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Abstract:

Thermal energy storage (TES) is a key issue in efficient energy system applications, especially in the context
of renewable energies. In this respect, phase change materials (PCM) have attracted interest as an active
solution for efficient energy management, particularly in the building sector. This paper presents a modeling
of a thermal battery based on PCM in the case of solar systems assisted by heat pump (SAHP). The storage
tank allows to store the heat produced via unglazed solar panels (Batisol®) and represents the heat source
of the heat pump. The heat pump can supply the heating and domestic hot water (DHW) needs of a building.
The storage consists of a block of PCM contained between two plates of heat transfer fluid (HTF). A 2D model
is used to describe the behaviour of the PCM and a 1D model is preferred for the HTF plates. The objective
of the study is to dynamically simulate the thermal behaviour of this storage for different hot inlet temperature
profiles: step, trapezoidal functions and profile of the temperature at the outlet of the thermal panels for a winter
and summer period of 8 days. This 2D model would be useful to validate a simpler model for optimisation of
the operational parameters of the system.
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1. Introduction

In order to limit temperature rise, it is important to reduce the environmental impact of energy production and
consumption. According to the International Energy Agency [1], the building sector is considered to be one of
the largest energy end-use sectors in the world. The growing demand for energy is increasing the pressure
on the environment. One of the main challenges to reduce the environmental impact of buildings is therefore
to replace fossil fuels with renewable resources. Thermal energy storage (TES) has been particularly studied
in recent years as it is essential to compensate for the intermittency of renewable energies, by correcting
the mismatch between energy supply and demand [2]. Moreover, TES are increasingly used to meet the
heating and cooling needs of buildings. There are three types of TES: sensible, latent and thermochemical
[2]. Phase Change Materials (PCM) are materials that can store large amounts of thermal energy in the
form of latent heat of fusion when they change from a solid to a liquid state for example at a specific phase
change temperature or temperature range if the PCM is not a pure compound. This phase transition process is
reversible, allowing thermal energy to be stored and released at relatively constant temperatures. Compared
to sensible heat storage materials, PCM offer several significant advantages, like a higher heat storage density
at small temperature ranges [3]. PCM can store between 5 and 14 times more thermal energy per unit volume
than sensible heat storage materials [4]. As a result, the use of PCM can help to reduce the size of heat storage
systems, making them more suitable for residential applications. Thermochemical storage is more interesting
in terms of storage density. However, this technology is less mature than that with PCM.

Solar systems assisted by heat pump (SAHP) can provide an efficient and environmentally friendly heating
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and cooling solution for residential and commercial buildings. The role of a heat pump in the heating system is
to increase the thermal energy from a lower temperature level to a higher temperature level [5]. Moreover, the
use of PCM heat storage between the solar facade and the heat pump can improve the overall performance of
the SAHP. Several studies have been conducted to assess the benefits of using PCM in SAHP [6-9]. Firstly,
the solar energy stored in the PCM unit can be used as a heat source for the evaporator in the heat pump.
As a result, the temperature of the evaporator is almost constant and the heat pump can operate under more
stable conditions. This leads to a better Coefficient of Performance (COP) for the heat pump.

Depending on the type of application at the output of the heat pump (heating, cooling), the temperature levels
are not the same and therefore the PCM used changes [6]. Four temperature ranges have been listed by Du
et al. [6]: low (-20 to 5°C), medium-low (5 to 40°C), medium (40 to 80°C) and high (80 to 200°C) temperatures.
For a heating or domestic hot water applications, the medium temperature level is considered since the buffer
tank temperature setpoint is usually expected at 60°C. Many studies have been carried out on such systems
[6,8-10]. However, as each storage is different (size, design and PCM used in particular), it is important to
model its thermal behaviour correctly in order to explore the optimal operating parameters later.

The objective of this paper is to dynamically simulate a TES based on PCM integrated on SAHP. In a first part,
the methodology and the case study will be presented. Then, several operating scenarios will be investigated
in the results section. The profile of the hot temperature entering in the thermal battery will be a step, then a
trapezoidal function, and finally this of the outler temperature of thermal panels in winter and summer periods
using measured climatic conditions as boundaries. Finally, last part will conclude.

2. Material and Methods

This section is divided in three parts. Firstly, the global system is described, composed by solar thermal panels,
PCM battery and heat pump. In next steps, the models of the different components of the system are defined.
Dynamic models are based on the conservation of mass and energy equations.

2.1. Definition of the system

The studied system is composed of solar panels, a TES based on PCM, and a heat pump, as illustrated in Fig.
1. The system is divided in three circuits. The first, connecting the solar facade to the buffer tank, is made up
of glycol. The second circuit, connecting the thermal battery to the heat pump, is composed of water. An air
heater is integrated in parallel with the solar storage to supply heat to the heat pump when the temperature
of the thermal battery is not high enough. The last circuit, also made of water, connects the PCM battery for
heating and domestic hot water (DHW) to the heat pump.
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Figure 1: Global diagram of the solar assisted heat pump with thermal battery based on PCM.

The solar facade is composed of unglazed thermal panels (Batisol®) [11, 12], developed by Nobatek/INEF
4 [13]. The dimensions of the PCM-based storage are 0.4 m x 0.4 m x 0.4 m (Fig. 2a). The heat pump
can produce both low temperature heating and DHW for a building application. The same thermal battery is
used for the DHW and buffer tanks. Only the PCM changes between the two batteries, to match the desired
temperature level. For the buffer tank, a mixture of 61.5% capric acid and 38.5% lauric acid (C-L acid) is used.
Its melting temperature is 291.95 K. For the heating PCM battery, octadecanol is prefered. Indeed, its melting
temperature is 332.46. The thermophysical properties of these materials are depicted in Table 1.
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Table 1: Thermophysical properties of C-L acid [14] and octadecanol.

Name Value for C-L acid Value for octadecanol Unit
Tm 291.95 332.46 K
L 140.8-10° 208.45-10° J/kg
PPCM 897.5 850 kg/m3
Co,l 1970 1750 J/kg/K
Co,s 2240 2150 J/kg/K
As 0.143 0.301 W/m/K
A 0.139 0.205 W/m/K

2.2. Model of the Batisol® panels

The model of the thermal solar facade was described previously by Bouzouidja et al. [15]. From the time-
varying input parameters, taken from a weather file, and the operating parameters, the temperature at the
panel outlet is determined [15]:

Tinsol - M- Cp i+ - Asor - (0.5 - Tinsor — Text) + Gsol - Asol -
m- Co,H — 05 «- Aso/

(1)

Tout,so/ =

Where Ti, so @and Tex: are the temperatures at the entrance to the solar facade and outside (K), Aso the surface
of the solar facade (), Gs the solar flux (W/m?), m the low rate of the Heat Transfer Fluid (HTF) circulating
in the thermal panels (kg/s) and ¢, the specific heat capacity of the hot fluid (glycol) (J/(kg - K)). The
coefficients a and v have been determined experimentally (y = 0.63). The first one depends on the wind
speed:

o= —(7.84+3 - Viing) )

2.3. Model of the thermal energy storage based on phase change material

In order to model the behaviour of latent heat storage, the following simplifying assumptions have been made:

 Natural convection is neglected. Only conduction is considered,

No supercooling or superheating,

Incompressible and Newtonian HTF,

Kinetic and potential energy variations are neglected,

Isothermal phase change (Octadecanol is a pure body so this assumption is correct. Since C-L acid is
a mixture, the phase change temperature range is between 291.65 and 292.25 K [16]. As the melting
temperature of this PCM is considered to be 291.95 K, the uncertainty of this assumption is +/- 2%),

Density variation of PCM neglected during the phase change,

Thermophysical properties are independent of temperature, but different for liquid and solid phases,
The storage walls are assumed to be perfectly insulated (adiabatic boundary conditions) (Fig. 2b).

The shape of the thermal battery and its operation are described schematically in Fig. 2. The PCM is placed
between two plates where the HTF circulates. Thus, a symmetry plane is visible in the middle of the battery.
During the charging step, hot fluid is injected into the two plates. During the discharging step, cold fluid
is injected. As a result, the charging and discharging steps are carried out separately. The plates where
circulates the HTF are modelled in one dimension, a plug flow being assumed. The PCM part located between
two plates is modelled in 2D because the heat diffusion operates in axial and longitudinal directions.

Fins are added to the plates to increase the contact area between the PCM and the HTF. To account for the
fins, the effective conductivity of the PCM is expressed as:

Xetr=a-Apcy+ (1 —a)-Mn=a-As+ - (A= X))+ (1 —a) - A 3)

Where a is the proportion of PCM in the volume under consideration (—), Apcu, As; A €t \sip are respectively
the thermal conductivities of the PCM, the solid and liquid phases of the PCM and the fins (W/m/K), and f;
the liquid fraction of the PCM (—).

The enthalpy, the temperature and the liquid fraction of the PCM (according to x and y), and the temperature
of the hot HTF (according to y) are determined with 4 to 11.
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Figure 2: Diagram of the dimensions of the PCM-based thermal battery (a), and diagram of the PCM-based

thermal battery with two plates for the charging and discharging steps (b).

» Exchanges between the HTF (hot or cold) and the PCM:

For hot fluid:
Ty oTy 2T,
PH - V'Cp,HW_mH'Cp,H'W‘P=hH'A'(TH_ Teem) + An - V- ay? (4)
For cold fluid:
oT, . oT, 92T,
pc - V‘Cp,CTf+mC‘Cp,C‘TyC'P=hC'A‘(TC_ Tecm) + Ac- V- 6y20 %)
« Exchanges in the PCM:
OHpem _ Oderr OTrcm . et OTpcum - 9% Tpcu - 9% Tpcu (6)
ot ox  ox oy oy o X2 o 2

Hpem(Tepem) = fi- Hi+(1 1) - Hs = ppcm - ((Co,s + i+ (Cp,i — Cp,s)) - Trem+L-fi— 1= (Cp,s + 11 (Cp1 — Cpys)) - Tm) (7)

Heou—H
e 8

0 for HPCM < Hs
fl =
1 for HPCM > H,

Boundary conditions for the PCM in contact with hot (during charging step) or cold (during dis-
charging step) HTF:

For hot fluid (for x = 0 and 0.4 m):

0Tpcm

el forx = 0m and hy-(Ty— Tpcy) = Neff I forx = 04m (9)

ox
For cold fluid (for x = 0 and 0.4 m):

by - (Th — Tpem) = —Xerr

he - (Te — Tpom) = —Aeff‘agpxc”’ forx =0m and he-(Tec— Tecm) =Aef,8gic"” for x = 0.4 m (10)

Boundary conditions for the PCM in contact with the outside (adiabatic conditions):

-
)\effaa,ivCM=0f0fy =0and 0.4 m (11)

Initial conditions: All temperatures are fixed at 283.15 K. The enthalpy of the PCM is determined by 7
at 283.15 K. The liquid fraction is considered equal to 0.
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Where hy and he are the convective exchange coefficients of the hot and cold fluid respectively (W/m?/K), Ty,
Te, Tpem @and Tp, are the hot and cold temperature, the temperature of the PCM and the melting temperature
of the PCM, L the latent heat (J/kg), puce the PCM density (kg/m?®), ¢, and ¢, s are the specific heat capacity
of the liquid and solid phases respectively (J/kg/K), P the exchange perimeter (m), A the exchange area (m?)
and V the volume of the representative element considered (m®). The convective exchange coefficients are
determined from the Nusselt number, assuming that the wall thickness of the plate is very thin and therefore
negligible.

The boundary conditions of the thermal battery depend on the configuration studied. Four scenarios have
been investigated. Firstly, the profile of hot temperature entering the thermal battery follows a step. In a second
stage, it is a trapezoidal function. Finally, the battery based on PCM is connected to the Batisol® panels and
two periods of 8 days are simulated: winter (from January 1 to 8) and summer (from July 1 to 8). In the latter
two cases, the profile of the outlet temperature of the solar panels is used as input to the PCM:

TH(Xa,V = 0-4: t) = Tout,so/ (12)

2.4. Resolution of the differential algebraic equations and software used

The software used to model the system is OpenModelica v1.18.0. The Modelica library (v3.2.3) is consid-
ered. The spatial discretisation is performed manually while the temporal discretisation is performed via the
DASSL integrator available on OpenModelica. The tolerance used in the DASSL integrator is 10~6. For the
PCM-battery model, equations are discretised using an explicit second-order discretisation scheme with finite
differences. For the boundary conditions (9 to 11), second-order decentred schemes are used.

3. Results and Discussion

This section is divided into three parts. The first one aims at studying the behaviour of PCM-based TES for
a hot inlet temperature profile following a ramp (case 1). The second part investigates the behaviour of the
system under trapezoidal loads (case 2). Finally, the battery is connected to the Batisol® solar facade and
an 8-day simulation is performed for two periods of the year: from 1 to 8 January (winter, case 3) and from 1
to 8 July (summer, case 4). The hot HTF temperatures investigated at the buffer tank inlet are shown in Fig.
3. The colours red, green, blue and yellow refer to cases 1, 2, 3 and 4 respectively. For the next figures, the
coordinates (x =y = 0 m) are placed at the bottom left of the PCM in Fig. 2.

370

L T P

360 |
350 |
— 340 |}
X }
@ 330 )
= !
T 32 |
] !
g 310 |
2 |
F 300 | ;
290 ! i \\ L N i o~ i ¥
;,.,J-/ i A \ ;-’ \ﬂ /,\\'_ /N\ VVVVVV ! \ -
280 oLl S S =2l T e — A
270
0 100000 200000 300000 400000 500000 600000 700000
Time (s)
= . = (ase 1: Step sees Case 2: Trapezoidal function = = = Case 3: Winter period Case 4: Summer period

Figure 3: Four hot temperatures profiles considered at the input of the PCM-based TES battery.

The simulation times are relatively fast for simulating 8 days (6.912 - 10~° s) on a standard laptop (processor:
12th Gen Intel®Core(TM) i7-12700H 2.69 GHz and RAM: 32 Go). They amount to 30 s and 2 min for cases
1 and 2 respectively. When the weather file is used and the Batisol® thermal panel model is added, the
simulation times are slightly longer but remain below 5 min.

3.1. Profile of the hot inlet temperature following a step

For the case 1, the input temperature profile follows a ramp from 283.15 to 363.15 K in the first second of the
simulation. The evolution of the liquid fraction and the temperature of the PCM in the tank are studied in Fig.
4 over time for the first slice of PCM in contact with the hot plate (for x = 0 m), according to the vertical. The
colours purple, green and red refer to the high (y = 0.4 m), middle (y = 0.2 m) and low (y = 0 m) parts of the
PCM respectively. Solid lines are used for the temperature and dashed lines are preferred for the liquid fraction.
The same marking and colour code will be used in the following sections. Initially, the PCM is in the solid state
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(fi = 0) at 283.15 K. Its temperature increases until it reaches the melting temperature (291.95 K) at 18.2 s fory
= 18 (in purple), the top of the PCM in contact with the hot plate. This temperature is reached at 20.8 s for the
middle of the PCM (in green), and 23.2 s for the bottom of the PCM (in red). From these times onwards, the
temperature of the PCM remains constant while the liquid fraction increases until it reaches unity, indicating
that all the PCM has changed from the solid to the liquid state. This event occurs at 78.0, 82.1 and 87.5 s for
the top, middle and bottom of the PCM respectively. From then on, the liquid fraction remains constant and the
temperature of the PCM gradually increases, while approaching the temperature of the hot HTF.
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Figure 4: Case 1: Temperature and liquid fraction evolution for the first PCM layer in contact with the hot plate
(x=0m)andfory =0, 0.2 and 0.4 m.

The evolution of these two variables has also been studied for different values of x in Fig. 5. As the battery
is symmetrical, only the coordinates at x = 0 (in red), 0.06 (in yellow) and 0.2 m (in green) are presented for
the sake of clarity. In this case, the profiles are clearly different. The phase change from solid to liquid state is
clearly visible for the first layer in contact with the hot plate. For x = 0.06 m, the temperature evolves linearly
without reaching the melting temperature. As a result, the liquid fraction remains constant and equal to zero.
For the PCM in the middle of the battery (x = 0.2 m), the temperature remains almost constant (283.15 K),
indicating that the heat has not reached the core of the battery in 150 s.
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Figure 5: Case 1: Temperature and liquid fraction evolution in the longitudinal direction (for x = 0, 0.06 and 0.2
m) for the PCM layer in the middle (y = 0.2 m).

Figures 4 and 5 show the interest of considering a 2D model for PCM tank, according to longitudinal (x) and
vertical (y) directions, since the temperatures in the PCM are different in both directions.

3.2. Profile of the hot inlet temperature following a trapezoidal function
Before studying the thermal behaviour of the storage connected to the solar facade, a trapezoidal function is
used to simulate the evolution of the hot temperature at the battery inlet (Fig. 3). The period of this function

is decomposed on 28800 s of width, 16200 s of rising , 7200 s of width, 14400 s of falling, for a total period
of 86400 s. The temperature and liquid fraction are studied as before, for the first slice in contact with the hot
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plate (for x = 0 m) (Fig. 6), and the slice in the middle of the PCM (for y = 0.2 m) (Fig. 7). The same evolution
as for the ramping test is observed. In a first step, the temperature of the PCM increases until it reaches the
melting temperature of the PCM (at 30634 s) (Fig. 6a). Then the liquid fraction increases until it reaches unity
(Fig. 6b). At this point (31049 s), the temperature of the PCM increases again (Fig. 6a). The temperature of
the PCM follows the temperature of the hot HTF at the battery inlet, with an average difference of less than 6%.
In order to store as much heat as possible and not send it to the solar circuit, it can be interesting to stop the
charging step when the temperature of the PCM becomes higher than that of the hot coolant. Figure 6 shows
that this moment occurs at 52200 s.
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Figure 6: Case 2: Temperature and liquid fraction evolution for the first PCM layer in contact with the hot plate
(x=0m) and for y = 0.2 m (a), focus on the phase change between 30634 and 31049 s (b).

Figure 7a shows the evolution of the temperature and liquid fraction of the PCM in the longitudinal direction (x
=0, 0.06 and 0.2 m) for the PCM layer aty = 0.2 m. The difference in temperature is clearly visible for the three
curves. The further the PCM is from the hot plates, the lower its temperature and the longer the phase change
takes. The heat propagation is thus clearly visible along the PCM. The core of the PCM (x = 0.2 m in green)
takes the longest time to melt, but also to solidify as the hot inlet temperature decreases. The change from
liquid to solid state is thus much longer (13 times longer) than for the PCM layers closer to the hot plate. For
the yellow curve (x = 0.06 m), after the phase change, slight instabilities are visible in the PCM temperature.
This must be due to the discretisation step and/or the discretisation scheme, whose order should be increased
to be more accurate, and/or the DASSL integrator whose tolerance must be increased. The phase change
step is significantly larger for x = 0.2 m. This is because the heat propagates from layer to layer. During the
phase change of a PCM layer, all the energy required to achieve the phase change is absorbed. Therefore,
for the liquid fraction of the layer x = 0.2 m to fluctuate, the liquid fractions of the previous layers must already
have reached an equilibrium (solid or liquid state). This is illustrated in Fig. 7b, which shows a zoom of the
transition from solid to liquid state (between 31000 and 35000 s) for the layers x = 0 (in red), 0.02 (in purple),
0.04 (in blue) and 0.06 m (in yellow). It can be seen that the liquid fraction of the next layer increases when the
liquid fraction of the layer under consideration has reached 1. As a result, even if the melting temperature of
the PCM has been reached for a PCM layer, it is necessary to wait until the change of state has taken place in
the layers closer to the hot plates before the phase change begins in the PCM layer.

3.3. Profile of the hot inlet temperature following the outlet temperature of the Bati-
sol® panels

When the PCM-based storage is connected to the Batisol® thermal panels, the temperature of the inlet hot
HTF is calculated by 1. The surface area of the thermal panels is 25.5 m? (5 m wide by 5.1 m long). The
surface area consists of 16 panels with 24 channels. Meteorological data from Cholet (next to Nantes) in
2021, in the northwest of France, are used. Figure 8 presents the evolution of the solar power and the outdoor
temperature for the 2 periods (winter and summer) considered. The solar power amounts to 112 W/m? over
the 8 winter days considered, whereas over the summer period considered this value is 2.5 times higher. The
average outdoor temperature is 280 K and in summer 291.83 K. These two periods were chosen to represent
different types of days, with more or less sunshine and wind, cold or hot outside temperatures (Fig. 8). In
addition, 8-day periods were considered in order to determine the capacity of the battery to store heat during
renewable energy intermittencies and day/night alternations.
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Figure 8: Cases 3 and 4: Evolution of solar power and outdoor temperature over the 8 days studied in winter
and summer.

3.3.1. Winter period

The winter period chosen to simulate the behaviour of the PCM battery is from January 1 at 0Oam to January 8
at 23pm. In order to simplify the understanding of the graphs over longer periods (8 days), only the temperature
and liquid fraction of the middle cell (y = 0.2 m) of the layer in contact with the hot plate (x = 0 m) are considered
in Fig. 9. Over the 8 days simulated, the temperature at the exit of the solar facade is only higher than the
melting temperature of the PCM on four days (Fig. 3). The PCM temperature exceeds the melting temperature
only on January 1, 2, 3 and 7, as shown in Fig. 9. Indeed, the liquid fraction remains zero except between
11.15am and 4.5pm on January 1st, between 12.4pm and 16pm on January 2, between 14pm and 15.15pm on
January 3, between and 13pm and 15.5pm on January 7. On other days, the PCM never reaches the melting
temperature. Nevertheless, heat is stored in the solid state, as with sensible TES but with low efficiency. Fig.
9 shows that it is important to choose a material with a melting temperature that is not too high in order to take
advantage of the phase change. If the melting temperature was 298.15 K (291.95 K for C-L acid), the PCM
would not have changed state during the winter period under consideration. As a result, the use of PCM-based
storage would not be interesting.

The temperature of the PCM in contact with the hot plate is almost as high as that of the hot HTF at the inlet,
with an average difference of 0.3% over the 8 days. Figure 10a shows the evolution of the temperature and
liquid fraction for the PCM layer at y = 0.2 m and for x = 0 (in red), 0.06 (in yellow) and 0.2 m (in green). As
seen earlier, the temperatures are lower and lower from the outside of the PCM towards the inside. Indeed,

2099 https://doi.org/10.52202/069564-0189



340 S

|
1
|
|
|
|
4
|
|
|
|
|
1
|
|
|
1
|
|
|
4

| |
| |
| |
| |
| |
| 1
! |
I |
| 1
! 1
I 1

Temperature (K)
Liquid fraction (-}

270 ——— — 0
0 100000 200000 300000 400000 500000 600000 700000
Time (s)
Tpen (winter) Tpey (summer) = = = f; (winter) = = = f; (summer) (x=0mandy=0.2m)

Figure 9: Cases 3 and 4: Temperature and liquid fraction evolution for the first PCM layer in contact with the
hot plate (x = 0 m) and fory = 0.2 m.

the green curves show that the PCM has not changed state in the middle of the thermal battery. Furthermore,
Fig. 10 shows the heat propagation along the PCM, with lower temperatures at the ends of the PCM, after
the hot temperature at the inlet is decreased (after 60000 s). In general, the heat propagates well in the PCM,
since the temperature differences between the different layers of PCM in the hot HTF are less than 0.8%. The
instabilities visible at x = 0 and 0.06 m are due to the slight change in temperature at the outlet of the thermal
panels (red dotted line in Fig. 10a), which of course depends on the weather conditions. These instabilities
appear at the extremities of the PCM close to the hot plates (such as at x = 0 and 0.06 m) but not at the centre
of the PCM (at x = 0.2 m). As seen previously, the liquid fraction of the x = 0.2 m layer remains zero while the
melting temperature has been reached (291.95 K at 53100 s). This is due to the liquid fractions of the layers
closer to the hot plate, which have not all reached unity. The output temperature of the solar panels decreases
from 47483 s onwards, and consequently the energy supplied to the PCM. As a result, the middle layer (x =
0.2 m) has not received enough energy to make its phase change. Figure 10b is a zoom of the phase change
(solid to liquid) in Fig. 10a. Before a layer changes phase, it is necessary that the liquid fraction of the previous
layer has reached unity. Figure 10b shows this clearly, with the increase from 0 to 1 in the liquid fraction at x =
0 m (38900 to 40440 s), then that at x = 0.02 s (40440 to 42747 s), then that at x = 0.04 m (42747 to 44826 s)
and finally that at x = 0.06 m (44826 to 47470 s).
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Figure 10: Case 3: Temperature and liquid fraction evolution in the longitudinal direction (for x = 0, 0.06 and
0.2 m) for the PCM layer in the middle (y = 0.2 m) (a), focus on the phase change of the first four PCM layer
(from x = 0 to 0.06 m) (b).

3.3.2. Summer period

The summer period chosen to simulate the behaviour of the PCM battery is from July 1 at 0am to January 8 at
23pm. The temperature and liquid fraction at x = 0 m and y = 0.2 m are shown in the same figure as the winter
period (Fig. 9). The temperature of the hot HTF at the storage inlet is significantly higher than during the winter
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period (up to 340 K vs 296 K as illustrated in Fig. 3). The differences between the maximum temperatures
expected by the hot fluid at the outlet of the thermal panels range from 2% (January 7 and July 7) to 16%
(January 8 and July 8). On average the temperatures are 8% higher in summer. As a result, the behaviour
of the PCM is also different between winter and summer periods, with phase changes occurring less often in
winter. The advantage of using PCM in summer is therefore much greater, since it is possible to limit the size
of the battery thanks to the change in the state of the material, unlike the use of sensible storage. Even on less
sunny days such as July 6, when the temperature of the hot HTF does not exceed 297 K, there is enough heat
to allow the PCM to change state. The PCM remains in a liquid state longer than in winter, between 7am and
midnight on average over the 8 days considered.

As for the winter period, the difference between the temperature of the PCM in contact with the plate and
that of the hot HTF is small (0.5% difference on average over the 8 days). Figure 11a shows the evolution
of the temperature and liquid fraction for the PCM layer at y = 0.2 m and for x = 0. (in red), 0.06 (in yellow)
and 0.2 m (in green). The temperature differences from the outside to the inside of the PCM are also clearly
visible. From 16.4pm onwards, the temperature of the PCM in the core of the battery is higher than that of
the PCM in contact with the hot plate. It would therefore be interesting to stop the charging step and start the
discharging step by switching the hot (solar system) and cold (heat pump) inputs. The same instabilities as for
winter period appear in Fig. 11a for the same reasons (small fluctuations of the temperature at the outlet of the
thermal panels due to climatic conditions). The phase change zoom of the first four layers is illustrated in Fig.
11b (for x = 0 (in red), 0.02 (in purple), 0.04 (in blue) and 0.06 m (in yellow)).
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Figure 11: Case 4: Temperature and liquid fraction evolution in the longitudinal direction (for x = 0, 0.06 and
0.2 m) for the PCM layer in the middle (y = 0.2 m) (a), focus on the phase change of the first four PCM layers
(from x = 0 to 0.06 m) (b).

The energy stored by the thermal battery for the two periods considered (winter and summer) is given in Table
2. During the winter period under consideration, the average stored energy is 164 Wh per day. In summer,
this value is 6 times higher. The sunniest days (January 1st in winter and July 8 in summer) store 5 to 7.5
times more energy than the days less suitable for thermal collectors (January 6 and July 6). On average, the
PCM battery can store 2.6 kWh/m?® per day of energy in winter and 6.6 kWh/m® for January 1st. In summer
this value reaches 15.1 kWh/m?® per day on average and 29.3 kWh/m?® for July 8. The benefit of PCM is clearly
visible in summer, with almost 6 times more energy stored by the battery than in winter, partly due to the more
frequent phase changes.

Table 2: Energy stored in the thermal battery per day (Wh).

Period Minimal value Maximal value Mean
Winter 56 (January 6) 423 (January 1st) 164
Summer 385 (July 6) 1877 (July 8) 964

4. Conclusion

A dynamic model of a SAHP based on the use of thermal panels (Batisol®) and a latent heat storage was
presented. This system aims to provide the heating and domestic hot water needs of a building. The TES is
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composed of a PCM contained between two plates where HTF circulate. During the charging step, the hot
HTF is fed by the thermal panels. During the discharging step, the direction of the fluid is reversed and the cold
HTF is fed by the heat pump.

The thermal behaviour of the PCM tank is studied for four different profiles of the charging temperature: ramp-
ing, trapezoidal functions, temperature at the outlet of the thermal panels in winter (from January 1 to 8) and
in summer (from July 1 to 8). The simulations carried out in OpenModelica showed the behaviour of the PCM
during the phase change. The developed model showed the importance of choosing a PCM with a melting
temperature range suitable for the studied application. In winter, only the sunniest days allows the PCM to melt
while in summer the phase change occurs every day. On average, this thermal battery can store 6.6 and 15.1
kWh/m?® per day of energy in winter and summer respectively.

The simulations showed that the 2D model of the system is necessary to take into account the horizontal and
vertical temperature variations in the battery. This model will be further validated with experimental data. It will
also allow the development and the validation of a simpler model. The final goal will be to optimise the SAHP
system on its operational parameters with the simpler model.
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Nomenclature

Letter symbols

proportion of PCM in the volume considered,
A exchange surface, m?
Cp specific capacity, J/(kgK)
fi  liquid fraction,
Gsor solar flux, W/m2
h  heat transfer coefficient, W/m2K
H  enthalpy (including sensible and latent forms), J/m?3
L latent heat, J/kg
m  mass flow rate, kg/s
P exchange perimeter, m
T  temperature, K
Vwing Wind speed, m/s
V  exchange volume, m®

Greek symbols

A thermal conductivity, W/m/K
p  density, kg/m?
Subscripts and superscripts
C Cold HTF
eff Effective
ext Exterior/Outdoor
fin  Fin

H HotHTF
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in In

/ Liquid phase
m  Melting

out Out

PCM PCM

s  Solid phase

sol Solar
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