to a faster increase
in air temperature inside the cold storage. The temperature of cargo would also be increased, which could
influence the cargo quality.
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Figure 5: Results of the cooling release process in the cold storage; (a) The air velocity; (b) The heat transfer power; (c)
The liquid phase fraction and average temperature of the PCM; (d) The average temperature of the cargo and air

4.2 Analysis of the Temperature Field and Flow Field in the Cold Storage

The temperature distribution within the cold storage at different times during the cooling release
simulation process is shown in Fig. 6. The cold storage is affected by the environmental temperature and
solar radiation in the actual physical process, so the heat is mainly transferred from the top and the side
walls. These walls were assumed to be the main heat sources at a certain high temperature in the simulation.
However, the temperature of the cargo was set as —21°C, so the surrounding air temperature was low. Because
the densities of the cold and heated air flows differed, heated air along the walls rose upwards through the
space between the cargo and walls of the cold storage. This movement resulted in the accumulation of a
large amount of heated air at the upper part of the cold storage. Simultaneously, PCM plates began to release
cold energy to maintain the surrounding air at low temperatures. The same situation occurred around the
cargo. Under gravity, the cold air sunk and accumulated at the bottom, leading to a noticeable temperature
stratification within the cold storage. Throughout the cooling release process, the cooing release power of
the PCM plates was increased first and then decreased. During the final stage, the cooling release power
was insufficient to keep the cold storage at a low temperature, which caused the upper part temperature to
increase. The temperature stratification phenomenon became more pronounced in the cold storage.
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Figure 6: Cloud plots of air temperature at different times in the cold storage; (a) 1 h; (b) 16 h; (¢) 26 h; (d) 36 h

The vector of air velocity at different times is illustrated in the following figure. As the structure of the
model and the initial boundary conditions were symmetric, the velocity field inside was also approximately
symmetric. The high airflow velocities within the cold storage were primarily concentrated in the spaces
between the cargo and the walls, gaps between the cargo, and around the PCM plates. This was because
as the heat entered inside from the sidewalls, the cold and heated airflows interacted, which led to a great
increase in turbulence in the narrow space near the sidewalls. At the same time, the heated airflow was moved
upward along the sidewalls. When it reached the top of the cold storage, the airflow was moved toward the
center along the arrangement of PCM plates. The heated and cold air interaction around the plates led to
severe airflow turbulence. Similarly, some heated air was flown into the gaps between cargo, resulting in high
airflow velocity.

From Fig. 7a, it was found that the airflow velocity was faster between the center of the cold storage and
the fourth layer of cargo. As the airflow moved along the PCM plates toward the center, the air was flown
downward through the gaps between the top layer of cargo when it passed over the PCM plate modules near
the sidewalls. While the heated air flew upwards along the sidewalls and into the gaps between the fourth
and fifth layers of cargo, it was directed toward the center of the cold storage. These two airflows interacted
in the gaps, creating a vortex airflow. Then, parts of the air were flown down through the gaps towards the
center, creating turbulence around the fourth cargo layer. From Fig. 7d, we know that the airflow velocity
decreased at the end of the cooling release process. This was because the air temperature around the PCM
plates was increased. It resulted in a reduction of turbulence near the fourth layer of cargo.
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Figure 7: Velocity vector of air in the cold storage at different times; (a) 1 h; (b) 16 h; (c) 26 h; (d) 36 h

4.3 Analysis of Dynamic Cooling Release Characteristics of PCM Plates

The dynamic cooling release process of PCM plates can be categorized into the following stages: (1) 0-
1h, the temperature of PCM plates rose from —21°C to —20°C. The plates began to melt. (2) 1-16 h, the cooling
release power of the PCM plates reached its maximum value of 159 W. At 16 h, the overall liquid fraction of
the PCM was 50%. (3) 16-26 h, the cooling release power of the PCM plates decreased slightly, and the plates
continued to melt. It took 26 h to reach a state with a liquid fraction of 80%, which indicated that the cooling
release had ended. (4) 26-36 h, the cooling release power of the plates was decreased significantly. At 36 h,
the liquid fraction was 97.35%, representing the completely melted PCM.

The melting cloud of PCM plates at different times is shown in Fig. 8. It can be seen that the PCM plate
modules near the center melted faster than those at the sidewalls. Additionally, the PCM plates closer to
the center were melted first and quickly. For the PCM plate modules at the sidewalls, the plates close to the
center modules were melted first, followed by the ones closer to the cold storage walls. The middle plates in
the module near the sidewalls melt slowly, resulting in faster melting on the sides and slower melting in the
middle. Most of the PCM had melted at the 36 h. However, the lower part of the middle plates in the modules
near the walls did not melt. According to Fig. 7, the airflow velocity around the modules on both sides was
higher, which caused the heated air to pass over the plates rapidly. As the airflow moved toward the center of
the cold storage, the velocity gradually decreased, around 0.1 m/s near the module at the center. As a result,
more heated air was concentrated at the center. Furthermore, the heat exchange was more efficient between
PCM plates and the heated air, which led to a faster melting trend of the module at the center. Because the
direction of the rising heated air was changed at the top of the cold storage, vortex turbulence was formed
between the sidewalls and the PCM plates near the walls, which enhanced the heat transfer effectiveness.
This was also why the PCM plates near the walls melted faster than those in the middle for the PCM plate
modules near the sidewalls.
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Figure 8: Liquid phase fraction of PCM at different times; (a) 1 h; (b) 16 h; (c) 26 h; (d) 36 h

The temperature cloud of the PCM plates at different times is shown in Fig. 9. As shown in Fig. 9a, at
one hour, the maximum temperature of the melted part of the PCM was —19.61°C, which was close to the
phase change temperature. Due to the sensible heat transfer, the temperature of the melted part continued
to increase rapidly. In Fig. 9d, at 36 h, the highest temperature of melted PCM was —11.66°C. The melting
phenomenon was further analyzed based on Figs. 6 and 7. In the upper part, the air temperature around the
modules on both sides was lower than near the center. From Fig. 6, we can see that after 16 h, the temperature
inside, especially the temperature of the air at the top, increased rapidly. It was because the melting fraction
of PCM was more than 50% at that moment, and the cooling release power of PCM plates was insufficient
to keep the temperature below —18°C. The heat was exchanged greatly between the melted PCM at the top
of the plates and the high-temperature air at the top of the cold storage. It could accelerate the temperature
rising speed and lead to larger temperature differences between the top and the bottom of the PCM plates.
Therefore, the melting fraction was not uniform. After 26 h, the phenomenon became more obvious.

4.4 Analysis of Factors Influencing the Cooling Release
4.4.1 The Influence of the Positions of the PCM Plates on the Cooling Release

In reality, sometimes there is not enough space at the top of the cold storage, or the space is occupied
with cargo. Therefore, the PCM plates should be placed at the interlayer of the fourth and fifth layers of cargo
rather than the top. The cooling release process and the temperature control effect when PCM plates were
arranged at the interlayer were analyzed. The results of the analysis are presented in Fig. 10.
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Figure 10: Analysis results when the PCM plates placed at the interlayer with cargo above; (a) The average temperature
and liquid phase fraction of the PCM; (b) The average temperature of the air in the cold storage

As shown in Fig. 10b, the air temperature rose from —21°C to —17°C within the first two hours and
stabilized at —15°C until 37 h. According to Fig. 10a, the melting time for the PCM plates was almost 70 h
indicating that the cold energy could not be released in time, leading to a poor temperature control effect.
Because the fifth layer was occupied with cargo, it was unlikely to exchange heat between PCM plates placed
at the interlayer and the heated air at the top. Simultaneously, the air temperature at the interlayer was lower
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due to the cold energy of the cargo, resulting in a small temperature difference. According to Fourier law,
the cooling release power of the PCM plates was also small. In order to analyze the influence of the positions
of the PCM plates on the cooling release, the simulation was performed after the fifth layer of cargo was
removed. The cooling release power and liquid phase fraction of the PCM were key performance indications.
The comparison results at various times, based on different plate positions, are shown in Fig. 11.
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Figure 11: The comparison results when the plates were arranged at different positions; (a) Cooling release power of
the PCM plates; (b) PCM liquid phase fraction

In Fig. 11, the cooling release power of PCM plates at the interlayer was 36 W at one hour, which was
only 25% of that when the plates were arranged at the top. At 16 h, the cooling release power of the plates was
also less than 50% of that at the top. However, when the fifth layer of cargo was removed, the cooling release
power of the plates was increased greatly. This was because when there was no cargo, the heat was transferred
more greatly between PCM plates and heated air on the top. The increased temperature difference further
enhanced the heat transfer rate. In addition, the air temperature rose from —21°C to —15°C in the first 1.2 h,
which cannot meet the temperature requirements. Therefore, arranging the PCM plates at the top of the cold
storage or in the interlayer without cargo above them was better.

4.4.2 The Influence of the Thickness of the PCM Plates on the Cooling Release

To keep the cold storage temperature below —18°C for 16 h, it was essential to ensure that the cold energy
of the PCM plates was released fully and timely. However, as shown in Table 4, the cooling release power of
a single PCM plate was low. The spacing between the PCM plates had little impact on the cooling release
power. Additionally, the complete melting time of the PCM plates was too long. To improve the effectiveness
of the cooling release, we try to enlarge the heat transfer area of the PCM plates by adding patterns to the
surface. However, the impact was limited, and the process was complex. Therefore, it was considered that
the thickness of the PCM plates should be decreased from 15 to 7.5 mm and that the PCM plate number
should be doubled to enlarge the total heat transfer area in this paper. The heat transfer area of each PCM
plate remained largely unchanged, and the total volume of PCM was kept constant. When the PCM plates
were arranged at the top of the cold storage, the comparison results of 7.5 mm PCM plates (the number 112)
and 15 mm PCM plates (the number 56) were shown as follows.
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Table 4: Comparison results of 7.5 mm PCM plates (the number was 112) and 15 mm PCM plates (the number was 56)

The maintaining time Maximum cooling The time to reach
below release power of the 80% liquid phase
—-18°C in the cold PCM plates (W) fraction (h)
storage (h)
15 mm 13.75 152.53 23.91
7.5 mm 17.33 195.75 19.42

When the 7.5 mm PCM plates were fully placed at the top, it could maintain the temperature below
-18°Cfor17.33 h. Additionally, the PCM liquid phase fraction reached 80% within 19.42 h. The cooling release
was more timely and sufficient than 15 mm PCM plates.

Additionally, the impact of the fifth layer of cargo was investigated. To maintain a constant spacing
between the PCM plates, half of the plates were placed in the interlayer between the fourth and fifth layers,
while the other half were positioned at the top. The cooling release results for the 7.5 mm PCM plates are
shown in Fig. 12.
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Figure 12: Comparison of cooling release of 7.5 mm PCM plates at different positions

In Fig. 12, the time for maintaining the temperature inside below —18°C was 13.17 h when one-half of the
7.5 mm PCM plates were placed at the interlayer of the fourth and fifth layers, and the other half was placed
at the top. The maximum cooling release power of the PCM plates arranged at the top was 134 W, similar to
those of 15 mm thick PCM plates. The maximum cooling release power of the PCM plates positioned at the
interlayer of the fourth and fifth layers was 70 W, which poorly affected the cooling release. After removing
the fifth layer of cargo, the cooling release power provided by PCM plates was still sufficient to maintain the
cold storage temperature below the required level for 9.92 h. It can be concluded that the cooling release
effect of the PCM-based CESS was strongly dependent on the heat transfer area of PCM plates.
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5 Conclusion

A Phase Change Material (PCM)-based cold energy storage system (CESS) can effectively harness peak
and off-peak power resources, reducing excessive dependence on the power grid and energy consumption.
In this paper, a PCM-based CESS was designed for large-scale applications, specifically focusing on cold
storage. Using the cold storage system as a case study, the performance of cooling release and temperature
control was analyzed through numerical simulations. The impacts of different arrangement positions and
thicknesses of the PCM plates on the cooling release effects were also investigated. The following conclusions
were drawn:

1. Arranging 64 PCM plates at the top of the cold storage allowed the temperature to remain below —18°C
for 16.94 h, meeting the temperature control requirements while maximizing economic benefits. During the
cooling release process, temperature stratification occurred within the cold storage.

2. The melting of the PCM plates was uneven. Plates near the center of the cold storage melted first, while
those near the sidewalls showed a more varied melting pattern, with the side plates melting faster than the
ones in the middle. The melting progressed from top to bottom. As the cooling release process continued, the
temperature difference within the PCM plates was increased, and the effective heat exchange was reduced.

3. The placement and heat transfer area of the PCM plates significantly affected the cooling release
performance. The cooling release power of PCM plates arranged in the interlayers was only 50% of that of
plates placed at the top, and their complete melting time was twice as long. By reducing the thickness of
the PCM plates (while maintaining the total PCM mass), the heat transfer area was increased, significantly
enhancing the cooling effect. When the thickness of the PCM plates was reduced from 15 to 7.5 mm, the
maintaining time below —18°C increased by 26.1%, and the time to reach 80% liquid phase fraction decreased
by 18.8%.

The findings suggest that PCM-based cold energy storage systems have considerable potential for
improving temperature control efficiency. Future research should focus on enhancing the cooling perfor-
mance by optimizing the structure, material properties, and operational strategies of PCM-based CESS to
achieve even better results.
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