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ARTICLE INFO ABSTRACT
Keywords: A generic numerical model of PCM water energy storage is developed and validated by experiments. The nu-
Phase change material merical model consists of a water region and a PCM region. Models of the two regions are derived by the energy

Energy storage
Numerical simulation
Implicit method
Supercooling

differential equations and solved by the implicit method. The solid-liquid PCM behavior is modeled based on its
enthalpy-temperature relation, in which the melting/solidification phase is linearized. Special treatment is
developed for the time steps with a phase change, which significantly improves the prediction accuracies of PCM
temperatures and the melting fractions. An iteration method is applied to the two regions for coupling calcu-
lation. The energy balance of the model is examined in each time step. Extended functionalities of the numerical
model are further developed, including separate heat loss coefficients, auxiliary heaters, flexible inlet and outlet
layout, the mixing effect in the water tank, and three PCM supercooling-activation modes. The experimental
verification for a PCM water energy storage was carried out at Technical University of Denmark. The PCM and
water layer temperatures are calculated. The simulated and measured outlet temperatures and heat content are
compared. The results show that the simulated outlet temperatures are maximum of 4.6 K deviation from the
measured, with a relative error of 10.4 %. The relative error of the heat content is within 1 %, and the energy
balance errors are within 5 %. The extended application and limitation of the numerical model are discussed, and
the possible error sources are analyzed.

contains PCM energy storage. The other method is to self-develop nu-
merical models of PCM energy storage - either a specific model for a
certain case or a general model for general purposes. There is a lot of
literature on developing different kinds of specific numerical models for
specific scenarios. For example, Ljungdahl et al. [16] present an active
cooling application utilizing a PCM module for the purpose of air con-
ditioning. The apparent heat capacity method is used for modeling the
PCM behavior. The hysteresis of the PCM is determined by a generalized
logistic function for the melting fraction of the PCM. Separate experi-
ments are needed to determine the parameters in the logistic function for
the heating and cooling processes. Filonenko et al. [17] developed an
open-source Modelica package [18] for a specific type of PCM ventila-
tion unit. The OD PCM ventilation unit model is also based on the
apparent heat capacity model concept, which converts the nonlinear
differential equation of the PCM heat exchanger to the usual state-space
form and models it by using the standard thermal RC components from
the Modelica Standard Library. The model aims to be mainly used as
control and emulator models in the model predictive control applica-
tions. Morales-Ruiz et al. [14] present a numerical model of a PCM plate
energy storage unit with a particular configuration used in an actual

1. Introduction

Energy storage plays an important role in renewable energy devel-
opment and utilization. Compared to other energy storage technologies,
thermal energy storage has the advantages of high energy density, large
installed capacity, low cost, and long service life [1]. Phase Change
Material (PCM) energy storage systems take further advantages of uti-
lizing both the sensible and latent heat in flexible manners, which can
further increase system efficiency and reduce the space demand.
Currently, PCM energy storage is widely studied and applied in different
applications, i.e., solar heating and cooling systems [2-7], solar cookers
[8,9], thermal comfort in buildings and vehicles [10-13], thermal pro-
tection of food and electronics, and medical applications [14].

Numerical simulation is a powerful tool to estimate the thermal
performance of PCM energy storages and systems. Computational Fluid
Dynamics (CFD) is suitable for simulating complex shapes or designing
new PCM energy storage concepts [15]. However, CFD simulation
typically costs a long time in the detailed calculation for the heat transfer
and fluid flow, which is not a good option in the system simulation that
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Nomenclature Greek symbols
A difference, —
A area, m* p density, kg/m?
c specific heat capacity, J/(kg-K) r overall heat transfer coefficient, W/(m2K)
EL latent heat of fusion, J/kg .
Er error, % Subscripts
h heat transfer coefficient, W/(m?K) a amb.ifent
H enthalpy, J/kg aux auxiliary
k thermal conductivity, W/(m-K) ¢ Cross area
Q power, W exp experiment
m mass, kg m melting/mean
m mass flow rate, kg/s i the ith layer
t time, s p PFIM
T temperature, °C s S%de area
u Inlet flow velocity, m/s sim simulation
\ volume, m® pw PCM-water heat exchange area
X Layer/node distance, m t tank
hl heat loss
w water

household application. The numerical model consists of the fluid flow,
the plate and the PCM. The thermal behavior of the PCM is solved by
means of the conservative mass, momentum and energy (entropy)
equations. Tao et al. [19,20] developed a numerical model for PCM
energy storage with a shell and tube configuration. The energy equation
for PCM is also based on the entropy method.

However, there is far less research on developing generic models for
PCM energy storage. IEA SHC Task 32 subtask C [21,22] organized three
teams to develop generic numerical models for PCM energy storage that
can be used in the simulation environment TRNSYS [23]. It aimed to
develop optimized systems with various PCM energy storage, hydrau-
lics, and control configurations. The published models are summarized
in the following.

Type 860 [2,24,25] is a TRNSYS component simulating heat transfer
in PCM plugged in water tank storage. It was developed based on an
existing TRNSYS water tank (type 60). The PCM modules can be defined
as different shapes such as cylinders, plates, or spheres bed. The heat
conduction and convection of PCM and water were taken into account as
well as the PCM hysteresis and supercooling degree.

The PCM part uses the enthalpy method, in which the temperature —
enthalpy curve is divided into five linear lines. Calculation of PCM
temperatures is a sub-loop or sub time step under the main loop of water
tank calculation. The model simulates a 2D PCM shape and calculates a
detailed heat transfer inside the PCM and the interaction between PCM
and water. However, the model needs hundreds of parameters provided
by users, and the calculation time needs to be concerned by increasing
nodes. Further, an explicit solving method was chosen, leading to a
simple calculation process but resulting in a conditionally steady con-
dition and possibly divergence problem. Therefore, proper time step and
calculation efficiency need to be pre-considered.

Type 840 [22,26] models detailed water tanks with integrated PCM
modules of different geometries or tanks filled with PCM slurry. The
multi-node storage model calculates one dynamic enthalpy equation.
PCM is modeled as one built-in term in the equation calculating the heat
transfer between the storage fluid and the PCM and the heat transfer
inside the PCM by conduction as well as the phase change processes. The
other terms model the inlet-outlet flow, heat exchanger, auxiliary
heater, conduction effect, and heat losses. The PCM is subdivided into a
1D (sphere) or 2D (cylinder, plate) nodal network. Further, the PCM
hysteresis and supercooling degree phenomenon are also modeled.
However, the model uses the explicit method for solving the governing
equations, and the thermal properties of the PCM are read from ASCII

data files provided by users.

Type 841 [22] models a bulk PCM storage tank with an immersed
heat exchanger. The heat exchanger is built as a fin-tube type. The heat
transfer fluid flows at high speed in the tube, and the PCM is outside the
tube. The heat exchange capacity rate between PCM and fluid is
increased by the fins. Unlike type 840, the volume of a storage node does
not include the volume of the heat transfer fluid in the tube, and the
enthalpy temperature relation of PCM uses three linear functions for the
solid, liquid, and phase change region. However, this model also used
the explicit method, which is not unconditionally stable. The time step
must be maintained below a certain limit.

Type 185 [22] is another simulation program that models the bulk
PCM storage tank with immersed heat exchangers. It features by simu-
lating the PCM stable supercooling phenomenon as well as flexible
control strategies. The model does not consider the heat conduction
between PCM nodes. A particular method was built into the model to
enhance the convergence, and some minor theoretical errors exist.

Belmonte et al. [27] proposed a simplified method for modeling the
performance of a thermal energy storage (TES) system that contains
PCM. The developed approach is similar in concept to the bypass factor
method. The method provides reasonably accurate results while
requiring only the most relevant input parameters (a total of 10)
commonly available during the early stages of TES system design. The
method is particularly suitable for application during preliminary stages
and is generally applicable to any TES system with a PCM, thereby
simplifying the performance characterization and implementation of
such TES systems in energy analysis tools such as TRNSYS.

This paper aims to develop a generic numerical model for PCM water
energy storages that can be used in system simulation with a good bal-
ance of accurate results and fast calculation. The configuration of the
PCM water energy storage can be flexible. In Section 2, the water and
PCM regions of the energy storage are modeled separately by 1D energy
differential equations. The two models are discrete by the finite differ-
ence technique using the implicit method. The solid-liquid PCM
behavior is described by its enthalpy-temperature relation, in which the
melting/solidification phase is linearized. The converged temperatures
of water and PCM are obtained by solving the two models in an iteration
way. In Section 3, extended functionality of the energy storage model is
further developed, including the separate heat loss coefficients, auxil-
iary heaters, flexible inlet and outlet layout, the mixing effect in the
water tank, and three PCM supercooling - activation modes. Section 4
describes the experimental verification carried out at Technical
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University of Denmark. The PCM water energy storage, the test facility,
and the test method are introduced. The water and PCM temperatures at
each layer of the energy storage were calculated. The simulated and
measured outlet temperature and the charged and discharged heat were
compared. In Section 5, the application and limitation of the numerical
model are discussed, and the possible error sources are analyzed.

2. Mathematical model

The mathematical model consists of the water region model, the PCM
region model, and the coupling iteration method. The water and PCM
region models can also be used separately for simulating a single water
tank or a single PCM tank. The schematic diagram of energy storage is
illustrated in Fig. 1. The energy storage tank is assumed as a cylinder
tank. The water and the PCM in the tank are at the same height and
divided into n layers of equal size. The first layer is on the top, and the
last layer is at the bottom. The water tank is at the outer of the energy
storage, and PCM is located inside of the tank and surrounded by water.
The flow inlet and outlet are at the first and the last layer. The tank wall
materials are not considered in the model. The radial heat conduction in
the water and the PCM region is neglected. Therefore, the water in one
layer is assumed to have the same temperature, so as the PCM.

It is assumed a uniform flow distribution in the flow direction inside
the energy storage. Therefore, only energy equations are considered.
The energy models are calculated by the finite difference method in the
implicit formulation. The modeling of the phase change from solid to
liquid is based on the enthalpy method. The heat convection in the liquid
PCM region is not considered in the model. The modeling and the
calculation method are specified in the following sub-sections.

2.1. The water region

Take the cylinder PCM water tank shown in Fig. 1 as an example to
illustrate the mathematical model and the calculation method.

FlowlInlet

FlowOutlet

Fig. 1. Schematic diagram of the PCM water energy storage.
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The energy differential equation in one dimension for the water tank
can be written as Eq. (1). The first term of the left-hand side is the dy-
namic energy changing term of the layer. The second term represents the
flow heat exchange in the form of convection. The first term of the right-
hand side describes the conduction heat transfer between adjacent
vertical layers. The second term is the heat loss to the ambient air, and
the last term represents the heat transfer between water and PCM.

dpcT,,  dpcuT,, 0 ([ dT,
T (k ax) + hiAs (To — Tw)/v+rApW(Tp - T,,,.)/v
€Y

The unsteady differential equation Eq. (1) can be discrete into the all-
implicit format by the finite difference method [28] as shown in Eq. (2)
by integrating the volume of the water layer. The all-implicit method
means that only the initial temperature of the current layer is known in
one time step. Other temperatures are unknown final temperatures in
the time step.

T, - T Tii—T; Tiy1 —
c =kA, kA
At < Ax +kA: Ax

T (1, T)

T.
m Lt me(Tioy — Ti) + huwAs(T, — T)

(2)

By sorting out the terms, Eq. (2) is rewritten as Eq. (3). Three adja-
cent temperature nodes are arranged on the left-hand side of the equa-
tion together with their coefficients, and the other terms are put on the
right-hand side, which is typically referred to as the source term.

kA, . mc  2kA. . kA,
(—E—mc) T,;] + (E"‘A_x'i‘hh[As +mc+Fpr> Ti + (_ AX)THI

mc,
= AT, +TA, Ty + ET?
3)

To illustrate the algebraic equation set, Eq. (3) is simplified into Eq.
(4), which uses the coefficient matrix a, b, ¢, and d to represent the three
temperatures' coefficient terms and the source term. If the energy stor-
age is divided into 5 layers, Eq. (4) can be expanded as Eq. (5).

al;  +bT;+ Ty =d @
b1 Cq 0 0 0 d]
453 bz Cy 0 0 dz
0 a3 by ¢ O ds 5)

0 0 ay b4 Cy d4
0 0 0 ds b5 d5

The discrete algebraic equation set has the same tridiagonal coeffi-
cient matrix as Eq. (5), showing for all the one-dimension energy
equations. The Tridiagonal Matrix Algorithm (TDMA) [29] is a classic
fast method to solve the algebraic equation set.

The initial temperatures of the tank, the inlet temperature, the flow
rate, and the ambient temperature can be set by users as the initial
condition.

The boundary condition for the top and bottom nodes can be
described by the adiabatic condition like Eq. (6) shows. For the first
layer node, the first term temperature Ty can be assumed equal to the
first node temperature T;. Similarly, for the last layer node, Ty, is
assumed as Ty. Alternatively, the boundary condition can also be
described by the heat convection equation using the user-provided top/
bottom heat loss coefficients. The theory is explained in Section 3.1 and
the equations are shown in Egs. (26) and (27).

The water region model can also be used to simulate a single water
tank when the heat transfer term between PCM and water is removed.
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kA, mc  2kA. R kA, me
( - —) T, + ( + + hyAs + mc + FA,,W> T, + ( - )TZ = hwA; T, +TAp Ty +——T7

Ax At Ax X

kA, mc  2kA. X kA, mc
- Ty + [—+ + hAs + e +TAp, | Ty + | — Ty = hyAT, + TA,, Ty +——T8

Ax At Ax Ax

2.2. The PCM region

The same derivation method is applied to the PCM region. The
governing equation for the PCM region is created as Eq. (7). The heat
loss term is neglected as the PCM region is surrounded by the water
region. However, a heat loss could be added easily if necessary. For
example, in cases where the top or the bottom PCM layer directly con-
tacts the ambient environment or that the PCM is located at the outer of
the energy storage, the heat loss from the PCM region should be
considered.

Like Eq. (1), the dynamic term is on the left-hand side of Eq. (7). The
first term on the right-hand side describes the heat conduction between
adjacent PCM layers. The second term represents the heat transfer be-
tween the PCM and the water in the same layer by a given overall heat
transfer coefficient I, which considers both the heat convection and
conduction impact. The overall heat transfer coefficient I" is influenced
by many aspects, such as the heat exchanger shape, the specific material
property, and the operating conditions. It can be determined by exper-
iments, detailed CFD investigations, or theoretical heat transfer analysis.
In general, when there is heating or cooling flow, the heat convection
affects the most for the overall heat transfer coefficient. When the energy
storage is on standby, heat conduction is the dominating heat transfer
format between water and PCM.

apHp - i) 0Tp

Unlike Eq. (1), the dynamic energy change of Eq. (7) is described by
the enthalpy of PCM since its nonlinear energy-temperature relation-
ship. For a typical solid-liquid PCM, the energy-temperature curve can
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At
(6)

At Y

be divided into the solid part, the phase change (melting or solidifica-
tion), and the liquid part. See the blue line in Fig. 2. In contrast, a typical
sensible energy storage material - like water has linear ener-
gy-temperature relationship, shown as the red line in the figure. Theo-
retically, a PCM has a melting point to indicate the phase change
temperature. But in reality, the onset and offset temperatures Tp1, T2
are typically observed as the start and the end turning point of the phase
change period. In a heating course, Tp,; is the onset temperature, and Tp,2
is the offset temperature, while in a cooling course, the two tempera-
tures are swapped. The energy difference between Ty,; and Ty, is the
latent heat stored or released theoretically from the PCM.

Fig. 2 also shows two types of supercooling phenomenon — namely
the supercooling degree and stable supercooling, which are illustrated as
the orange and purple line in the PCM cooling process. The two super-
cooling phenomenon is specifically described in Section 3.4 PCM acti-
vation mode.

It is widely recognized using Eq. (8) to describe the enthalpy —
temperature relation for a solid-liquid PCM [30]. The main assumption
is the energy linearization between T,; and Tpg, as the green line
indicated in Fig. 2. Therefore, the PCM enthalpy between Tj,,; and Ty is
the summation of total solid enthalpy and the latent heat enthalpy
weighted by the current temperature ratio (T — Tp1) / (Tz — Tmz2)- The
temperature ratio can also evaluate how much PCM is currently melted.
Therefore, it is also well known as the PCM melting fraction.

c,T
T<Ty
E(T—-T, m
H, = ¢ T +% T <T<Tp (€)]
m2 ml T > Tm2

CsTml + EL + CI(T - TmZ)

PCM

Enthalpy

(

Stable supercooling

atent heat

L

%ble

material
/-
/
— - - \ A
—> solid ! >
T Melting T
ml m2 Temperature

point

Fig. 2. Schematic diagram of enthalpy temperature profile for sensible and phase change materials. (For interpretation of the references to colour in this figure, the

reader is referred to the web version of this article.)
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It is natural to convert the enthalpy term into the temperature term
by a linear relation, as shown in Eq. (9) according to Fig. 2. Then the
enthalpy at different temperatures can be substituted by the temperature
with its coefficients S; and Sz. Of course, S; and Sy have specific ex-
pressions in the PCM solid phase, the melting/solidification phase, and
the liquid phase, shown in Eq. (10).

H,=8T+S, )
Sla = C:sta =0
T<T
E ET, < In
Sip = ﬁ7 Sop = ¢ T — # T <T<Tp (10)
m2 = T m=Tw “p s

Sic = ¢1,8 = Ep + ¢Tn — T2

The enthalpy term can be discrete into the initial and end tempera-
ture terms with their specific S; and S coefficients, as shown in Eq. (11).
Then the PCM enthalpy governing equation is converted into the typical
temperatures equation as Eq. (12).

o

mslT,,+sz_mS?7§ +83 0 (kaarp
X

N ~ —) +TA(T,—T) an

SOT0 485 -5,

P

At

m&nzvﬁ<£ﬂ)+mw@,4w+m (12)

At Ox ox

Eq. (12) is further discrete for the heat conduction term as Eq. (13).
Finally, the three nodes format discrete equation is sorted into Eq. (14),
which can be simplified the same as Eq. (4) with the corresponding a, b,
¢, d coefficients listed in Eq. (15).

S$iT; T —T; Ty —T; ST+ 89 -8,
— kA, KA. TA,. (T, — T, ot R
AL © Ax * X + A )+ m At
(13)
kAz: mS[ ZkAC kA‘.
T (S TAp, | Ti = =T,
Ax ! (At+Ax+ ') Ax
SOTU SO_S
—TAT, +m2 T2 7% 14
At
kA(‘
a=c=—
Ax
mS, 2kA.
b=—2t TA,, 15
A T Ay T4 (15)

ST +89 -8,

d=TA,,T,
p +m AL

L-7 _  Ta-T  T—T
L = kA. kA,
At Ax + Ax

(myc +myc;)

2.3. The PCM water energy storage and the iteration method

The final aim of this work is to develop a mathematical model of
energy storage containing both PCM and water. The model can calculate
the status of both materials at any time during the operating period.

Take the PCM water energy storage shown in Fig. 1 as an example.
The water is outside of the PCM. The governing equation for the water
tank is Eq. (1) and the governing equation for the PCM region is Eq. (7).
An iteration method is developed to derive the correct temperatures for
both water and PCM at any time step. It is convenient to use Tw(Tyyo, Tpo)
and Tp(Tyo,Tpo) to represent the water and PCM governing equations.
The final water temperature Tw and the final PCM temperature Tp can
be derived if the initial and boundary conditions are given. In one time
step, the iteration is carried out in the following steps:

+1e(Tioy — Ti) + hwAs (Ta — T;) + TAp, (Tpi —
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Step 1: The first water temperature T,; is obtained from the water
governing equation Tw(Tyo,Tpo) by giving the initial water
temperature Ty, and the initial PCM temperatures Tp,. This
process can be represented by Ty; = Tw(Tyo,Tpo). Then use the
initial PCM temperature T,o and the new water temperature T
as the initial temperatures for the PCM governing equation. The
first PCM temperature Ty; is derived by T,; = Tp(Tyy1,Tpo)-

Step 2: The second water temperature T, is calculated by giving the
initial water temperature and the updated PCM temperature Ty;
through Ty2 = Tw(Tyo,Tp1). Like step 1, the second PCM tem-
perature is derived by giving the initial PCM temperature Ty
and the updated water temperature Ty, through T,y = Tp(Ty»,
Tpo)-

The steps are calculated continuously until the difference of the
water and PCM temperatures in two steps is extremely small. For
example, the temperature difference is less than 107® K. Then, the
iteration is converged, and the final water and PCM temperatures are
derived for the time step.

2.4. Considering the sensible heat content of other tank materials in the
energy storage

The tank material of the energy storage consists typically of a
metallic structure that forms the storage frame and the inside heat
exchanger. The sensible heat of these materials should be considered in
the calculation. One possible method is to create separate governing
equations for the inside heat exchanger and the tank walls, like the water
and PCM part in Sections 2.1 and 2.2, using the same discrete method for
the two extra equations. Then apply the iteration method for the four
equations to achieve converged temperature results of the water, PCM,
inside heat exchanger, and the tank walls. However, the method will
cost extra calculation resources, and the tank wall or tube shell tem-
peratures are not so important. Therefore, a simple method is applied by
assuming that the metallic structure has the same temperature as the
water in each layer since the heat transfer between water and the
metallic structure is better than that between PCM and the metallic
structure. A further assumption is that the volume of the metallic
structure is neglected. Then the mass and heat capacity of the metallic
structure is added to the dynamic term of the water governing equation,
shown in Eq. (16).

T) (16)

It may happen in some cases that the water is inside of the heat
exchanger while the PCM is outside and directly contacts the tank walls.
In this situation, the inside heat exchanger can be assumed to have the
same temperature as the water, while the temperature of the tank walls
cannot. If considering the tank walls have the same temperature as PCM,
theoretically, it may cause errors due to the contact thermal resistance in
the dynamic charging and discharging process until stable conditions
are reached. Users may try the simple method first. If the result errors
are within reasonable limits compared to measured results, the simple
method can be used. Otherwise, it is recommended to develop the third
governing equation for the tank walls and follow the same solving
method and iteration method for the equation set.
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2.5. Energy balance check

Energy balance check after each time step is a crucial method to
guarantee the correctness of the calculation. The technique was used in
all the simulations in this work.

Eq. (17) is the energy balance equation for the PCM water energy
storage. The energy balance error is calculated by Eq. (18). Q;, refers the
input power to the energy storage while Qjss is the heat losses to the
environment. Qayy is the auxiliary power input. AQyqer and AQpcy are
the water or PCM energy change during one time step. dQ is the power
difference of the terms mentioned above, while Er is the power balance
error. Since all the powers are calculated for one time step, we follow the
routine of calling the power balance check as energy balance check.
Some terms can be removed from Eq. (17) for a single material energy
storage or in some specific operating conditions. For example, when a
single PCM energy storage is in standby status, Qin, Qaux, and AQyyqarr are
0. The energy flows can hardly be completely balanced since the nu-
merical method usually cause calculation errors. However, the energy
balance error is a good indicator for users to check the logic and the
calculation of the numerical method.

dQ = Qin + Qlaxx + QAIM - AQwawr - AQpcm (17)

dQ

Er=—F-F——
Qin + QAuA‘ + Qlos:

(18)

2.6. The particular time steps of PCM temperature across the melting
points

Using the energy balance check, the authors found that the PCM
temperatures could not be calculated correctly by the method described
in Sections 2.2 and 2.3 in some particular time steps when the PCM
temperature crosses the melting points. The reason is, for the PCM
heating or cooling process, most of the time steps are usually in one of
the three PCM statuses — either solid, melting/solidification, or liquid.
Therefore, a constant S; and S set can be correctly assigned for those
time steps, and the energy balance error is small. However, when the
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At, the initial PCM temperature T is below T;,,; while the end temper-
ature Ty is higher than Tp,;. Therefore, during the sub time step At;, PCM
is solid, and the S; and S; are S;4 and Syq, while in Aty, PCM is partly
melted, so S; and S, should be S; and S,

The solution for those special time steps is to create two separate Eq.
(11) with their corresponding sub time step. As Fig. 3 shows, Eq. (19) is
the governing equation for sub time step At; in the discrete format. Since
the initial and final temperatures in At; are known, At; can be calculated
from Eq. (20). Then At; is derived by Eq. (21). In the sub time step Aty,
Eq. (22) is the governing equation with the correct S; and S,. By
combining Egs. (20) and (22), Eq. (23) is derived, which is the correct
governing equation for the whole time step At, and Eq. (24) is the final
sorted format.

There are in total four cases that need special treatment - the heating
time steps cross Tp; and Tz, and the cooling time steps cross over Tz
and Tp3.

S1aTm + S2 Ticin — T Tivin — T
e lm 45 _gq T =T g Tem =Ty g o )
At Ax Ax 19)
+ SlaTO - S2a
"TTAL
mS a Tm - To
Aty =g (T —7%) (20)
T; (Ti—l,m + T[+],m - 2Tml) + FAPW(Tw - Tml)
At, = At — Ay 2D

SiT; Ti—T; Ty —T, S1aTomt + 820 — S
=kA. kA, TA,. (T, —T; _ =
" Aty Ax + Ax + ’ ( )+m Aty
(22)
S$16Tm | SuTi , Tia+Tivm—Tm =T, Ty +Tipim =T —T;

kAC kA(‘
an " An Ax + Ax

N aTO N aTm =S b
+T A (2T — Ty — Ti) 4 m = el 220

time steps cross the melting points — either T;,; or Ty,;2 — there exists two Aty An
PCM statuses in one time step. The S; and S set must be changed during (23
the time step.
Take a heating time step as an example. See Fig. 3. In one time step
KA (ms“’+2kAC+rA >vakﬁT A Ty —2T) + 2TALT, —TALT, ST =) | SiaTon = S @49
Ax T Aty Ax P )T AT A Vi T i m ey pwtml Aty Aty
60 It should be noted that the correct upper and lower layer tempera-
°T tures of the PCM are still unknown during the calculation. In order to
° T, calculate the heat conduction effect, it is assumed to use the mean
temperatures of the upper (T;.;,») and lower PCM layer (Tj;1,,) to sub-
o *To stitute the final temperatures in the calculation. The assumption will
G increase the numerical error. The energy balance check also shows that
g Aty At, in those special time steps, the error is usually higher than in other time
g : T " steps. But the errors are within reasonable scientific scope, for example,
5 5 %, so it is accepted.
40
3. Extended functionality development
35
At For simplicity, the mathematical model was derived and solved by its
30 ) - simplest prototype form in Section 2. The prototype was modeled with
Time

Fig. 3. An example of one time step that crosses over Tp,; melting point.

the adiabatic boundary condition for the top and bottom nodes, with a
uniform heat loss coefficient, with a fixed flow inlet on the top layer and
a fixed flow outlet at the bottom layer. The prototype did not consider
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modeling an auxiliary heater and natural convection in the water tank.
In this section, the additional functionality is developed by directly
modifying the mathematical model without new assumptions
introduced.

3.1. Separate heat loss coefficients and auxiliary heater

The uneven heat loss coefficients can be easily modeled for the outer
tank, regardless of a water tank or a PCM tank. For example, users can
assign a specific heat loss coefficient for each layer at side hy ; a top heat
loss coefficient hp op, and a bottom heat loss coefficient hy por. Take a
water tank as an example. Eq. (3) with a uniform side heat loss coeffi-
cient became Eq. (25) with specific side heat losses coefficients. Further,
if the heat convection boundary condition is required, the top and bot-
tom heat loss terms need to be added, as Egs. (26) and (27) shown.

One or multi auxiliary heaters in specific layers can be easily added.
Qaux i represents the power of the auxiliary heater, and it only needs to
be added in the source terms at the right-hand side of the equation.

T Y L AN TS YV P ol (L P
Ax mc i—1 At Ax hi_its mc pw i Ax i+1

mc
= hhl_iAs T,+ Fpr Tpi + ETLO + QAu.r_i

(25)
me  2kA, ;i M
(Kt A T T 1A + hig_iopAe + 1€ + rA””’) hit ( - AX) "
mc,
= M 1 AT + hi_iopAcTa +TAp, Ty + EI? + Qw1 (26)
KA, me  2kA, i
( —5- mc) Ty + (E + A + hu_nAs + hi_porAc +mc + FAP"’) Ty
me,
= AT+ it oA Ta + TApTon +0 T + Qaue v
27)

3.2. Flexible inlet and outlet layers

In order to model a water tank with flexible inlet and outlet positions,

Mode O

Mode 1

Journal of Energy Storage 55 (2022) 105425

three coefficient lists «, §, and y are specified, indicating whether there is
flow or not in each layer and the flow direction. The three lists can only
contain the same amount of O or 1 as the total number of layers. «
represents the flow from top to bottom while p is the opposite. See Egs.
(28) and (29).

Take a five layers water tank as an example. The inlet flow enters at
layer 2 and exits at layer 4. Therefore, there are flows in layer 2, 3 and 4.
The three lists are then assigned as a = [0,0,1,1,0], = [0,0,0,0,0] and y
=1[0,1,1,1,0].

T, —T° T —T; Ty —T; . .
me =tk =kA le + kA, “Ax +ame(Tiey — T;) + princ(Tipy — T))
+ hAy(Ty = Ti) + TA,, (T, — T)
(28)
kA, . mc  2kA. .
( A amc) Ti1+ (E+ A + hwAs + yme +l"pr) T;
kA, . mc
+ ( A ﬂmc) Tip1 = AT, +TA, T, + ET,O

(29)

3.3. Mixing effect in the water tank

In the water tank, the mixing effect is caused by the thermally un-
stable condition of layers temperature — a layer temperature is higher
than the layer above. The natural convection will automatically form an
opposite thermal-driven force to decrease the temperature difference.
Two typical methods can be used to model the mixing effect in the water
tank [31]. One is the complete mixing method. If the unstable layers are
found at the end of one time step, the two layer temperatures are
averaged, and the mean temperature is assigned as the end temperatures
for the two layers. The complete mixing method is equivalent to an
infinite reverse flow in two layers. The method is straightforward and is
widely used.

The other option is providing a user-defined reverse flow rate. Eq.
(30) is the mathematical model for this method. Two additional terms
with the reverse flow mix and its coefficient list f;, f2 are added to the
discrete equation. f; and f, are the coefficients to determine whether

Mode 2
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Fig. 4. PCM cooling process with three supercooling modes: Mode 0, no supercooling; Mode 1, supercooling degree; Mode 2, stable supercooling.
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Fig. 5. The PCM water energy storage with (right) and without (left) insu-
lation [34].

there is a reverse flow for the current layer with its upper and lower
layers. Unlike the flow coefficients a, f, and vy, f; and f> must be deter-
mined at each time step.

IOp COVeI < : Iq)l) ( yll]ldel “a"
(GlaSS V‘V iIldO“ )
utic p

Bottom Cylinder Wall

PCM Tubes

Inlet (Bottom)

Fig. 6. The break down 3D drawing of the PCM water energy storage [34].
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3.4. PCM activation mode

Supercooling is a common phenomenon in the PCM cooling process,
especially for salt hydrates. There are typically two supercooling modes.
One is the so-called supercooling degree. Liquid PCM is cooled below the
melting point without solidification until a lower temperature is
reached. The difference between the practical solidification temperature
and the melting point is the supercooling degree, shown as the orange
curve in Fig. 2. The other case is stable supercooling, which means PCM
can be cooled to the ambient temperature without solidification and
kept in the liquid phase. Solidification can be activated by different
nucleation techniques [32]. The temperature of the activated PCM will
increase since the latent heat of fusion is released, see the purple curve in
Fig. 2.

In the prototype model, no supercooling effect is modeled as mode 0.
In a heating process, the solid PCM will start melting at the onset tem-
perature T,y and fully melt at the offset temperature T2, while in a
cooling process, the liquid PCM will start solidification at T2 and
become fully solid at Tp,;. See the first figure in Fig. 4.

The above-mentioned two supercooling modes are developed to the
PCM model. The supercooling degree mode is defined as mode 1 in the
PCM model and the stable supercooling mode is defined as mode 2. For
the supercooling degree mode, users provide the value of supercooling
degree. Only Ty,2 in the cooling process needs to be updated by sub-
tracting the supercooling degree. Therefore, when the liquid PCM first
reaches or is lower than the new Tj,,, it will start solidification, and the
PCM temperature will increase by releasing the latent heat. See the
second figure in Fig. 4, in which the activation starts at hour 0.25.

The stable supercooling mode can be carried out by assigning a very
low Tp2, lower than the ambient temperature. In that case, the liquid
PCM will not start solidification in the cooling process. Users need to
give a signal to activate the solidification at a particular time step, or the
signal can be sent according to a specific control strategy. When a signal
is sent to the PCM model, the S; and S set is changed, and the solidi-
fication starts. See the third figure in Fig. 4. The PCM was first stably
cooled down to ambient temperature. Then the activation signal is sent
at hour 2 and then the PCM started solidification.

4. Experimental verification
4.1. Test facility and set up

The experiments were carried out at Technical University of
Denmark. The PCM water energy storage is shown in Fig. 5. The total
height of the cylinder storage is 1.7 m. The outer diameter is 0.4 m
without insulation. There are 112 tubes installed vertically inside the
tank, each with a length of 1.52 m and an inner diameter of 0.0276 m,
see Fig. 6. The top end of the tubes is fixed to a stainless-steel plate and
opens to the enclosed space above, see Fig. 7. The enclosed space tol-
erates the volume change related to the phase change of the PCM. The
top cover is transparent for inspection. Two tubes are connected to the
enclosed space through the top cover. One is for balancing the pressure
difference between the ambient and the top of the energy storage. The
other with a valve is used for activating the solidification process of the
stable supercooled PCM by delivering solid PCM powders. The inlet of
the storage is placed at the bottom tank side, while the outlet is placed
on the opposite tank side at the upper part of the tank. The tank is
insulated with 30 mm mineral wool. There are in total 137.8 kg PCM
filled into the 112 tubes and 75 1 water in the shell outside. The heat
transfer area between the PCM and water is 16.2 m2. The energy storage
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Fig. 7. The manifold plate with a top view of the tubes inside the storage (PCM was melted) [34].

Table 1

The PCM thermal properties used in the simulation [34].
Properties Values Units
Melting temperature range 53-54 °C
Latent heat of fusion 209 kJ/kg
Specific heat capacity_solid 2800 J/(kg-K)
Specific heat capacity_liquid 3100 J/(kg-K)
Density_solid 1300 kg/m?
Density_liquid 1280 kg/m?
Thermal conductivity 0.5 W/(m-K)

main structure is made of 166 kg stainless steel [33,34].

The PCM used in the experiments was a SAT (sodium acetate trihy-
drate) based composite with liquid polymer and extra water, developed
by HM Heizkorper GmbH Heating Technology [35]. The thermal
properties of the PCM used in the simulation are listed in Table 1.

The schematic diagram of the test rig is shown in Fig. 8. The water
flow is pumped into the tank bottom and flows out through the outlet on
the top. The heating and cooling units can adjust the water temperature
before entering the tank. Ten thermocouple sensors are attached to the
tank's outer surface with good thermal contact and are covered by the
insulation. There are also temperature measurements at the inlet and
outlet locations and for the ambient environment. The water flow rate is
measured by the flow meter. According to the separate heat loss ex-
periments, a uniform heat loss coefficient of 3.6 W/K was used in the
simulation.

A complete test sequence was carried out from 5 June to 8 June
2019. The test lasted for 73 h, including the charging, the sensible heat
discharging, the activation of PCM solidification, and the latent heat
discharging periods. The inlet, outlet, and ambient temperatures during
the complete test course are shown in Fig. 9. The flow rate was kept at 7
1/min during the whole test. All the measured parameters were recorded
by a data logger with a data log interval of 1 min.

The first 4.6 h of the test was a preparation period to make sure the
initial temperature of the whole storage was uniform at around 30 °C.
Then the inlet temperature was set to 92 °C to charge the PCM water
energy storage. The charging period lasted about 20 h to guarantee the
PCM inside the tank was fully melted. At hour 25, the inlet temperature
was set back to 30 °C to start the discharging of the energy storage. Since
the PCM was stably supercooled during the discharging, only the sen-
sible heat of water and PCM was discharged. At hour 49, the PCM inside
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Fig. 8. Schematic diagram of the test facility with the PCM water energy
storage [33].

the tank was activated to start solidification by dropping PCM crystals
through the delivering tube on the tank top. Then the energy storage
temperature increased, and the latent heat was released and discharged
afterward.
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A full test course of PCM water heat storage
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Fig. 9. A full test course of the PCM water energy storage.
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Fig. 10. Simulated layer temperatures of the PCM water tank in the heating period.

4.2. Simulation and results

The PCM water energy storage was numerically modeled, as Fig. 1
shows. The numerical tank was divided into three layers. The inlet is at
the 3rd layer, and the outlet is at the 1st layer. The height of the tank is
set to 1.52 m since it is the height of the PCM vertical tube, which is the
main heat transfer area between the water and the PCM. The material
thermal properties and other dimensions follow the experiments' prac-
tical values. The overall heat transfer coefficient between water and
PCM is theoretically calculated and estimated based on the tank's design,
the layout of the inside heat exchangers, and the mean temperature of
the energy storage. The calculation method is discussed in Section 5.2.
The parameter is affected by many factors and always changing.
Therefore, using a constant parameter is not the best estimation. How-
ever, the derivation of a constant parameter is much simpler compared
to the real-time changing calculation, and the simulation results are
good enough. Therefore, the parameter was just calculated for the three
periods and set at 100 W/K in the charging period, 600 W/K in the
sensible heat discharging period, and 550 W/K in the latent heat dis-
charging period. The time step of the simulation is also assigned as 1

10

min.

The simulation results, the outlet temperature comparison, and the
energy balance error are shown separately for the charging period, the
sensible heat discharging period and the latent heat discharging periods
in Figs. 10-18. Fig. 19 shows the comparison of the experimental and
simulated heat content development during the full test period, and
Table 2 summarizes the total charged and discharged heat for the three
periods.

Figs. 10, 13, and 16 illustrate calculations of the layer temperature
development of the water and PCM in the three periods. Thermal
stratification was formed. During charging, the water temperatures were
higher than the PCM temperatures, and the top temperatures were lower
than the bottom temperatures since the inlet flow was from the bottom.
The PCM temperature curves developed as expected in the solid,
melting, and liquid phases. The PCM melting started at 53 °C and ended
at 54 °C. It can be seen clearly that the water temperatures were influ-
enced by the PCM temperatures, especially in the PCM melting period.
Fig. 13 shows the layer temperatures in the sensible heat discharging
period. The PCM temperatures developed similar to the water temper-
ature in the same layer because the PCM was kept ideally as the liquid
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Fig. 11. Experimental and simulated outlet temperature comparison in the heating period.
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Fig. 12. Energy balance error in the heating period.

phase in the stable supercooling status even its temperature decreased
lower than the melting temperature. Fig. 16 shows the development of
the temperature in the latent heat discharging period. At hour 49.7, the
PCM was activated to start solidification. Then the PCM temperatures
rise immediately and transfer heat to the water simultaneously. The
PCM did not reach the highest melting temperature of 54 °C because it
started solidification from 29.5 °C, and then the released energy was
transferred to heat the water and raise its own. The water was heated by
the PCM and cooled by the inlet flow. The water top layer temperature
reached the highest of 51.7 °C.

Figs. 11, 14, and 17 show comparisons between the calculated and
measured outlet temperatures. It can be seen from the figures that all the
simulated results can follow the trend of the experimental measure-
ments. The simulated outlet temperature in the heating and solidifica-
tion period fits quite well with the measured. The maximum deviation is
2.9 K and 2.6 K, separately while the relative errors are 5 % and 6.4 %.
The significant difference occurred in Fig. 14 in the sensible heat dis-
charging period. The simulated temperature started to decrease faster
than the measured in the first half of the period and then slower in the
second half. The reason is that the 3 layers numerical model is too rough
to simulate the mixing flow with a large temperature difference between

Layer temperatures of the PCM water tank
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Fig. 13. Simulated layer temperatures of the PCM water tank in the sensible heat discharging period.
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Outlet temperature comparison
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Fig. 14. Experimental and simulated outlet temperature comparison in the sensible heat discharging period. (For interpretation of the references to colour in this
figure, the reader is referred to the web version of this article.)
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Fig. 16. Simulated layer temperatures of the PCM water tank in the PCM solidification period.
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Fig. 17. Experimental and simulated outlet temperature comparison in the PCM solidification period.
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the inlet and the storage. The whole energy storage was kept at 90 °C at

the beginning of discharging while the inlet flow temperature dropped
immediately from 90 °C to around 30 °C. In this case, it is recommended
to increase the tank layers to increase the simulation accuracy, for
example, 10 layers. The temperature comparison for the 10 layers model
is also shown in green in Fig. 14. It can be seen that the accuracy of the
simulated outlet temperature increased a lot for the 10 layers model. The
maximum temperature deviation is 4.6 K with the relative error 10.4 %.
For the charging and the latent heat discharging periods, the 3 layers
model is accurate enough because the inlet flow temperature did not
have a large difference with the energy storage temperature and the
accumulated numerical error is less in a rough mesh system.

Table 2
Heat content comparison in the three test periods.

495 50.0 50.5 51.0 51.5 52.0 Charged heat Discharged sensible Discharged latent heat

Fig. 18. Energy balance error in the PCM solidification period. Simulation ~ 21.5 13.9
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Fig. 19. Experimental and simulated heat content comparison in the full test course.
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Fig. 20. An example of different layers model of PCM water energy storage.

Figs. 12, 15, and 18 give the total energy balance error in the three
simulation periods. It can be seen from the figures that all the energy
balance errors are below 5 %, which indicates reasonable simulation
processes and good calculation results.

The heat content comparison in the full test period is shown in
Fig. 19. The accumulative results of the charging, the sensible heat
discharging, and the latent heat discharging period are summed in
Table 2, which shows good agreement between the simulation and the
experiment. The relative error is within 1 %.

5. Discussion
5.1. Application and limitation

The developed model simulates the temperature and energy devel-
opment of the energy storage that contains both the PCM and water.
Water can be replaced by other sensible fluids with known thermal
properties. The solid-liquid PCM should follow the energy-temperature
relation as linearized in three sections shown in Fig. 2. For the melting/
solidification period, it requires providing the onset and offset temper-
atures. if only one melting temperature is needed for simulation, users
can provide the melting temperature as the onset or offset temperature
and assign a slightly different temperature, for example, addling 0.1 °C
as another offset or onset temperature.

Since the numerical model is developed by coupling two indepen-
dent models, the calculation of either the water or the PCM model is
encapsulated. Therefore, it is not compulsory requiring the same layers
for the PCM and water. The numerical model can simulate an energy
storage that PCM and water have different layers. Take the model in
Fig. 20 as an example. The water in the outer tank has 5 layers. The PCM
locates inside with 3 layers. In this case, the first and last layer of the
water model needs to have an updated volume and be given a zero
overall heat transfer coefficient I" to cut off the heat transfer effect.
Given the proper settings, the calculation in all the layers can be carried
out as normal.

The numerical model can also have changeable layers for different
time steps. As explained in the section of experimental verification,
when the inlet flow temperature has a larger difference with the energy
storage temperature, it is favorable to have a fine mesh structure, in
other words, more layers. Since the numerical model is calculated step
by step, in one time step, the calculation is only dependent on the given
parameters and the input from the last time step. Therefore, it allows
assigning a different layer number for different time steps. This feature
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can increase the calculation efficiency by only assigning more layers for
a certain period. The proper layers of the numerical model need to be
considered by balancing the calculation accuracy, the accumulated
numerical errors, and the calculation efficiency. Typically, the higher
temperature difference between the inlet flow and the energy storage,
the higher layer numbers are required, and consequently, the higher
numerical errors will be accumulated.

The two-model iteration system can be easily extended to, for
example, a four-model system with the same solving method, in which
the inside heat exchanger and the outside tank wall can be modeled as
the other two independent models. The calculation efficiency could be
lower than the two-model system, but the extra two temperatures can be
obtained.

The numerical model is developed by the Python language [36]. All
the calculations in this paper were carried out in the Python environ-
ment. It is typically not easy to make system simulations in Python since
users should also create numerical models for other components.
Therefore, a TRNSYS component Type 7000 for the PCM water nu-
merical mode was created, with the same functionality as the Python
model in this paper. Then it is easier for users to use the PCM model in
the system calculation. The Type 7000 was also validated by the same
experiments in Section 4 under TRNSYS environment [37].

The limitation of the developed model is that it only models and
calculates the energy equation and does not consider the momentum
(flow) equation in the water tank model. Therefore, the model assumes a
uniform flow in the water tank and cannot provide the flow distribution
in the tank. Another limitation is that the minimum layers for a nu-
merical model is 2 due to the discrete technique used in the governing
equations.

Further, the model is developed in one-dimension. This is appro-
priate for water model since the water's thermal conductivity and
fluidity are good. But for PCM, if the PCM node configuration is only
significant in one direction, like the long thin tube in the experiment, the
1D model is appropriate. However, if the PCM node configuration is
significant in two dimensions, like a cubic shape, then the 1D model may
cause a higher error. In that case, a 2D PCM model is preferred.

5.2. The overall heat transfer coefficient I' between PCM and water

The overall heat transfer coefficient I” is the key parameter deter-
mining the heat transfer rate between the PCM and water. It describes
how fast the energy is transferred between the two materials. The
parameter is depended on the design of the internal heat exchanger, the
operating condition, and the materials. The parameter needs to be
provided by users. There are typically two ways of obtaining the
parameter. One is the experimental method. The parameter I' is calcu-
lated from the real test. The difficulty of the experimental method is to
measure both the water and PCM temperature, which is not easy to carry
out in some circumstances. The other method is the theoretical calcu-
lation using CFD simulation or the thermal resistance theory. Consider
the thermal resistance theory and take the tubular heat exchanger. PCM
is inside the tube while water is flowing outside the tube. The I" (based
on the outer tube area can be calculated as Eq. (31). 1/hA; and 1/hyA,
are the inner and outer thermal resistance of the tube while 1/274 - In
(do/d;) is the conduction resistance of the tube material. The heat
transfer rate h; and h, can be determined according to the practical
condition using the empirical equations from the heat transfer textbook
[38]. A;, Ao, di, d,, are the inner and outer area and diameter of the tube. 1
is the thermal conductivity of the tube material. Other heat exchanger
designs will have different I" equations, but the principle is the same.

1

A, =———
1oy L gpde 1
. + e+

(31)
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5.3. Error analysis

The simulation model is developed based on the energy equations,
simplified with some key assumptions. Therefore, errors between
simulation results and measurements are inevitable. However, the errors
need to be constrained within a reasonable scope.

Model simplification error comes from the main assumption that
each node has the same temperature, which means the heat transfer
effect is neglected in the radical direction in the water and PCM mate-
rial. The enthalpy curve of the PCM is also simplified into three linear-
ized lines, in which the melting/solidification curve will cause errors
since the actual melting/solidification behavior could be more
complicated.

Numerical calculation error comes from the discrete of the differ-
ential equations. Further, the constant thermal properties of PCM are
used in different statuses, which will also cause calculation errors.

The developed numerical model sets up the energy balance error
checked in each time step, which is a good tool for users to monitor the
errors. Actually, the theory in Section 2.6 was found by the energy
balance check. Sometimes, even the temperature profiles are quite
similar in the two cases, but if one of the scenarios has a higher energy
balance error, that indicates there could be unreasonable settings or
calculation errors. Reasonable energy storage configuration, reasonable
thermal properties of the PCM, and realistic heat transfer coefficients are
the key factors in obtaining reasonable results with small energy balance
errors.

The overall heat transfer coefficient I" between PCM and water is
actually always changing during charging and discharging periods.
However, if users cannot provide real-time input, the constant value or
linearized input also works. In this situation, it is important to have the
experimental validation before the final simulation work.

6. Conclusions

A generic numerical model of PCM water energy storage is devel-
oped. The numerical model consists of a water region and a PCM region.
The two regions are calculated based on the energy conservation
equations and solved by the implicit method, which secures stable re-
sults. The PCM energy equation is modeled based on the linear enthalpy
relations. An iteration method is applied for the two regions for coupling
calculation. The extended functionality of the energy storage model is
further developed, which includes the separate heat loss coefficients,
auxiliary heaters, flexible inlet and outlet, the mixing effect in the water
tank, and three PCM supercooling-activation modes.

The numerical model is validated by experiments. A full test
sequence for a PCM water energy storage was carried out, including the
charging, the sensible heat discharging, and the latent heat discharging
period. The energy storage was simulated using the measurements as
input. The PCM and water layer temperatures are calculated. The
simulated and measured outlet temperature and heat content are
compared. The energy balance error is checked at each time step. It
shows that the maximum deviation between the measured and simu-
lated outlet temperatures are 2.9 K, 4.6 K, and 2.6 K separately during
the charging, the sensible heat discharging, and the latent heat dis-
charging period with the relative error of 5 %, 10.4 % and 6.4 %. The
energy balance error is kept within 5 % during all the periods. The
measured and simulated heat content in the three periods is quite close,
and the relative error is within 1 %. A TRNSYS model is also developed
for the numerical model aiming to be used in system simulation.

It can be concluded from the analysis above that

e The developed numerical model is valid for simulating the thermal
performance of PCM water energy storage with good accuracy.

e The numerical model can simulate PCM water energy storage with
flexible configurations.

Journal of Energy Storage 55 (2022) 105425

e The numerical model is featured with the implicit solving method,
accurate calculation for phase change status, encapsulated two-
model system, extended functionality, and three PCM
supercooling-activation modes.

e Thanks to the encapsulated calculation method, the model can
simulate unequal layers of PCM and water and changeable layers
during different time steps.
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