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Abstract: To save and better deploy waste heat, the use of a mobilized heat storage system (MHSS)
with phase change enhancement means is developed. In this paper, three kinds of gradient structures
(positive gradient, negative gradient, and non-gradient) are designed in the MHSS system. The
uniform porosity is 94% in the non-gradient structure, and the gradient porosities are 86%, 93%,
and 98% in the gradient structure, respectively. Numerical models are developed to explore the
contribution of the graded metal foam structure to the heat storage and release process. An economic
analysis and comparison of MHSS systems with different heat transfer models are carried out.
The results show that the positive gradient case can promote the thermal cycle of the melting and
solidification process, while the negative gradient case inhibits the thermal cycle. The positive
gradient case can reduce the melting time by 9.7% and the solidification time by 4.4%, while the
negative gradient can prolong the melting time by 31.4% and the solidification time by 35.9%.
Although graded metal foam increases the initial investment by 76.09%, the 1 KW·h heat cost of
graded metal foam is reduced by 10.63% compared to pure phase change material (PCM). It is
cost-effective in the long run of thermal cycles.

Keywords: mobile heat storage system; latent heat energy storage systems; gradient structure; metal
foam; thermo-economic assessment

1. Introduction

Nowadays, the world’s energy demand is increasing with the current increase in the
population and the development of industrialization. While it is difficult to reduce the
world’s total amount of energy required, it is important to focus on saving and better
deploying existing energy sources. Nearly 1/3 of the industrial energy consumption is
discharged as waste heat, usually in the low temperature range [1]. Thermal energy storage
systems (TES) with phase change materials (PCMs) can offer waste to heat [2,3], renewable
energy storage [4,5], air conditioning cooling [6,7], and envelope improvements [8,9]. In
practice, latent heat storage employs PCMs that can absorb and release a large amount of
thermal energy with a small temperature fluctuation; it is superior to sensible heat storage
and chemical reaction heat storage [10,11]. In addition, since the energy demand of each
region is usually not uniform, it is necessary to allocate energy according to the different
needs in this region. District heating has been widely used in places with a high density for
heating demand [12]. However, district heating is not suitable for scattered remote areas
and independent houses due to relatively small heat demand. Given the above analysis of
much industrial waste heat, a mobilized heat storage system (MHSS) is utilized to transport
and recover waste heat from factories to distributed houses, as demonstrated in Figure 1.
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containers. Wang et al. [19] experimentally tested an indirect-contact heat exchanger using 
sodium acetate trihydrate and estimated the final thermal efficiency at 79.4%. Guo et al. 
[20] conducted a technical and economic feasibility analysis on the MHSS. They suggested 
that the best performance was achieved when two containers were used and the transpor-
tation cycle was 4. 

Nevertheless, the engineering PCMs used in MHSS usually have low thermal con-
ductivity, thereby limiting the wide spread of MHSS across energy storage and release 
through transportation. Previous studies have proved that PCM with high thermal con-
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hance the thermal conductivity of the PCM, a variety of methods have been developed, 
including adding fins [21–24], heat pipes [25–27], nanomaterials [28–30], microcapsules 
[31–33], and combinations of the above. Compared to the pure PCM, Rahmanian et al. [34] 
proposed that the foam–PCM sink can mitigate the complete melting time by 13.6%. 
Mahdi et al. [35] simulated the melting and solidification process of PCM with metal foam. 
Their results indicated that metal foam can accelerate the melting/solidification of PCM 
and improve temperature uniformity. Moreover, a new encapsulated PCM–metal foam 
hybrid system is proposed by Baruah et al. [36]. Among them, porous metal foam [37], 
which has a high surface area and high thermal conductivity due to their metallic skeleton 
structure, is generally regarded as a superior means of heat transfer argumentation. The 
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Figure 1. Concept of a mobilized heat storage system (MHSS).

MHSS not only has the role of a TES system in saving renewable energy and waste
heat utilization, but can also flexibly adjust the energy of each region to solve the mismatch
problem of energy supply and demand [13–16]. Existing investigations have extensively
studied the performance of various aspects of the MHSS system and proved the feasibility
of the system. Du et al. [17] investigated the difference between the direct and indirect
heat storage in a MHSS for storing low-temperature thermal energy. It was found that
direct heat storage can reduce the heat release time by 60% compared with the indirect
heat storage. Guo et al. [18] found that red alginol and sodium acetate trihydrate were
appropriate for the MHSS with low temperatures in the configuration of shell and tube
containers. Wang et al. [19] experimentally tested an indirect-contact heat exchanger using
sodium acetate trihydrate and estimated the final thermal efficiency at 79.4%. Guo et al. [20]
conducted a technical and economic feasibility analysis on the MHSS. They suggested that
the best performance was achieved when two containers were used and the transportation
cycle was 4.

Nevertheless, the engineering PCMs used in MHSS usually have low thermal conduc-
tivity, thereby limiting the wide spread of MHSS across energy storage and release through
transportation. Previous studies have proved that PCM with high thermal conductivity
material can strengthen the heat transfer and conduction of the PCM. To enhance the
thermal conductivity of the PCM, a variety of methods have been developed, including
adding fins [21–24], heat pipes [25–27], nanomaterials [28–30], microcapsules [31–33], and
combinations of the above. Compared to the pure PCM, Rahmanian et al. [34] proposed
that the foam–PCM sink can mitigate the complete melting time by 13.6%. Mahdi et al. [35]
simulated the melting and solidification process of PCM with metal foam. Their results
indicated that metal foam can accelerate the melting/solidification of PCM and improve
temperature uniformity. Moreover, a new encapsulated PCM–metal foam hybrid system
is proposed by Baruah et al. [36]. Among them, porous metal foam [37], which has a
high surface area and high thermal conductivity due to their metallic skeleton structure, is
generally regarded as a superior means of heat transfer argumentation. The strengthening
effect of the metal foam itself and in combination with various other strengthening methods
have been proved by many studies [34,38–40]. A decrease in the porosity of metal foam
usually results in a decrease in melting time at the expense of reducing heat storage [41–43].
However, the change of pore density of metal foams has no significant effect on the melting
process [44,45].
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To further improve the thermal performance under the given mass of metal foam, a
graded pore structure has been developed [46–48]. Studies have proved that the metal foam
layout strategy with a gradient structure is feasible [45,49]. Zhang et al. [49] investigated
the PCM phase transition process in a vertical container with aluminum foam. It was
revealed that the linear gradient structure could enhance the heat transfer in the bottom
region and improve the overall efficiency compared with the uniform structure. Zhang
et al. [50] compared the effect of metal foams with different filling heights on the melting
process by experimental means. Based on the filling height of 5/6, it was found that in the
graded porosity structure, the part with a larger porosity near the heating surface helped to
accelerate melting.

Through the investigation of the literature, it can be concluded that the existing studies
have been determining the thermal performance under uniform parameters for metal
foams. The attempts at gradient structure design are still in an immature stage. The
thermal and economic characteristics of gradient metal foam structures in the MHSS are
not fully understood. To address this important issue, this paper aims to further clarify the
heat storage and release characteristics of the horizontal graded metal foam structure in
PCM, and also to analyze the economy of the composite structure in the MHSS system. A
horizontal TES tank with graded metal foam is designed, and the influence of the structure
on the heat storage and release characteristics of PCM is analyzed by means of numerical
simulation. On this basis, the economic analysis of MHSS system using this composite
structure is carried out.

2. Numerical Simulation
2.1. Model Description

In the current study, three structures (pure PCM, uniform metal foam, and gradient
metal foam) are designed in Figure 2a–c. The horizontal pipe cannot be reduced to a
two-dimensional model because gravity will affect the natural convection. However, due to
the symmetry of the structure, we take half of the structure as the object of the simulation,
as shown in Figure 2d. The length of the entire TES tube is 270 mm, the diameter of the
outer and the inner tube are 90 mm and 22 mm, respectively, and the wall thickness of
the inner tube is 1 mm. The inner metal foam is divided into three layers with the same
thickness, which are filled with metal foam of different porosities, respectively.

2.2. Governing Equations

Continuity equation:
∂ρl
∂t

+∇
(

ρl

〈→
U
〉)

= 0 (1)

Momentum equation:
x-direction:

ρl
σ

∂〈u〉
∂t + ρl

σ2

(〈→
U
〉
· ∇
)
〈u〉 = − ∂〈P〉

∂x + µl
σ ∇2〈u〉 −

(
µl
K + ρlCE√

K

∣∣∣∣〈→U〉∣∣∣∣)〈u〉
− (1− fm)2

fm3+δ
Am〈u〉+ ρ f gγ

(〈
Tf

〉
− Tm1

) (2)

y-direction:

ρl
σ

∂〈v〉
∂t + ρl

σ2

(〈→
U
〉
· ∇
)
〈v〉 = − ∂〈P〉

∂x + µl
σ ∇2〈v〉 −

(
µl
K + ρlCE√

K

∣∣∣∣〈→U〉∣∣∣∣)〈v〉
− (1− fm)2

fm3+δ
Am〈v〉+ ρ f gγ

(〈
Tf

〉
− Tm1

) (3)
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z-direction:

ρl
σ

∂〈w〉
∂t + ρl

σ2

(〈→
U
〉
· ∇
)
〈w〉 = − ∂〈P〉

∂z + µl
σ ∇2〈w〉 −

(
µl
K + ρlCE√

K

∣∣∣∣〈→U〉∣∣∣∣)〈w〉
− (1− fm)2

fm3+δ
Am〈w〉+ ρ f gγ

(〈
Tf

〉
− Tm1

) (4)

Energy equation for paraffin:

ερ f

(
cp, f + L

d fm

dTf

)
∂
〈

Tf

〉
∂t

+ ρ f cp, f

〈→
U · ∇

〉〈
Tf

〉
= ∇2

(
λ f e + λtd

)〈
Tf

〉
− hs f as f

(〈
Tf

〉
− 〈Ts〉

)
(5)

Energy equation for metal foam:

(1− ε)ρscps
∂〈Ts〉

∂t
= ∇ · (λse∇〈Ts〉)− hs f as f

(
〈Ts〉 −

〈
Tf

〉)
(6)
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For the above equations, the symbol 〈〉 is the implement on the volume average;
σ is the liquid fraction in metal foam, (σ = ε f f ); ρl , µl , γ, cp,f, λtd, λ f e, and L denote
density, dynamic viscosity, thermal expansion coefficient, specific heat, thermal dispersion
coefficient, thermal conductivity and latent heat fusion, respectively; and for PCM, hs f ,ρs,
cps, λse, K, cE, ε, and as f density, specific heat, effective thermal conductivity, permeability,
porosity, specific surface area for metal foam, respectively fm is determined by

fm =


0 T < Tm1

T−Tm1
Tm2−Tm1

Tm1 ≤ T ≤ Tm2

1 T > Tm2

(7)

where δ = 10−4 and Am = 105. When fm = 0, Am approaches infinity, and the value of δ
ensures that the denominator is not zero.

The heat transfer coefficient hs f is estimated by [51]:

hsl =


0.76Re0.4Pr0.37λ f /D, 0 < Re ≤ 40
0.52Re0.5Pr0.37λ f /D, 40 < Re ≤ 1000
0.26Re0.6Pr0.37λ f /D, 1000 < Re ≤ 20000

(8)

Effective thermal conductivity λe is [52]:

λe =
(1− ε)λs(

1− e + 3e
2α

)[
3(1− e) + 3

2 αe
] + λ f ε (9)

The model not only accurately characterizes the pore morphology of the open-cell
metal foam, but also reasonably estimates the size of the nodes. In addition, the model can
accurately predict the effective thermal conductivity of the metal foam. When the fluid
conductivity kf is equal to 0, the solid effective conductivity kse can be obtained; likewise,
the fluid effective conductivity kfe is obtained by setting ks = 0 in Equation (9).

Thermal dispersion conductivity λtd is [53]:

λtd =
0.36
1− ε

ρ f cp f D
√

u2 + v2 + w2 (10)

Permeability K and inertial coefficient CE are [53,54]:

K =
ε
[
1− (1− ε)1/3

]
108
[
(1− ε)1/3 − (1− ε)

]dp
2 (11)

CE = 0.095
cd
12

√
ε

3(χ− 1)

(
1.18

√
1− ε

3π

1
G

)−1

(12)

where cd is the resistance coefficient (cd = 1.56 [55]), χ denotes the tortuosity, and G
represents the shape factor [56]

χ =
ε

1− (1− ε)1/3 (13)

G = 1− e−(1−ε)/0.04 (14)

2.3. Independence and Simulation Verification

ANASYS ICEM is employed to generate the structured grid as show in Figure 2b. In
particular, local encryption is performed between the HTF, the inner tube, and the metal
foam. Based on the total phase transition time, three different numbers for grids and three
different time steps are compared (as shown in Table 1). Compared with the grid number
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of 637,328, the total phase transition time is reduced by 10.4% while using the grid number
of 194,732. The total phase transition time increased by 1.85% when the grid number is
1,621,629. This shows that when the grid number is 637,328, the computing resources can
be reduced as much as possible while the calculation accuracy is guaranteed. Similarly,
regardless of the time step of 0.05 s, 0.5 s, or 0.1 s, the total phase transition time remains
the same. This indicates that the time step of 0.5 s can ensure the correctness of the results.

Table 1. Parameters of simulation for the MHSS.

Mesh Independence Total Time Time Step Independence Total Time

194,732 8200 0.05 s 9150
637,328 9150 0.1 s 9150

1,621,629 9320 0.5 s 9150

To verify the reliability of the numerical model, Figure 3 compares the current nu-
merical simulation results with the measured data. The simulation results are consistent
with the measuring results. The average relative deviation between the simulated and
measured values is less than 3.6%. There are some factors leading to the deviation between
simulation and experiment. During the experiments, the external ambient temperature is
difficult to always maintain at a constant. Furthermore, PCM is amorphous and its physical
properties are not fixed. Moreover, the physical properties and condition settings cannot
be kept the same as the experiments in the simulations. The superposition of these factors
causes the simulation results in this paper to be slightly different from the experiment.
Generally, the numerical model developed in the current study is correct, and it can be
used for subsequent simulations.
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2.4. Numerical Settings

The boundary conditions are set as shown in Figure 2b. The outer pipe wall is
adiabatic condition, and the cross section is symmetric condition. The inlet velocity and
temperature are 0.05 m·s−1 and 70 ◦C, respectively. The initialization temperature is 22 ◦C.
ANSYS-Fluent 2019 R3 is employed to solve the pressure base. Gravity (9.8 m·s−2), the
energy equation model, the laminar flow model, and the solidification/melting model are
introduced. The thermal properties of the materials used in the simulations are shown in
Table 2.
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Table 2. Thermophysical properties of materials.

Material Variable Value

Paraffin wax

Density (kg ·m−3) 850 (solid)/800 (liquid)
Specific heat capacity (J · kg−1 ·K−1) 2000

Thermal conductivity (W ·m−1 ·K−1) 0.2 (solid)/0.1 (liquid)
Latent heat of fusion (kJ · kg−1) 200
Melting temperature range (◦C) 46~55

Thermal expansion coefficient (K−1) 7.5× 10−4

Dynamic viscosity (kg ·m−1 · s−1) 2.51× 10−3

Copper
Density (kg ·m−3) 8920

Specific heat capacity (J · kg−1 ·K−1) 380
Thermal conductivity (W ·m−1 ·K−1) 401

Water

Density (kg ·m−3) 1000
Specific heat capacity (J · kg−1 ·K−1) 4202

Thermal conductivity (W ·m−1 ·K−1) 0.56
Dynamic viscosity (kg ·m−1 · s−1) 2.51× 10−3

3. Results and Discussion
3.1. Evolution of Liquid Fraction

Figure 4 depicts the liquid rate curve with time for three kinds of structures. The
positive gradient structure is defined as the porosity increasing from the inner wall to the
outer tube of metal foams, i.e., porosity has a step increase from 86% to 93% to 98%. The
total phase transition time is 12,470 s, 13,500 s, and 17,930 s in the case of a positive gradient,
no gradient, and negative gradient (see Figure 4a), respectively. A total 7.6% reduction in
complete time for the thermal cycle of energy charging/discharging is achieved.

The total phase transition time can be divided into two stages: melting stage and
solidification stage. In the melting stage, the difference of liquid rate between the three
gradients is gradually enlarged at 0–6000 s. This indicates that different gradient designs
have an obvious influence on the melting process of the PCM. After 6000 s, the difference
in the liquid phase rate for the three gradients gradually decreases. Finally, compared with
the non-gradient case, the melting time of the positive gradient and the negative gradient
decreased by 9.7% but increased by 31.4%, respectively. In the solidification stage and
the initial internal liquid phase, natural convection dominates the heat transfer process.
Therefore, the positive gradient case solidifies the fastest. In this case, compared with the
non-gradient case, the solidification time of the positive gradient and the negative gradient
decreased by 4.4% and increased by 35.9%, respectively. To eliminate the influence of mass
change, the melting time per unit mass of PCM is demonstrated in Figure 4b. Compared
with the non-gradient, the complete phase transition time per unit mass of the positive
gradient is reduced by 7.5%. In addition, the complete phase transition time per unit mass
of the positive gradient of the negative gradient increased by 37.4%.
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3.2. Economic Analysis of Mobile Heat Storage System
3.2.1. Cost Analysis

For mobile heat storage systems, the cost and heating capacity are vital concerns.
Economic analysis is crucial and necessary to understand the impact degree of critical
parameters. Total cost [57] includes initial investment (I) and operation and maintenance
costs (COSTom), thereby the total cost (COST) can be expressed as:

COST = m · I · (1 + i)n + COSTom ·
(
(1 + i)n − 1

i

)
(15)

where the initial investment I consists of the cost of the composite phase change materials,
water pump and pipeline installation, and transport vehicle. On the one hand, m is the
number of systems, where the minimum quantity of continuous heat supply is 2. On the
other hand, n indicates the life cycle, which is assumed to be 15 years. Finally, i represents
the discount rate, calculated from the bank’s annual interest rate (u) and inflation rate (f ):

i =
u− f
1 + f

(16)

Operating and maintenance costs comprise the heating energy costs, transportation
costs (COSTT), and maintenance costs. Among them, since the waste heat available for
heating in north China is 2.93 EJ [58], the heating energy consumption is assumed to be
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0. Meanwhile, the maintenance cost is assumed to be 5% of the initial investment, mainly
considering replacing phase change materials and the maintenance of system accessories.
The following formula determines the operation and maintenance costs:

COSTOM = 2 · Q · A · theat
Qpcm

· Dist · COSTT + 5% · I (17)

where Q is the heating load per unit area. According to the energy-saving heating standard
of Xi’an, it should be 42.2 W ·m−2. Here, theat is the heating period, which is 120 days in
Xi’an. A is the area of the building heating area. In addition, Qpcm and Dist are the amount
of heat that can be supplied by a transporter and the haul distance from the heat source
to the heat user. To reserve the expansion volume, the maximum volume occupied by the
PCM cannot exceed 85% of the storage container space. Considering the heat loss of the
heat storage/release in the process of transportation, the heat storage and release efficiency
are assumed to be 85% of the theoretical value in the current study. Total heat storage will
affect the transportation cost because of the limited amount of heat in a single transport. To
better measure the cost of heat, the cost of providing 1 KW · h heat is taken as the standard.
The waste heat cost in heat storage and heat release cannot be ignored. Finally, the cost
calculation formula of 1 KW · h heat provided by the mobile heat storage system is given:

COST =
m · I · (1 + i)n + COSTom ·

(
(1+i)n−1

i

)
Q · A · n · theat

+ COSTw (18)

The costs of the mobile phase change heat storage system (excluding the transporter)
are summarized in Table 3. Three common transporters are selected as transport vehicles
for the mobile heat storage system, as shown in Table 4. Since the transport vehicle has
requirements on both load and volume, it is found that PCM should be loaded according
to the standard load by calculating the density of PCM. At this point, the volume of the
composite PCM does not exceed 85% of the internal volume.

Table 3. Parameters of mobile phase change heat storage system.

Parameter Value Parameter Value

PCM (paraffin) 8 yuan/kg The discount rate 2.54%
Copper foam 20,000 yuan/m3 Rate of inflation 2.30%

Copper pipe (10 × 0.1) 17.9 yuan/m Bank annual interest rate 4.90%
Installation of water pump

and piping 50,000 yuan N/A N/A

Table 4. Parameters of transport vehicles.

Transport
Vehicle

Price
(yuan) L ×W × H Standard

Load (t)
Internal

Volume (m3)
Transportation

Costs (yuan/km)

Trunk1 100,000 6.2 × 2.2 × 2.2 5 30 1.3
Trunk2 140,000 7.2 × 2.3 × 2.7 10 45 0.3
Trunk3 170,000 9.6 × 2.3 × 2.7 25 60 0.2

3.2.2. Cost Calculation of Three Structures

For mobile heat storage systems, the economics of metal foam first need to be estimated.
Trunk2 is employed to calculate the cost and heat storage of the three structures (pure PCM,
uniform metal foam (MF), gradient design of metal foam). Moreover, Table 5 documents
the heat storage and cost of the three structures. However, different user areas must match
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different haul distances in real life. Therefore, it is inevitable to calculate the maximum
heating capacity in different haul distances.

Qmax = m ·Qpcm ·
n · 24 · theat

(2 · Dist/v) + tmax
(19)

where v is the transport speed of the transport vehicle, which is 50 km/h. In addition,
tmax is the maximum heat storage time and heat release time. According to the simulation
results, the tmax of pure PCM, uniform MF, and positive gradient MF is 12 h, 2.54 h, and
2.3 h, respectively. Therefore, the equation for calculating the operation and maintenance
costs under the premise of maximum heat storage becomes as follows:

COSTOM = 2 · Qmax

Qpcm
· Dist · COSTT + 5% · I (20)

Table 5. Cost and heat storage of three structures.

Structures Initial Investment
(yuan)

PCM Total Cost
(yuan) Heat Storage (MJ)

Pure PCM 287,598.203 97,598.20261 2476.734
Uniform MF 506,421.732 316,421.732 2352.898

Positive gradient MF 506,421.732 316,421.732 2352.898

According to Equation (19), the maximum heating capacity versus distance is obtained
in Figure 5. The value in brackets indicates the heating area corresponding to the heat.
Since the built-up area of Xi’an city is about 729 km2, the traffic distance of 10–50 km can
meet the transportation demand of different locations in the city. In Figure 5, the maximum
heating capacity (Qmax) of three structures decreases with increasing distance. Compared
with pure PCM, the Qmax of uniform MF and positive gradient MF separately increases
by 235.14% and 258.86% at a distance of 30 km. The main reason for the difference in heat
capacity is the dissimilarity in heat storage time. The pure PCM has the most heat storage
time. Moreover, the variation in heat storage in a single vehicle is slight. Therefore, the
Qmax of pure PCM is the minimum under the premise of 24-h operation.
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Using the maximum heating capacity in Figure 5 as the user demand, the cost of pro-
viding 1 KW · h heat is calculated, as demonstrated in Figure 6. The cost of three structures
varies almost linearly with distances. Within the distance of 10–50 km, the cost growth
rates of pure PCM, uniform MF, and positive gradient MF are 0.00109 yuan/(KW · h · km),
0.00118 yuan/(KW · h · km),yuan/(KW · h · km), respectively. Compared with pure PCM,
positive gradient MF costs reduce by 28.79%, 16.84%, 10.63%, 6.84%, and 4.28% for the five
distances (from 10 km to 50 km). However, transportation costs are also rising rapidly with
the distance and frequency of transportation increase. It should be pointed out that the cost
of positive gradient MF is still 1.26% less than that of uniform MF at a distance of 30 km.
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3.2.3. Cost Calculation of Three Transport Vehicles

Based on the positive gradient MF structure, the cost and heat storage of differ-
ent transport vehicles are presented in Table 6. Figure 7 indicates that the maximum
heating capacity of the three transport vehicles decreases as the haul distance increases.
According to Equation (19), the difference of Qmax is only affected by the haul distance
and the heat provided by a transport vehicle. Therefore, they have similarly changed
trends. Furthermore, the maximum heating capacity of Trunk3 is 2.5 times that of Trunk2
and 5 times that of Trunk1 at different haul distances. Meanwhile, the cost of different
distances is calculated for the three vehicle types when the heating capacity is the max-
imum. The calculation results are compared in Figure 8. At this time, the final cost has
dropped to below 0.451 yuan/(KW · h) due to the substantial increase in user thermal
demand. However, the cost growth rate of the three models is significantly different:
Trunk1 is 0.0089 yuan/(KW · h · km), Trunk2 is 0.0012 yuan/(KW · h · km), and Trunk3 is
0.00036 yuan/(KW · h · km), respectively.

Table 6. Cost and heat storage of different transport vehicles.

Transport Vehicle PCM Total Cost
(yuan) Heat Storage (MJ) Initial Investment

(yuan)

Trunk1 158,857.25 1176.45 308,857.25
Trunk2 316,421.73 2352.90 506,421.73
Trunk3 786,827.94 5882.24 1,006,827.94
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In addition, Figure 9 documents the proportion of the total cost. To intuitively observe
and analyze the specific reasons for the difference in the costs of the three structures, the
costs are divided into PCM cost, transport cost, and others (maintenance costs, trunk, and
installation costs). It can be found that the most significant change is the transportation
cost by comparing the cost of different vehicle types at different distances. The proportion
of the transportation costs increases with the distance for the three models. Since PCM
cost is a fixed value, the proportion of transport cost can directly reflect the transport cost.
Trunk1 has the most transportation costs at different distances, resulting in the maximum
total cost of Trunk1. When the initial investment is constant, the impact of 1 KW·h heat cost
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on transportation cost increases with the increase of total transportation times, total haul
distance, and total heat supply. Thus, Trunk3 is the most economical but has the highest
initial investment.
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4. Discussion

This paper designs and simulates a heat storage unit with a horizontal gradient metal
foam structure and analyzes the economy of the structure under different models and
different structures in the MHSS system. According to the above analysis, the following
conclusions are obtained:

The total phase transition time is 12,470 s, 13,500 s, and 17,930 s in the case of positive
gradient, no gradient, and negative gradient, respectively. The positive gradient case can
reduce the melting time by 9.7% and the solidification time by 4.4%, while the negative
gradient can prolong the melting time by 31.4% and the solidification time by 35.9%.

Although graded metal foam increased the initial investment by 76.09%, the 1 KW·h
heat cost with graded metal foam is reduced by 10.63% compared to pure PCM. On the
premise of providing maximum heat storage, the unit heat storage cost decreases with the
increased load capacity for the mobile regenerative vehicle. It is cost-effective in the long
run of thermal cycles.
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