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process is evaluated from thermophysical properties and economy. Results show that the TES unit
with a filling ratio of 90% possesses the shortest complete melting time of 5310 s, which is
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SHS Solar heating system

Symbols

Am Liquid fraction term

Cr Inertial coefficient(m 1)

D Thickness of the ligaments /mm

cq Drag coefficient

Cpf Specific heat of PCM (J-kg~1-K™1)

Cps Specific heat of metal foam (J-kg~!- K1)

ds Fiber diameter (m)

d, Pore diameter (m)

fm Melting fraction

g Gravitational acceleration (m -s~2)

G Shape function for metallic ligaments

H Height (m)

h Thickness (m)

h Heat transfer coefficient between internal ligament
of of metal foam and paraffin (W -m™!-K™1)

K Permeability (m~2)

L Latent heat of fusion of PCM (kJ - kg™1)

Pr Prandtl number

R Radius of the heat storage tube (m)

Re Reynolds number

t Time (s)

T Temperature (K)

Teotd Temperature of the cold bath<C)

Thot Temperature of the hot bath(C)

T Melting temperature of PCM liquid point(C)

Ts Melting temperature of PCM solid point(C)

U Velocity vector (m-s~1)

Greek symbols

a Filling ratio of metal foam

asf Specific area (m™1)

4 Thermal expansion coefficient (K1)

o Numerical constant

10~%¢  Porosity

19 Dimensionless thickness of the node for the metal foam

Afe Thermal conductivity of paraffin (W-m~1.K1)

Ase Effective thermal conductivity of metal foam(W-m~!.K™!)

W Dynamic viscosity of paraffin(kg-m~1-s71)

I3 Dimensionless surface area of the node for the metal foam

o1 Density of paraffin (kg -m~2)

Ps Density of metal foam (kg - m~3)

c Liquid fraction liquid in the metal foam

W Paste zone coefficient, take 108

X Flow tortuosity

® Pore density

Subscript

f PCM in fluid phase

fe Paraffin

m Melting

s PCM in solid phase

se Metal foam
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1. Introduction

With the excessive depletion of fossil energy resources, there is an increasing focus on exploring and utilizing renewable energy
sources. The continuously rising energy consumption of buildings is having a serious impact on the environment [1]. To protect the
ecological environment and promote sustainable development, it is crucial to quest for alternative fuels without depending on fossil
energy. Solar energy, as a representative renewable energy, can be utilized for winter heating to address the energy problems of buildings
[2]. However, due to the intermittency and discontinuity of solar energy, thermal energy storage (TES) system is requisite to ensure the
stability application in many practical projects [3]. There are three feasible TES approaches: sensible heat storage, latent heat storage and
chemical heat storage [4-6]. Among them, latent heat storage (LHS) with phase change materials (PCMs) can store a large amount of
thermal energy with minimal temperature fluctuations, and the temperature of supply and return water offered by the LHS system is
suitable for central heating [7,8]. As a result, LHS with PCMs is widely employed in solar heating system (SHS) for buildings.

SHS with TES not only plays a crucial role in bridging the gap between supply and demand, but also can overcome the hysteresis of
heating pipe network [9-12]. A number of studies have analyzed the thermophysical properties of TES system and evaluated the
feasibility of their applications in SHS. Zhao et al. [13] explored the difference between SHS with PCM and SHS without PCM, and the
results indicated that the energy consumption of SHS without PCM was 34% more than the energy consumption of SHS with PCM.
Yang et al. [14] conducted a sensitivity analysis of the district heating plant and found that the system with seasonal thermal storage
was feasible when considering the unit prices of the solar thermal collectors system and seasonal thermal storage device, as well as the
solar fraction. Ushamabh et al. [15] conducted a study on the thermal and economic characteristics of solar heating systems with TES
systems and identified the optimal solar thermal utilization technology. Meanwhile, Mathew et al. [16] experimentally investigated a
solar air heater with heat storage medium (Therminol 55) appropriate for high-temperature and estimated the payback period for the
device at 69 months.

Despite the significant potential of thermal energy storage (TES) systems in sustainable heating systems (SHS), the thermal storage
efficiency of engineering PCMs remains extremely low, limiting their widespread application. Previous studies have demonstrated that
the addition of high thermal conductivity materials can enhance the performance of PCMs. These materials include, but are not limited
to metal fins [17-20], nanofluids [21-24], microcapsules [25-27], heat pipes [28-31], and composite structure of them [32,33]. Liu
et al. [33] conducted experimental research on the thermal characteristics of PCM (paraffin) when combined with metal fins, metal
foam, and a hybrid of both. The study revealed that the hybrid structure was the most effective, and the full phase transition time was
decreased by 63.4% compared to pure PCM. In contrast, Walter et al. [34] numerically investigated the charging/discharging process
of transverse and longitudinal bifurcated finned tubes. The study found that the transverse fins hindered the charging/discharging
speed due to the physical barrier they created.

In academic discourse, it is commonly acknowledged that metal foam with a high porosity level is an effective approach to
improving heat transfer due to its porous structure, as evidenced by previous research [35-41]. However, given the high cost of metal
foam, reducing the amount of filling is necessary to minimize the initial investment. Therefore, it is essential to establish a balance
between economic considerations and the desired level of efficiency. To enhance the heat storage capability and minimize the in-
vestment cost of thermal energy storage (TES) units, scholars have conducted studies aimed at determining the optimal structure of
phase change materials (PCMs) filled with metal foam [42-49]. Zhang et al. [50] investigated the use of linear gradient aluminum
foam as a filling material for PCMs and found that this structure significantly improved the efficiency of the phase transition process.
Karimi et al. [51] designed a helical coil and porous foamed metal structure to enhance the efficiency of latent heat TES. The
experimental results indicated that the application of metal foam significantly decreased the melting/solidification time by up to 57%.
In a numerical simulation of the porosity combination of metal foam, Wang et al. [52] concluded that the porosity combination of
0.97-0.890 exhibited superior thermophysical properties when compared to other combinations. Recently, some scholars have
investigated the flow, heat transfer and melting properties of PCM in metal foams based on pore-scale analysis [53]. Paknahad et al.
[54] established decoupled lattice Boltzmann solver to simulate advection-diffusion in the non-Darcy regime, and explored pore-scale
flow and conjugate heat transfer in metallic foams with various porosity and density. Hu et al. [55] conducted a pore-scale numerical
simulation to explain the influence of porosity and pore density, it indicated that the melting efficiency of low porosity and high pore
density structure was higher than that of high porosity and low pore density structure.

Prior research has predominantly focused on uniform parameters in the optimization of heat storage with metal foam, indicating a
need for further exploration of optimal metal foam structures. The thermophysical properties of horizontal partially filled metal foam
structures in heat accumulators remain uncertain. Furthermore, there is a lack of economic analysis regarding the optimization of
partially filled metal foam structures in thermal energy storage (TES) systems. This study aims to investigate the thermophysical
characteristics of partially filled metal foam thermal energy storage (TES) units, specifically focusing on the complete melting time and
heat storage capacity. The study utilizes an office building located in Xi’an as a case study, whereby the designed TES units are
combined in parallel to meet the building’s heating demand. The investment costs and payback periods of various filling ratios are
calculated and compared to evaluate the economic feasibility of utilizing partially filled metal foam structures in engineering
applications.

2. Numerical models for heat storage and release

2.1. Model description

Fig. 1(a) illustrates the operating principle of the solar heating system (SHS) with thermal energy storage (TES). The shell-and-tube
TES system is designed to utilize the unique material characteristics of phase change materials (PCMs) to store solar heat energy as they
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Fig. 1. Physical model of horizontal partially filled TES unit.

transition from a solid to a liquid state. As the PCM undergoes this transition, latent heat is released and can be utilized for heating
purposes. To meet the heating demand of thermal users, the heat transfer fluid (HTF) is heated by the TES system and circulated to the
radiator via a circulating pump. Ultimately, the TES system ensures that the absorbed solar energy is effectively utilized to meet the
thermal needs of end-users. The TES system is primarily comprised of multigroup TES units arranged in parallel configuration, as
depicted in Fig. 1(b). In this system, the heat transfer fluid (HTF) flows through the side of tube, while the shell side is filled with phase
change material (PCM) and partially filled with horizontally oriented metal foam. As a single TES unit can typically demonstrate the
thermal behavior of the entire shell-and-tube TES system, the present study establishes a TES unit to investigate the thermophysical
characteristics of the system, as illustrated in Fig. 1(c). The height (h) of the concentric cylinder, as well as the inner () and outer (R)
diameters of the HTF tube (copper tube), are 270 mm, 22 mm, and 90 mm, respectively. Meanwhile, the wall thickness of the HTF tube
is 1 mm. Additionally, the horizontal partially filling ratio (@) of the metal foam is defined as the ratio of heights (h;/hy) between the
pure PCM region and the composite phase change material embedded with metal foam (CPCM) region when the upper surface is
horizontal. Ten structures with different filling ratios are considered in this paper, as exhibited in Table 1.

2.2. Governing equations

Continuity equation:
()/)l =) _
L (o)) =0 &

Momentum equation:
X-direction:
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Table 1
Ten structures of horizontal partially filled TES units.
Case Filling ratio Case Filling ratio
1 0% 6 80%
2 60% 7 85%
3 65% 8 90%
4 70% 9 95%
5 75% 10 100%
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z-direction:

2o o (@) 9)0 = <D B - (2@ o -
B ) (1) T
Energy equation for PCM:
o0y (s + L) 221,y CT - TUI) = 7+ 20)T) — gy (T = (T )
Energy equation for metal foam:
(1- e)pxcpxag;) =V (2 V(Ty)) — hyay ((Ts) = (T})) ©

where represents the volume average; ¢ donates the liquid fraction in metal foam, (¢ = &f¢); p;, iy, 7, Cpf> Aud> Are @and L define separately
density, dynamic viscosity, thermal expansion coefficient, specific heat, thermal dispersion coefficient, thermal conductivity and latent
heat for PCM; p;, cps, Ase, K, Ck, € and ays are the density, specific heat, effective thermal conductivity, permeability, inertia coefficient,

porosity, and specific surface area of metal foam, respectively. The Forchheimer-Darcy term <” L ﬂf G ( U)D (u) is employed to reflect

flow resistance in the porous medium. (}ing A is used to donate the phase change.

The melting fraction f;, is defined as:

0T < T,
T-T,
fu= ﬁTm <T<Tpw %)
m2 — Iml

IT > T,

where 6 and A, are the empirical constant (5 = 10~%) and paste zone coefficient (A,, = 10°), respectively. When f;, = 0, A, approaches
infinity, and the value of § ensures that the denominator is not zero.
The heat transfer coefficienthy is calculated by Ref. [56]:

0.76Re"* Pr*74; /D, 0 < Re < 40
hy =4 0.52Re®’ Pr*¥}, /D, 40 < Re < 1000 (8)
0.26Re®® Pr**74, /D, 1000 < Re < 20000

Effective thermal conductivity4, is defined as [57]:
/1(, o (l — 8) Al .

e _ L ©
B (1-c+Z)[B01—¢)+38] e

where ¢ and ¢ represent the dimensionless thickness and the dimensionless surface area of the node for the metal foam, in respective.
Thermal dispersion conductivity 4y is determined by Ref. [58]:

Table 2
Thermophysical properties of materials.
Material Variable Value
Paraffin Density (kg-m~3) 850 (solid)/800 (liquid)
Specific heat capacity (J-kg™! - K1) 2000
Thermal conductivity (W-m™'-K™1) 0.2 (solid)/0.1 (liquid)
Latent heat of fusion (kJ-kg™!) 200
Melting temperature range (°C) 53-54
Thermal expansion coefficient (K1) 7.5x%x 1074
Dynamic viscosity (kg-m~"-s~1) 2.51 x 1073
Water Density (kg-m~3) 998.2
Specific heat capacity (J-kg™! - K1) 4182
Dynamic viscosity (kg-m~'-s~1) 1.003 x 103
Thermal conductivity (W-m~1-K™1) 0.6
Copper Density (kg-m~3) 8920
Specific heat capacity (J - kg - K1) 380
Thermal conductivity (W -m™'-K™1) 401
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Table 3

Independence test of TES unit.
Mesh Total time Time step Total time
15,038 5400 s 0.05s 5330 s
42,672 5310s 0.1s 5310 s
1,621,629 5330 s 0.3s 5320 s

(b) Temperature comparison between numerical and experimental temperature
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Fig. 2. Computational model meshing and numerical verification.
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where ¢4 is the resistance coefficient (c; = 1.56 [59]), ¥ denotes the tortuosity, and G presents the shape factor [60] :

&

& 13
1—(1-¢)'" (13)

x=
G=1- e—(l—t’)/(}.04 (14)

2.3. Numerical settings

The physical parameters of the model material include the use of RT54 paraffin as the PCM, metal foam with a porosity of 0.94 and
pore density of 15PPI as the porous material to enhance heat transfer, and water as the HTF. Table 2 provides the thermal physical
parameters of the material. After importing the grid into Ansys-Fluent 18.2, the following assumptions are exhibited in the simulation
model to simplify the calculation.

(1) The foamed metal is regarded as isotropic and uniformly filled.

(2) Melting paraffin is defined as isotropic and incompressible, following Boussinesq hypothesis.

(3) The volume variation in phase change process is not taken into account.

(4) It is assumed that the heat transfer between the model and the external environment is adiabatic and that the thermal contact
resistance between the components of the model is zero.

Meanwhile, the governing equation of transient heat and mass transfer involving phase transition and moving boundary is solved
using the finite volume method. The PISO algorithm is utilized to calculate the pressure and velocity coupling effects of forced con-
vection in HTF and local natural convection in molten paraffin. The PRESTO! format is employed for pressure correction of the fluid in
these two regions, and other physical quantities are discretized by the second-order upwind method. The relaxation factors of mo-
mentum, pressure correction, energy and liquid fraction are setting as 0.6, 0.3, 0.8 and 0.7 for assembling the convergence of con-
tinuity, momentum and energy equations (10%,107% and 107%).

To ensure that these cases have the same initial conditions, the initial temperature for all zones is set to 22 °C and the temperature of
the HTF injected from the top of the copper tube at a velocity of 0.04 m/s to 70 °C is initialized. Here are the boundary conditions.

(1) “Velocity-Inlet” is selected as the type of HTF inlet, and the HTF is 70 °C with a speed of 0.04 m/s.
(2) “Pressure-outlet” is chosen as the HTF outlet with the pressure at 1 atm.

(3) The walls close to paraffin and HTF are regarded as coupled heat transfer conditions.

(4) Other walls are considered adiabatic.

2.4. Verification of grid and time step dependence

The computational domain of the model was discretized using ANSYS-ICEM 18.2, and the mesh was generated at the boundaries of
the geometric shape, the fluid-pipe wall interface, and the PCM-CPCM interface. The melting time of three groups of PCMs was
compared with mesh densities of 15,038, 42,672, and 75,208 under the condition that the metal foam filling ratio of the TES unit was
90%. The difference between the complete melting time of 42,672 and 15,038 was found to be 0.37% and 1.3%, respectively, when
compared with 1,621,629. Additionally, time steps of 0.3 s, 0.1 s, and 0.05 s were verified, and it was observed that the difference in
complete melting time between the conditions with time steps of 0.3 s and 0.1 s and 0.05 s was less than 0.4%. These results reveal that
a grid of 42,672 and a time step of 0.1 s can ensure simulation accuracy while also saving computational expenses.

Table 4
The heat transfer coefficients of building envelope.
building envelope external wall external partition internal door roof floor external door
window
heat transfer coefficient 0.45 2.2 1.5 2.3 0.4 0.6 1.7
/W-m 2K!
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Table 5
Hourly design parameters of each index.

index indoor temperature of the heating area room occupancy rate utilization rate of electrical equipment utilization rate of lighting equipment
time workday holiday workday holiday workday holiday workday holiday
0 5 5 0 0 0 0 0 0
1 5 5 0 0 0 0 0 0
2 5 5 0 0 0 0 0 0
3 5 5 0 0 0 0 0 0
4 5 5 0 0 0 0 0 0
5 5 5 0 0 0 0 0 0
6 12 5 0 0 0 0 0 0
7 18 5 10 0 10 0 10 0
8 20 5 50 0 50 0 50 0
9 20 5 95 0 95 0 95 0
10 20 5 95 0 95 0 95 0
11 20 5 95 0 95 0 95 0
12 20 5 80 0 50 0 80 0
13 20 5 80 0 50 0 80 0
14 20 5 95 0 95 0 95 0
15 20 5 95 0 95 0 95 0
16 20 5 95 0 95 0 95 0
17 20 5 95 0 95 0 95 0
18 20 5 30 0 30 0 30 0
19 18 5 30 0 30 0 30 0
20 12 5 0 0 0 0 0 0
21 5 5 0 0 0 0 0 0
22 5 5 0 0 0 0 0 0
23 5 5 0 0 0 0 0 0

2.5. Verification of numerical model

To compare the numerical results of case 5 (filling ratio 100%) with the corresponding experiment, the measuring point is selected
(125 mm from the bottom and 50 mm from the center of TES unit) and the difference is demonstrated in Fig. 2(b). The results reveals
that the temperature variation tendency is consistent between the simulation and experiment process, and the maximum deviation is
1.59 °C, which confirms the rationality and accuracy of the simulations (see Fig. 3).

3. Heat load simulation

3.1. Research object

The engineering application economy of a partially filled metal foam TES system is analyzed using an office building located in
Xi’an as a case study. The office building comprises of three floors, each with a height of 3.3 m. The building structure of the first floor
is illustrated in Fig. 2, and the offices on the second and third floors measure 5.4 m x 4.8 m directly above the lobby on the first floor.
This public building has a shape coefficient of 0.39. The hourly heat load during the heating period is simulated using Energyplus 9.3.0
software (see Table 3).

3.2. Design parameters

The indoor and outdoor design parameters of the office building are acquired in accordance with “Design Code for Heating,
Ventilation and Air Conditioning of Civil Buildings” GB50736-2016. The outdoor design temperature of Xi’an is —3.4 °C, and the
indoor design temperature of the offices and lobbies during winter is 20 °C. It is assumed that the office building is occupied from 7:00
to 19:00, and on-duty heating is set during the night and on holidays to maintain the indoor temperature not lower than 5 °C. The
heating of the stairwell and storage room is excluded from this study. The thermal parameters of the building envelope are determined
based on the thermal performance limits of Class A public buildings in cold areas specified in “Design Standard for Energy Efficiency of
Public Buildings” GB50189-2015, as presented in Table 4. The heat transfer coefficient of the ground is defined through the zone
division method.

In addition to establishing the thermal parameters of the building envelope, it is crucial to ensure that the hourly parameters are
accurately defined, including indoor design temperature, room occupancy rate, and service time of electrical and lighting equipment.
The hourly parameters for this office are presented in Table 5. Moreover, the per capita fresh air volume, the per capita building area,
the power density of electrical equipment, and the illumination of lighting equipment are 8.33 L s™%, 10 m?, 15 W m 2, and 200 Ix,
respectively. The activity intensity is classified as light physical activity. Based on the per capita fresh air volume, personnel density,
and building volume, the air exchange rate is calculated to be 0.634 ac-h 1. Personnel activities, lighting, and electrical heating in the
building are incorporated in the room heating along with solar heat, thereby influencing the hourly heat load of the building.
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4. Results and discussion

4.1. Melting characters

To provide a more intuitive display of the melting characteristics of thermal energy storage (TES) units with varying filling ratios,
Fig. 4 presents the phase interface contour, temperature contour, and streamline of TES units with 0%, 60%, 70%, 80%, 90%, and
100% filling ratios within 5000 s. In general, the addition of metal foam enhanced the heat transfer efficiency to a great extent.
Regarding the phase interface, the vertical transfer of heat to the phase change material (PCM) at the bottom occurs uniformly under
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the influence of the metal foam, and the solid-liquid phase interface smoothly continues when the PCM is filled with metal foam.
Overall, the phase interface exhibits a sudden transition or even a fractured surface at the PCM and composite phase change material
(CPCM) junction. This is primarily due to the different dominant heat transfer modes in the PCM and CPCM regions, leading to distinct
phase interface shapes. The volume of solid paraffin in the PCM region decreases as the filling ratio increases, while in the CPCM
region, it increases. This phenomenon supports the notion that the partially filled metal foam structure accelerates the location dis-
tribution of paraffin during the melting process.

The proposed structure effectively separates the original melting region into two parts and significantly increases the contact
surface area between the unmelted and melted paraffin, thereby providing a solid foundation for natural convection to enhance heat
transfer. In contrast, the TES unit with a filling ratio higher than 90% completely melts the paraffin at the top after 5000 s, leaving a
small amount of solid paraffin at the bottom. As the filling ratio decreases to 80% or below, the melting rate of the bottom paraffin
gradually increases with the filling ratio, while the top paraffin exhibits the opposite trend. Therefore, the PCM and CPCM regions
reach equilibrium when the filling ratio is 90%, which is beneficial for efficient thermal energy storage completion.

Regarding the temperature field, a significant difference between the PCM and CPCM regions is observed. The PCM region exhibits
a large temperature gradient, with a local temperature difference of up to 18 K at 1000 s. The temperature of the PCM close to the inner
wall is higher, reaching up to 318 K, while the temperature gradually decreases from the inner wall to the outer wall, reaching 300 K. In
contrast, the temperature field in the CPCM region is relatively uniform, and the temperature in all regions with different filling ratios
is higher than 334 K. This indicates that the heat transfer fluid (HTF) has difficulty in transferring heat to the PCM due to the low
thermal conductivity of pure paraffin. By utilizing the high thermal conductivity of metal foam, the HTF heat can be uniformly
transferred to the CPCM. From 2000 s to 5000 s, a significant temperature gradient can still be observed in the PCM region, whereas the
temperature in the CPCM region gradually increases from bottom to top because of the influence of gravity. These results suggest that
the partially filled metal foam facilitates the melting of paraffin in the PCM region by utilizing the melted paraffin at the top of the
CPCM region.

Typically, the flow velocity in the CPCM region is relatively low, measuring less than 5 x 10~ m/s. Conversely, the flow velocity in
the PCM region can reach up to 5 x 10~> m/s, which is an order of magnitude greater than that in the CPCM region. In the PCM region,
vigorous eddies are present between the unmelted paraffin and wall surfaces, which play a crucial role in the evolution of the phase
interface. As the filling ratio increases, the effect of natural convection in the melting area gradually diminishes. By combining heat
conduction with the enhanced heat transfer effect of local natural convection, the TES unit with a filling ratio of 90% exhibits
outstanding melting characteristics.

4.2. Thermal assessments

4.2.1. Complete melting time

Based on the simulation results, the complete melting time of pure PCM is significantly lengthy, measuring 42,670 s, rendering it
impractical for real-world applications. Thus, the heat transfer should be strengthened in the PCM region. Fig. 5 illustrates the
complete melting time of PCM at various filling ratios, where dashed lines represent the complete melting time of PCM and CPCM
regions respectively. The complete melting time of the TES unit is dependent on the final melting part after dividing the phase
transition region as demonstrated in the bar chart. As the filling ratio reduces from 100% to 60%, the phase transition time of the CPCM
decreases gradually, while the melting time of the PCM region increases rapidly. This outcome can be attributed to the heat conduction
that primarily relies on the convection heat transfer after the melting of the paraffin close to the copper tube wall in the PCM region. At
this point, the metal foam filled at the lower part of the TES unit becomes the secondary heat source, supplying energy for the melted
paraffin to travel upwards.

As the filling ratio of metal foam increases, the amount of pure PCM decreases, while the secondary heating surface moves further
away, leading to a slow melting of the paraffin core. In the porous metal composite phase transition region, the foam skeleton enhances
the thermal conductivity, while the foam pores limit the convection, thereby promoting the solid-liquid phase interface to mainly
develop along the radial direction. Consequently, the effect of the axial filling height variation on the melting time in this region is
limited. In conclusion, the optimal filling ratio of the TES unit is 90%, which leads to the fastest melting rate in the phase transition
zone.

4.2.2. Heat storage capacity

Fig. 6 presents a graphical representation of the variation in paraffin heat storage for different filling ratios and melting times,
which consist of both latent and sensible heat. As the melting time increases, the heat storage of the TES unit increases continuously,
and the differences between different filling ratios become more evident. The optimal heat storage efficiency is achieved at filling
ratios of 95% and 90%, with the heat storage of the former being higher before 4000s, while that of the latter is higher after 4000s. The
results indicate that the highest heat storage efficiency is observed at filling ratios of 85% and 100%, followed by those below 80%. At
5500s, the heat storage of filling ratios 95% and 90% increased by approximately 5% compared to that of filling ratio 100%. However,
as the filling ratio of the metal foam decreases from 90% to 60%, the thermal energy storage process slows down gradually, suggesting
that both excessive and insufficient filling amounts of metal foam have a disadvantageous effect on the thermal energy storage of PCM.

4.3. Economic analysis of the TES system

4.3.1. Calculation of initial investment and operating cost
The initial investment required for implementing a partially filled porous metal accumulator in a building heating system is pri-
marily composed of material cost, I,, and installation cost, I,. The material cost involves expenditures on paraffin, metal foam, and
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pipe fitting shell. For the phase change accumulator with varying filling ratios, the dimensions of the HTF pipe and the shell of the
phase change area remain constant, and the device cost is 20 yuan per unit. The volume of paraffin and metal foam is dependent on the
filling ratio. The unit price of paraffin is typically 10 yuan/kg, while metal foam costs approximately 30,000 yuan/m°>. The welding
cost of metal foam constitutes the majority of the installation cost, estimated to be 10% of the material cost of metal foam, while the
installation cost of other parts is negligible.

I=1I,+1, (15)

where I, is the material cost (yuan, equal to 20 yuan plus the purchase cost of paraffin and metal foam); I, represents the installation
cost (yuan, equal to the total price of the metal foam multiplied by 10%).

Fig. 7 depicts the cost of a single TES unit as a function of its filling ratio. As the filling ratio is decreased from 100% to 60%, the
purchase cost of paraffin rises by a nominal 0.4 yuan, whereas the cost of metal foam experiences a considerable reduction of 19.4
yuan. Consequently, the overall cost of a TES unit decreases from 85.4 yuan to 64.4 yuan. If the TES unit is devoid of metal foam, the
single cost is merely 32.9 yuan. In addition to the initial one-time capital investment mentioned above, the phase change heat storage
system requires a continuous power supply to facilitate the circulation of the HTF using equipment such as a water pump. The pressure
loss, AP, in the regenerative heating water system pipe arises due to both frictional resistance loss and local resistance loss. The
frictional resistance loss is further divided into two parts, namely the heat transfer pipe and the heat exchange pipe, which can be
calculated using the following equations:

ll P;)(V% 12 p7J<V%

AP =A==+ dapy -+ AP, (16)
where 4, [, D and p,,,.. donate the friction factor of the pipe, the pipe length (m), the pipe diameter (m) and the density of water at 70 °C
(977.759 kg m~3), respectively; v is the HTF velocity (m-s~1); the subscripts 1 and 2 represent the heat transfer pipe and the heat
exchange pipe respectively. AP; (local resistance loss) is estimated as a percentage of frictional resistance loss, taking 20% when the
pipe is longer and 40% when the pipe is shorter. The length of the heat exchange pipe is 0.3 m, the pipe diameter is 0.02 m, the flow
rate is 0.04 m s%, and Re < 2300 can be calculated, which is laminar flow, 15 = 64/Re. The local resistance loss in turbulent transition
zone of the tube is calculated by the following empirical equation:

1 k251
ELE S 17
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where « is the equivalent absolute roughness on the surface of the pipe (m, take 0.2 mm closed circulating water system).

All pipeline resistance losses are converted from Pa to mH30 and the potential height difference between the heat source and the
heating terminal is added to obtain the total head. The specific pump model and motor power G can be determined by considering a
10% surplus of flow and head during the pump selection process. The operating cost F of the TES system is estimated by calculating the
electricity charge based on the current domestic electricity price segment in Shaanxi Province, which is 0.4983 yuan/kWh. It takes the
form of

F=0.4983HG (18)

where F defines the daily operating cost of the TES system (yuan); H represents the daily running time of the TES (h); G is the shaft
power of the shaft (kW).

Assuming that the thermal energy of the HTF in the TES system is generated through solar power, the duration of sunlight in winter
in Xi’an over the past decade (2011-2021) was obtained from the China Statistical Yearbook. Based on an average of December,
January, and February, the average daily sunlight duration in Xi’an during winter was calculated to be 4 h. Consequently, the heat
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Fig. 8. Daily return and payback period for the small heat storage system.
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storage duration of the system is 4 h per day during the heating season. If a small phase change TES system consists of ten parallel shell-
and-tube TES units, and the flow rate of HTF in one heat storage branch pipe is 0.045 m® h™, the total design flow rate of the heat
transport main pipe is 0.45 m>h™L

The flow rate, diameter, and length of the heat pipe are 0.4 m s71,0.02 m, and 10 m, respectively. The total resistance loss of the
pipe was determined to be 2234.75 Pa using Egs. (15) and (16). In addition, the pump head required was calculated to be 3.53 m,
accounting for the height difference of 3.3 m. The Self-priming centrifugal pump 16WFB1-A, with a shaft power of 0.03 kW, was
selected. Based on Eq. (17), the estimated daily operational cost is 0.06 yuan. The cost is minimally impacted by the metal foam filling
ratio in the phase change accumulator and increases with the rise of pipe network flow and head.

4.3.2. Calculation of return and payback period
According to the complete melting time under different filling ratios. Under ideal condition, the volume V of PCM for heat storage
in ideal condition is defined as:
3600H

i

V= xn(R*—r*)h x (1 —a+ae) (19)

where, tg) defines the time required by a TES unit for complete heat storage at one time/s; R, r, h, a and ¢ respectively account for the
radius of the TES tank (m), the radius of the heat exchange pipe (m), the height of the TES tank (m), metal foam filling ratio (%) and
metal foam porosity.

The heat stored by PCMs includes latent heat and apparent heat.

Q=p;V x [L+cp(Tor — To)] (20)

where p;, L and ¢, separately exhibit the density of paraffin (800 kg m ™), the latent heat of paraffin (200 kJ kg~!) and the specific heat
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capacity of paraffin (2 kJ kg,"1 K™Y Tut represents the mean temperature of paraffin at the complete melting time (K); Ty is the initial
temperature of the PCM (K).

According to the heat price of 0.21 yuan/kWh for non-resident in Xi ‘an, the daily return E of the phase change TES system can be
estimated when the stored heat is used for heating.

_ Y
E70.21N3600 21

where N donates the number of the TES units; Q is the total heat stored per day by a TES unit (kJ).

According to Egs. (19)-(21), the initial investment, operating cost and daily return of the TES system are obtained, and the payback
period P is calculated as follows:

NI
P = T_F (22)
where P is the profit return time (days); I, E and F define the cost of a TES unit (yuan), the daily return (yuan) of the TES system and the
daily operation cost of the TES system (yuan), respectively.

In the preceding section, the operational cost of a small TES system consisting of 10 TES units was illustrated. Based on the results,
an estimation of the daily return and payback period of the system was conducted, as depicted in Fig. 8. The figure highlights that in the
absence of metal foam filling, the melting rate is significantly slow, and only around 1/3 of the heat storage process can be accom-
plished within 4 h. This results in a daily return of merely 0.075 yuan and a payback period of roughly 59.3 years, which is not a
feasible option for construction and operation. In comparison, a metal foam filling ratio of 90% yields the highest returns per day,
which is an 11.3% increase over the returns obtained with 100% filling ratio. It appears that when the metal foam filling ratio de-
creases to 85% or below, there is a reduction in the daily return compared to the 100% filling ratio. Moreover, when the filling ratio
drops to 82% or below, there is an increase in the payback period compared to the 100% filling ratio. It is evident that the addition of
metal foam significantly enhances the daily thermal energy storage and expected returns, thereby shortening the payback period to an
acceptable range.

4.3.3. Economic benefits of the heating building

Fig. 9(a) depicts the hourly heat load of the office building throughout the heating period. The heat load experiences significant
variations between working days and holidays, and sharp fluctuations are observed between day and night. The maximum heat load of
12.95 kW is recorded at 8 a.m. on January 9, over the entire heating period from November 15th to March 15th. By combining this
with the office building’s area, the heat index is calculated to be 23.2 W m~2. The maximum daily total heat consumption of the office
building is 144.57 kWh, which occurs on January 12th and is used as a basis for selecting the phase change heat storage heating system.
Based on the simulation results, the total heating heat consumption of the office building is estimated to be 3108.41 kWh over the
entire heating period.

According to the heat load and the heat storage capacity of the accumulator with different filling ratio, the required number of
Thermal Energy Storage (TES) units is calculated. This information is then used to determine the initial investment by multiplying the
number of TES units with their respective unit prices. To calculate the daily operating cost of the heating system, Eq. (18) is utilized,
where the power of the pump shaft is substituted with the total power consumption. The total power consumption is estimated by:

G_0.004225Q(17 +0.01154))

AT (23)

where G represents the power consumption of heating system (kWh); Q is the design heat load (144.57 kWh); I; accounts for the total
length of water supply and return pipe (400 m); AT donates the design return water temperature (20 °C).

Energy-saving design standards for public buildings stipulate the maximum allowable values for power consumption and heat
transfer ratio. If the office building uses a primary pump system, the maximum designed flow of the pump should not exceed 60 m® h".
Based on this, the daily operating cost is estimated to be around 0.33 yuan. Eq. (23) demonstrates that the operating cost of the heating
system increases with an increase in heat load and pipe network function radius, while it decreases with an increase in the temperature
difference between the supply and return water.

According to the heating price of non-resident buildings in Xi ‘an (7.5 yuan/month m?), and accounting for the conversion coef-
ficient of buildings over 3 m in height, we estimate that the monthly central heating cost for this office building without utilizing phase
transition heat storage heating would be 4597.56 yuan. When compared with the central heating scheme, the initial investment cost of
the phase change heat storage scheme is relatively high, while the electricity cost of the water pump during operation is relatively low.
Therefore, the payback period of a building heating engineering case is defined as the point in time where the total cost of the heat
storage scheme, including the initial investment and total operating cost, is equivalent to the total cost of the heating scheme.

To effectively quantify the economic indicators of partially-filled TES units applied to heating, we present a bar chart and dot plot in
Fig. 9(b). The bar chart displays the required number of TES units, while the dot plot illustrates the payback period under different
metal foam filling ratios. As the filling ratio decreases from 100% to 60%, both indicators display a decreasing first but then increasing
trend, which is consistent with the time required for complete melting of the PCM.

To meet the daily heating load of the building without filling the TES units with metal foam, a total of 4048 TES units are required.
Although the cost of each TES unit is relatively low, the high number of units required significantly increases the total initial
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investment, resulting in a payback period of 29 months. However, as shown in Fig. 9(b), a horizontal filling ratio of 90% in the metal
foam leads to a complete melting time of 5310 s and a reduced number of required TES units. In this case, only 548 TES units are
necessary to meet the heating load, demonstrating the potential of partially-filled metal foam structures in reducing initial investment
and equipment size while improving energy efficiency and reducing emissions. Furthermore, considering that the heating season in
Xi’an lasts only four months per year, the partially-filled 90% metal foam heat storage system would pay for itself in just three heating
seasons, highlighting the exceptional economic viability of this approach.

5. Conclusions

This paper presents a simulation of the melting process to evaluate the thermal characteristics of a metal foam horizontal partially
filled shell-and-tube TES system. In addition, the economic benefits of the system are calculated, including initial investment, oper-
ating costs, daily return, and payback period, under varying filling ratios. The economic feasibility of the system is also assessed in the
context of building heating scenarios.

Based on the analysis, we can draw the following conclusions.

(1) The analysis indicates that the heat storage efficiency of the system without metal foam filling is exceedingly low and fails to
meet the desired heat storage requirements within the specified time. However, the introduction of a horizontal partially filled
metal foam structure significantly improves heat transfer rates. For instance, the TES unit with a filling ratio of 90% achieves a
complete melting time of 5310 s, which is 87.56% shorter than that of the TES unit with pure PCM. This underscores the critical
role of metal foam structures in enhancing the heat transfer capacity of TES systems, and the horizontal filling structure with
90% filling ratio has better performance in the application.

(2) As the metal foam filling ratio decreases, the quantity of the relatively expensive metal foam reduces, resulting in a noticeable
decrease in initial investment costs. For small-scale TES systems comprising ten TES units, the daily returns initially increase
and then decrease with decreasing filling ratios. Similarly, the payback period initially reduces, but then extends as the filling
ratio decreases. Comparably, a metal foam filling ratio of 90% yields the highest daily returns and shortest payback period.
These findings highlight the complex interplay between metal foam filling ratios, initial investment costs, daily returns, and
payback periods, which must be carefully considered for cost-effective TES system design and implementation.

(3) When meeting the heating load requirements of an office building in Xi’an during winter, the horizontal partially filled TES
units with a filling ratio of 90% demonstrate the lowest number of required units, totaling 548. The payback period for this
configuration is shortest, about three heating seasons. These results suggest that the partially filled structure with a 90% filling
ratio can achieve a balance between heat storage efficiency and economic benefits, resulting in a mutually beneficial outcome.
Consequently, this configuration (90% filling ratio) is a promising option for designing and implementing cost-effective TES
systems in similar regions for practical engineering application.
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