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Currently, efforts are being made to increase the share of renewable energy sources in Poland’s energy mix. Energy
storages, both electric and thermal, can help to overcome the disadvantages of these energy sources. A latent heat

store designed to cooperate with a photovoltaic micro-installation and a coolin

A numerical model of the heat storage was made and a series of numerical ¢
discharging of the heat accumulator was carried out for different geometries of the phase change medium. The
processes of solidification and melting were modelled using an enthalpy-porosity approach. The obtained results
were illustrated on the summary characteristics. It is shown that the shape of the phase change medium has

a significant effect on the dynamics of the phase change process.
Keywords: phase-change material energy storage, computational fluid dynamics, photovoltaic micro-installation,

enthalpy-porosity model
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Introduction

The use of renewable energy sources
has received a lot of atfention in recent
years. Due to the low stability of these
sources, their use is associated with several
problems. These include weather-dependent
operation or high load on the electricity grid.
One of the best ways to counteract these
problems is to use energy storage. One of
the best ways to store heat or cold is the use
of latent heat storage. Many researchers are
undertaking research related to combining
renewable energy sources with PCM (Phase
Change Material) energy storage. In [1] the
solar assisted heat pump coupled with PCM
heat storage system was described. In such
system COP (coefficient of performance) can
reach 5.79 which is 70% higher value than
in conventional air condifioning systems. In
[2] numerical examination of latent heat
storage for concentrated solar plants was
performed. According fo [3] there are mul-
tiple different configurations to combine
PCM with photovoltaic systems. Cui et al. in
[4] states that the elecrical efficiency of the
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PV/T system combined with PCM may
increase up to 5%. Also, the thermal effi-
ciency of such a system could be increased
by around 20-30%. He dlso states that by
applying PCM storage system, cost decreas-
es up to 20%.

In this paper, PCM cold storage com-
bined with PV micro-installation was con-
sidered. The geometry of PCM energy
storage was analyzed and optimized to
obtain the most effective geometry of the
PCM medium for assumed time of charg-
ing and discharging. The current study
is important because a huge amount
of electrical energy obtained from photo-
voltaic micro — installations is fed back into
the grid. This energy can be stored and
the use of it can be shifted. The optimiza-
tion of PCM geometry in such a system is
unique and has not been studied before.

Research object
Considered PCM storage works togeth-

er with photovoltaic panels and a compres-
sor chiller. Stored cold is used for air condi-

tioning during the night in summer months,
for instance in July. People in Poland usu-
ally are away from home during the day,
when the eleciricity production from photo-
voltaic cells is the highest due to the highest
amount of solar radiation (Fig.1). When
the householder is away, electricity con-
sumption is reduced. In order not to trans-
mit the electricity to the grid, the surplus
energy produced feeds the compressor
chiller, which charges the energy store with
cold for subsequent cooling of the rooms.
According to Energy Market Information
Centre in Poland report [5] average power
of micro photovoltaic installations in 2019
was equal to 6.5 kWp. For calculations, the
installation power was assumed to be 5.6
kWp. Energy production was assumed to
be 5500 kWh/year. Such micro photovol-
taic installation can supply power to 2 kW
compressor chiller during the fime when
electricity consumption is reduced and elec-
tricity power production is the highest.
Assuming that the coefficient of perfor-
mance of the chiller is equal to 3.5, the cold
power supplied to the storage will be equal
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Figure 1
Distribution of
average global
solar irradiance
for every hour in
July in Warsaw [6]
Rysunek 1 Roz-
kiad sredniego
natezenia promie-
niowania sfonecz-
nego dla kazdej
godziny doby

w lipcu w Warsza-
wie

to 7 kW. For this studly, it has been assumed
that the chiller will operate during the hours
of maximum electricity production by the
photovoltaic installation, from 10 a.m. to 5
p.m., which gives 7 hours of operation.

Methods

The andlysis was performed using
OpenFOAM software. Computational fluid
dynamics governing equations are Navier-
Stokes equations. These equations are
based on the conservation law of the
physical properties of fluid.

Mathematical model

The mathematical model applied in this
study was based on the conjugate heat
transfer approach. Solid and fluid regions
can exchange heat through adjoining
boundaries. The solidification and melting
processes were modelled using the enthal-
py-porosity approach.

Incompressible Navier-Stokes equa-
tions were applied to model the dynamics
of the flow in the liquid region (1), where
u is the velocity vector, p is the density
and u is the dynamic viscosity.

u[Vor (Vo) )+s,+5, (1)

The temperature field was modelled by
applying the energy conservation equation
(2), where h= C,TAis the thermal conduc-
tivity and C, is specific heat capacity, T is
temperature.

oph

A
at+V~(puh):V~[CpVh]—5f, (2)

To model changing of the phases the
enthalpy-porosity model was applied. This
model infroduces an additional field to
distinguish the phases (0. = 1 for liquids and
o= 0 for solids). It also assumes that phase
change occurs at the melting temperature

T .o Source ferm S in eq. (1) is the poros-

ity effect formed based on Darcy’s law [6].

It was added to maintain zero velocity in

the frozen parts of the fluid region (3). An
inverse permeability based on Carman-
Koseny equation is defined by expression
(1 - )2/03, C is the mushy zone constant
[7]. S;=0, and o= 1 in liquid parts of the
domain and porosity term is not active.
When phase change starts, o value
approaches to zero and the porosity term
starts to dominate all other terms in momen-
tum equation and will be reduced.

2
(1 ;(21) U (3)

Sy =-C

Source term S;, models the release of
latent heat during the phase change pro-
cess in the equation. (2). It is defined by
(4), where Lis the latent heat released dur-
ing the freezing process.

S, = pl; [aa‘;‘ V. (uoc)] (4)

Source term S, from the momentum
equation (1) is related to buoyancy. It is
based on Boussinesq approximation. Sy is
defined by (5), where g is the gravity accel-
eration, B; is the thermal expansion coeffi-
cient and T is the reference temperature.

sb = prT(T - Tref) (5)

In solid regions energy diffusion equa-
tion was applied to model heat transfer (6).
In eq. (6) p is the density, A is the thermal
conductivity and C_is the specific heat
capacity characterizing the solid region.

a“””:v["vh] (6)

ot Cp

Numerical model

For the numerical analysis one of the
available solvers chtMultiRegionFoam
was used. The solver includes heat trans-
fer calculations. The simulation is tran-
sient and turbulence models are applica-
ble. It offers the possibility to simultane-
ously calculate compressible fluid flow
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and combined heat flow in solids. It is
based on the PIMPLE algorithm. Open-
Foam software uses for calculations finite
volume method.

For simulation, the PCM was assumed
to be enclosed inside the material with
a good thermal conductivity of approxi-
mately 200 W/mK (for example alumini-
um [8]). The dimensions of the heat stor-
age were selected to be 1 m x 1 m x 0,85
m. The general geometry is illustrated in
Fig. 2. To shorten the calculations, a two-
dimensional model was adopted. The
geometry consists of an inner part which is
a phase-change medium and a surround-
ing solid body. The heat is supplied from
four sides of the storage, top, bottom,
right-hand side, and left-hand side. The
properties of the materials defined for the
simulation are shown in Table 1.

Table | Thermophysical properties of the materials
defined in the simulation

Tabela 1 Termofizyczne wlasciwosci materiatéw
zdefiniowanych w symulacji

PCM Solid body
Molar mass, g/mol 240,471 [9] 26,9815
T ety ono
Heat of fusion, J/mol - 8660 [11]
Specific heat, J/kgK | 1800/2100[12] | 921 [13]
Density, kg/m? 777191 | 2700 [14]
Sy vty a9 31 10201
Prandfl number 7,5
Melting point, K 291[12]
Phase change heat, J/kg| 175190 [12]

On Figure 3 investigated geometries of
PCM heat storage were illustrated. All of
them have nearly the same volume of PCM
material inside, which is 0,25 m3.

For every geometry a hexagonal 2D
mesh was created. The mesh parameters
are presented in the table. The mesh was
condensed in PCM region as presented on
Figure 4.

Table 2 Number of mesh elements in every case
Tabela 2 Lliczba elementéw siatki w kazdym

z badanych przypadkéw
Geometry Number of elements
Base Geometry 39514
Horizontal ribs 118544
Vertical ribs 53232
Rollers 44173
Grid 249000
Results

The charging and discharging process
was simulated for 7 hours for each geom-
etry. Heat loss to the surroundings was
neglected in calculations. Form factor
stands for the rafio of the heat transfer
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Figure 2

General geometry of PCM heat storage used in simulation. (A) front view (B) three-dimesional view
Rysunek 2 Ogélna geometria zasobnika ciepta PCM wykorzystana w symulacji: (A) widok z przodu

Figure 3

Geometries of PCM heat storage investi-
gated in this study. (A) - Horizontal ribs,
(B) - vertical ribs, (C) - rollers, (D) — grid
Rysunek 3 Geometrie magazynéw ciepla
badane w niniejszej pracy: (A) - zebra
poziome, (B) — zebra pionowe,

(C) - walce, (D) - krata

(B) widok tréjwymiarowy
a) b)
9} d)

Figure 4

The detail of mesh of the
geometry with vertical
ribs

Rysunek 4 Widok szcze-
gélowy siatki z piono-
wymi zebrami

surface area between the PCM and solid
material to the PCM volume. Fully charged
storage should not contain any liquid
phase in the PCM volume and discharged
should contain only a liquid phase. As
presented in Table 3. only 2 geometries
fully charged and discharged (horizontal

ribs and grid) during the assumed 7 hours
of operation.

Based on the performed calculations, it
can be concluded that the geometry of the
PCM heat storage has a significant effect on
the dynamics of the phase change of the
working medium. In the case of storage

Table 3 Compilation of results for every geometry, containing volume of PCM, form factor, volume of
liquid after charging and volume of solid after discharging

Tabela 3 Poréwnanie wynikéw obliczer dla kazdej z geometrii, zawierajqce objetosé czynnika zmien-
nofazowego, wspétczynnik ksztattu, objetos¢ fazy cieklej po tadowaniv akumulatora oraz objetosé

fazy statej po roztadowywaniu akumulatora

Volume of liquid PCM | Volume of solid PCM
Geometry Volume of PCM, m3 Form factor after 7 hours after 7 hours
of charging, m3 of discharging, m3
Base geometry 0.255 7.67 0.166 0.123
Horizontal ribs 0.257 46.60 0 0
Vertical ribs 0.255 18.50 0.054 0.007
Rollers 0.251 2373 0.025 0
Grid 0.254 51.24 0 0
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charging, the summary results are shown in
Figure 5, which illustrates the solid phase
volume characteristics of the medium as
a function of time. It can be unequivocally
stated that the rate of phase change depends
on the form factor of the geometry of the
phase-change medium. The fastest process
oceurs for geometries with the largest form
factor and the slowest process for geome-

[—®— Base geometry|
[—O— Vertical ribs.
0,25 —A—Raollers
—— Horizontal ribs

[ —
0.20 Grid po

0,154

3
Vi M

0,104

2
0,05+ o

0,00

Figure 5

Summary characteristics of the measured geom-
efries - storage charging

Rysunek 5 Charakterystyka podsumowujgca
badanych geometrii - fadowanie

0,30

—®—Base geometry|
—O— Vertical ribs.
0,25 {—A—Rollers
—— Horizontal ribs
—%—Grid

0,20
E
30,15
> ¥
0,10 .

0,05

0,00

Figure 6

Summary characteristics of the measured geom-
efries — storage discharging

Rysunek 6 Charakterystyka podsumowujgca
badanych geometrii — roztadowywanie

tries with the smallest form factor. Storage
charging was fully completed for geome-
tries with aspect ratios of 43.60 and 51.24.

Figure 6. shows similar characteristics,
this time for the process of discharging the
battery. In this case, the relationship
between the form factor and the dynamics
of the process can be observed. The dis-
charge process was fully realized for
geometries with form factor of 23.73,
43.60 and 51.24.

For the application of similar phase-
change heat storage in a single-family
house, the geometry of the phase-change
medium would have to be adjusted such
that the storage is fully charged within 7
hours and that it gives off cold (discharges)
as long as possible. Of the geometries
tested, this condition is best met by a geom-
etry with horizontal ribs, with an aspect
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Table 4 Contours of phase quantity in sample geometries (From the top to bottom: base geomeiry, Roll-

ers, Grid). o = 0 (blue) for solid state, 1 (red) for liquid

Tabela 4 Kontury zawartosci danej fazy w przykfadowych geometriach (Od géry: geometria bazowa,

walce, krata). o. = O (niebieski) dla ciata stafego, 1 dla plynu

Base geometry
1 hour 4 hours 7 hours
Charging
Discharging
Rollers
Charging
Discharging
Grid
Charging
Discharging

ratio of 43.60. It is worth considering fur-
ther research and observing the dynamics
of the process for geometries with an
aspect ratio between 30 and 40, since for
an aspect ratio of 43.60 there is an addi-
tional potential of 3 hours of charging and
reducing the form factor would lengthen
the discharge process.

Conclusions
In this paper, the geometry optimiza-

tion of PCM energy storage was per-
formed. Numerical calculations were con-

ducted with the use of OpenFOAM soft-
ware. To model solidification and melting
of PCM, the enthalpy-porosity was applied.
The results of the research demonstrate
a high impact of the form factor on the
dynamics of the phase change. The lique-
fying process was fully completed for three
studied geometries. Entire process of solid-
ification was achieved for two geometries.
The most effective geometry obtained in
this study is the geometry with horizontal
ribs, because in the assumed time, the
PCM for given conditions fully charges and
discharges.
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