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Abstract

Refrigeration systems driven by photovoltaic energy are a useful solution for those regions of developing
countries in which there is no electrical supply, or this supply is unreliable. These systems usually store energy
through use of electrical lead-acid batteries. However, other energy storage options, with lower environmental
effects, such us thermal energy storage, can be applied.

This study presents a model and simulation of a horizontal direct-current, compression refrigerator, which is
driven by a photovoltaic sub-system. The system has latent thermal energy storage, through the incorporation
of a slab with phase-change materials, next to the evaporator-wall, inside the refrigerator.

System performance was analysed with a product temperature of 11°C, and includes three materials. One was
water, and the others were phase-change materials, with average melting temperatures of 5°C and 9°C,
respectively. Results indicate that the lead-acid battery capacity in such a PV-driven refrigerator can be reduced
between 16% and 78%, in accordance with system operating conditions and the phase change material selected
for the studied application.

Keywords: PV- refrigerator, thermal energy storage, phase change materials.

1. Introduction

Compression refrigeration systems driven by Photovoltaic (PV) energy are a useful alternative for those regions
of developing countries in which there is no electrical supply, or there are frequent electrical outages (Pedersen
and Katic, 2016). This type of systems usually store energy through electric lead-acid batteries. However,
alternative energy storage options, with lower environmental effects, can also be applied. These options include
Thermal Energy Storage (TES), based on Phase Change Materials (PCMs).

Main environmental effects of electrical batteries are related to the toxicity of the substances they content, like
lead and sulphuric acid, which can be harmful to water, land and human health, and imply high costs of
handling and recycling processes (Schaddelee-Scholten and Tempowski, 2017; Sgrensen, 2015). On the other
hand, thermal energy storage based on PCMs, for cold applications, use materials such as hydrated salts and
paraffin (Oré et al., 2012), without any toxic substances and lower environmental effects.

PCM integration in refrigerators has been analysed in several studies throughout the past decade (Azzouz et
al., 2009; Cheng et al., 2017; Marques et al., 2014). Generally, PCMs have been installed in contact with the
evaporator surface or with the condenser. The most relevant effects pointed out in these studies are: 1) An
increase in compressor cycle time, 2) higher product temperature stability, and 3) A decrease in electrical
consumption for single speed compressors, owing to lower compressor starts during global system operation.

Despite these reported studies, there are still few focused on PCM integration into PV-refrigerators. In order
to fulfil this gap, this study presents a model and simulation of a horizontal PV-refrigerator, which includes
latent thermal storage, by incorporating a TES slab, in contact to the evaporator wall. A case was analysed, in
which the product temperature was 11°C, and the simulation included three different materials, one was water,
and the other two were PCMs, with average melting temperatures of 5°C and 9°C, respectively.

The objective of this study is to select the most suitable PCM for the required product temperature, and analyse
its main effects on system performance, in order to improve PV sub-system integration. Specifically, a
parametric study was performed, in order to evaluate the influence of TES slab thickness, insulation thickness,
and compressor velocity on system performance. The revised output variables included product temperature,
TES temperature, PV field size, and battery size.
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Nomenclature

h Specific enthalpy [kJ kg''] Subscripts

q Heat flow rate [W] air Air

T Temperature [K] com  Compressor

w Electrical power [W] Int Internal equipment

\% Voltage [V] Inf Infiltration

1 Current [A] los Losses

R Resistance [Ohm] PCM  Phase change material
X Space dimension [m] TES  Thermal energy storage
t Time [s] pr Product

k Thermal conductivity [W m™ K] D Diode

D Density [kg/m?] S Series

a Parameter “a” of photovoltaic model [-] P Parallel

C Coefficient polynomial compressor curves h Horizontal

COP  Coefficient of Operation [-] v Vertical

2. System description and experimental setup

The analysed system (Fig. 1) consists of a horizontal direct current refrigerator, driven by electricity produced
by a photovoltaic (PV) sub-system. The refrigeration cell has an upper door with a useful area of 0.59 m?, and
a volume capacity of 350L. The refrigeration sub-system is equipped with a direct current compressor
(Danfoss, Secop, 35BD), an evaporator wall, and a natural air-cooled condenser. This sub-system uses a simple
vapour compression refrigeration cycle with refrigerant R134a.

Electricity required by the refrigeration subsystem is produced in a PV sub-system, with multi-crystalline
silicon modules (Peak power of 100W). In this sub-system, the energy is stored in electric lead acid batteries,
and the charger controller permits to take the electricity from battery or directly from PV modules according
to the system conditions.

The TES slab was located in contact with the evaporator wall, covering all internal walls of refrigeration cell.
When the compressor starts (ON), the TES slab and the stored product start to be cooled. Once the product
reaches the required set temperature, the compressor stops (OFF). In this way, during the compressor ON time,
the TES slab is charged and stores cold thermal energy (sensible and latent). After this, during the compressor
OFF time, the TES slab is discharged and contributes to remove heat from the stored product.

PV Module

Multi erystalline-Si PV-Driven Refrigerator

—y

Refrigerator

Charger controller

ﬁ Cell

DC Compressor

Electricity storage:

: Thermal energy
Lead acid battery

storage slab

Fig. 1: System scheme

The system was modelled and simulated with three materials, with different average melting temperatures
(0°C, 5°C and 9°C). In order to validate the model, the refrigeration cell was tested at the laboratory in a
climatic room for 2 scenarios: 1) Refrigerator without TES and 2) Refrigerator with TES. The material used
for TES during the test was RTSHC, manufactured by Rubitherm with average melting temperature of 5°C

Fig. 2 shows the main elements included in the experimental setup: the direct current refrigerator (a); the
climatic room, in which the temperature and humidity were controlled by an air conditioning system (b); steel
sheets with encapsulated PCM, to install in contact to evaporator-wall of the refrigerator (c), a standard
electrical panel, used for supplying AC electricity (d), a regulated direct current source which converts AC to
CC and provides electricity at 12V to the compressor (e), a data acquisition system (f), a hall sensor for
measuring the CC current and complementary elements (g). The measurements were carried out according to
the European Norm EN 62552 (IEC, 2013). More details in relation to the experimental setup were reported in
a previous study (Coca-Ortegén et al., 2017).
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Fig. 2: Main elements of the experimental setup: (a) Refrigerator, (b) Climatic Room, (¢c) Encapsulated PCM in
steel sheets, (d) AC Electrical panel, (e) DC source, (f). Data acquisition system, (g) Current sensors

3. Modelling and simulation

The general model was implemented in Matlab, and as a complementary tool was used the dynamic simulation
software TRNSYS, in order to simulate the PV sub-system. The model includes four main blocks: the
refrigerated cell or cabin (a), the energy thermal storage (TES) (b), the refrigeration sub-system (c), and the
photovoltaic sub-system (d), with electrical storage using lead-acid batteries (See Fig.3).

(d) PV Sub-system
(with electrical -
storage)

(c) Refrigeration [ (a) Refrigerated
Sub-system K Cell or Cabinet

(b) Thermal

Energy Storage
(TES slab)

Fig. 3: Main blocks of developed model

The simulation was carried out for three different materials in the TES slab; Table 2 presents the main
characteristics of them. The first material is distilled water; which was included in the study due to the low cost
and the high sensible thermal storage capacity. The second and third materials are PCMs, which can store
sensible and latent thermal energy. These PCMs are organic materials (paraffin’s), manufactured by Rubitherm
(references RT-SHC and RT-9). The main advantage of paraffin’s is that they do not need to be sub-cooled for
getting the crystallization, as occurs with water and hydrated salts.

Tab. 1: Main characteristics of phase change materials used in the simulation

Distilled Rubitherm Rubitherm

Material Units Water RTSHC RT9
Class - Inorganic Organic Organic
Subclass - - Paraffin Paraffin
Phase change temperature [°C] 0 4106 7to 11
Heat storage capacity [kI/kg] 334 250 175
Specific heat capacity (solid) [kJ kg K] 2.09 2.0 2.0
Specific heat capacity (liquid) [kJ kg K] 4.18 2.0 2.0
Density (solid)! [kg m™] 900 880 880
Density (liquid)? [kg m™] 1000 760 760
Thermal conductivity (solid) [Wm'! K] 1.8 0.2 0.2
Thermal conductivity (liquid) [Wm!K!] 0.4 0.2 0.2

' Value at -15°C. 2 Value at 20°C

3.1 Heat transfer in the PCM
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As previously mentioned, the TES slab is arranged in contact to the evaporator wall (Fig 4). In this way, when
the stored product needs to be cooled, the removed heat is transferred first from stored product to the air inside
of refrigerator, second from air to the TES slab, and third, from the TES slab to the evaporator-wall.
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Fig. 4: Layout of the TES slab in the refrigerated cell and scheme of spatial discretization

For the analysed product temperature (11°C), “Water” is a particular case of PCM in which the process of
phase change does not occur. Therefore, to model the TES slab with water, it is possible to apply the same
procedure described for the heat transfer for the PCM slab described below.

Heat transfer in the PCM can be modelled, with a good accuracy, by a one-dimensional model, applying either
the moving boundary method, developed by Stefan or the enthalpy method. Stefan's method (Fleischer, 2015)
assumes that the PCM has a single phase change temperature, as occurs with pure crystalline and eutectic
substances, while the enthalpy method (Ozisik, 1993) is suitable for PCMs that have a temperature region for
the change phase process, as it happens with fatty substance and alloys.

In this study we used the enthalpy method, because the PCMs selected for the study are not pure substances
and do not have a single phase change temperature. In this case, heat transfer in the PCM internal nodes is
governed by the general 1-dimensional heat transfer equation (eq. 1), in which the PCM Temperature (Trcum)
and the PCM specific enthalpy (hpcy) vary in the spatial dimension (x) and in the time dimension (¢). In this
equation the PCM thermal conductivity (kpcy) and density (ppcy) are considered constant in the liquid phase
and in the solid phase, while in the phase change region, these properties are calculated by interpolation as
previous studies indicate (Ozisik, 1993).

d 0Tpcm _ Ohpcu (eq.1)

D PCM T 5 T pPCM'—at
To solve the differential equation, we used the finite difference method. In this method, equation 1 was
discretized, dividing the TES slab in the spatial dimension, with a Ax of 1mm, and an appropriate At value, in
order to maintain the convergence conditions. Fig. 4 shows a scheme of the spatial division of the TES slab, in
which the node “1” is in contact with the internal evaporator-wall, while the node “M” is in contact with the
steel sheet arranged between the TES slab and the air inside of refrigerator. The system equations obtained
after the discretization, were solved by applying the explicit method (Bergman et al., 2011; Patankar, 1980)

3.2 Refrigerated cell

Average temperature inside the refrigerated cell was calculated through energy balance equation (eq. 2), which
takes into account the thermal load components, as well as the heat transfer rate between the TES slab and the
air inside of refrigeration cell (g7£s-air)

Ares—air = Qios T Qpr + Gt t Ainf (eq.Z)

The thermal load components were calculated according to ASHRAE standards. These components include:
Transmission heat gains or losses through the refrigerator enclosures (gis), Product thermal load (gp:), heat
gains due to internal equipment (gs.), and infiltration heat gains (gi,p). (ASHRAE, 2010).

In relation to transmission heat gains, the model considers the transmission heat gains through the vertical
enclosures (gios,v), which were taken into account in the boundary conditions at the external node of PCM , as
well the transmission heat gains through the horizontal enclosures (gios,1), which were included in the energy
balance of the refrigerated cell.
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3.3 Refrigeration sub-system

Refrigeration sub-system model is based on a simple mechanical compression refrigeration cycle, which uses
R134a as refrigerant. The refrigerator has an evaporator-wall, made of a copper tube circuit, with external
diameter of 7.92 mm; the heat transfer mode is forced convection. The condenser is wire on tube type, made
of copper with external diameters of 4.75 and 1 mm for tubes and wires respectively, and dissipates the heat
by natural convection. The compressor is alternative hermetic type, manufactured by Danfoss-Secop, BD35F.
Table 2 presents the main characteristics of these components.

Tab.2: Main characteristics of refrigeration sub-system components

Element Characteristics

Cell or - Length x Width x Depth: 1.36x0.44x0.63 m?
cabinet - Net Volume: 0.350 m?

Compressor | - Type: Reciprocating, hermetic

- Manufacturer: Danfoss, Model:BD35F, Voltage 12V DC
- Refrigerant: R134a, Swept volume: 2 cm?

Evaporator - Heat transfer mode: Forced convection (adapted)
- Type: Evaporator-wall, area: 2.033 m?
- Tube: External diameter tube 7.92 mm, thickness 0.813mm, length 30.29m

Condenser - Heat transfer mode: Natural convection

- Type: Wire on tub (Cooper).

- Tube: External diameter 4.75 mm, thickness 0.762mm, length 13.90 m
-Wire: External diameter Imm, length tube 106.6 m

Expansion - Type: Capillary tube
element - External diameter: 1 mm (Cooper)

The simulation of this refrigeration sub-system is based on the performance curves of the compressor, provided
by the manufacturer, according to the European Norm EN-12900 (AENOR, 2014). This standard characterizes
compressors performance through cubic regression curves, in which the cooling capacity (gcom) and the
electrical power consumption (We.) are expressed as a function of the evaporation (7,) and condensation (7¢)
temperatures, according to the following equation.

YoCo+C. T, +C3. T, 4+ Cp. T2 + C5.T,. T, + Co. T? + C;. T2 + Cq. T, T? + Co. T,T? + C1. T2 (eq.3)

The coefficients of the polynomial curves corresponding to the compressor used in the refrigeration sub-system
were provided by the manufacturer, using the software Coolselector®2.

3.4 Photovoltaic sub-system

The dynamic simulation software Trnsys was used for simulating the PV sub-system; the components used in
this simulation were: type 194 for the PV module, type 47a for electrical batteries, type 48b for the regulator,
type 14h for power load profiles, and type 15.3 for the weather file.

In particular, the simulation of the photovoltaic module was based on the well-known “five parameters model”,
whose equivalent circuit is shown in Fig. 5. This circuit is integrated by a direct current source, which simulates
the photovoltaic production, a diode connected in parallel, which represents the semiconductor material of the
photovoltaic cells, a resistor connected in series and a resistor connected in parallel (De Soto et al., 2006; Duffie
and Beckman, 2013; Eckstein, 1990; Surith et al., 2013).
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Fig. 5: Equivalent circuit model of 5 parameters photovoltaic module

The relation between the voltage (V) and the intensity (/) of the current supplied by the photovoltaic module is
expressed by equation 4, in which it is necessary to know the five parameters of the model: the light current
(Ip), the inverse saturation current of the diode (Ip), the series resistance (Rs), Parallel Resistance (Rp), and the
"a" factor (De Soto et al., 2006). These parameters are calculated for reference conditions, using the
manufacturer's datasheet.

VHLR V+ILR
1=1L—ID.<e as_1)__5 (eq.4)
Rr

3.5 Base simulation conditions and performance indicators

The simulation was performed under the following base simulation conditions: ambient temperature at 25 ° C,
since the refrigerator will be installed in a conditioned process area; product set temperature at 11 +2 ° C,
insulation of polyurethane with a thickness of 80mm, compressor velocity of 3000 Rpm, internal air speed of
0.2 m/s, and air renewal rate of 0.25/h.

As case studied we selected a ripening cheese at 11°C for a small scale cheese processing process. Other
application at this temperature can be some fruits and vegetables. The application was evaluated for the
implementation in the region of Nyanza (Kenya).

A parametric analysis was carried out by varying the values of TES slab thickness, insulation thickness and
compressor velocity. The revised output variables were the product temperature evolution, the TES materials
temperature evolution, PV field size and the battery size. The battery was sized for a total autonomy time of
the refrigerator without electricity supply of 24 h.

As performance indicators we used the compressor cycle time, the daily electricity consumption, and the
mismatch between electricity production and power loads.

4. Results and Discussion

The simulation was carried out under the base conditions previously described. The analysis includes three
materials: The first material was distilled water, which only store sensible thermal energy, and the others were
PCMs (RTS5HC and RT9) with average phase change temperatures of 5°C and 9° respectively, which store
latent and sensible thermal energy. Detailed properties of these materials were already presented in Table 2.

The influence of the TES on the system, first considers effects of TES slab thickness variation, making
simulations with thickness values between 5 and 12 mm. According to the results, the most suitable material
was selected for the simulation base conditions.

Subsequently the influence of other two variables was considered: insulation thickness and compressor
velocity. For these variables additional simulations were carried out, with insulation thickness values between
40 and 120 mm, and compressor velocity values of 2000, 2500, 3000 and 3500 min"'.

Taking into account the relevance of the TES slab thickness, this study presents a more detailed analysis for
this variable. In this case, we revise the TES slab thickness effects on the product temperature, TES materials
temperature, electricity consumption, compressor cycle time, photovoltaic field size and the electrical battery
size. For the other variables the analysis is centred only in the compressor cycle time, and the battery size.
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4.1 Temperature evolution for stored product and studied materials

The evolution of product temperature in the refrigerator “Without TES” and refrigerator With TES, using
different materials (water, RTSHC and RT9) are presented in Fig. 6, under simulation base conditions, with a
TES slab thickness of 8mm and a product set-point temperature of 11+ 2°C. The duration of analysed period
was 48 hours.

During the maintenance cycles, the refrigerator “Without TES” maintains the product temperature between the
required values (9 to 13°C). When the TES slab is installed, the maximum product temperature remains at the
desired value (13°); however, the minimum product temperature drops slightly 1.4°C, 2.2°C, and 1.8°C below
to the desired value (9°C), for water, RTSHC and RT9 respectively.

This is because the TES slab is charged when the compressor is ON and discharged while the compressor is
OFF, removing additional heat from the product during the OFF time. This behaviour must be taken into
account in the final control strategy definition, since it is necessary to control the allowed product sub-cooling

— 30
O 30 WITHOUT TES (a) WATER ®
e 20 1 20f
g 10 4 10}
g
= 0 0

0 12 24 36 48 0 12 24 36 48
— 30 30
O PCM: RTSHC O PCM: RT9 @
B 20}
2 \!
5 10! d 4
|5} N N
g W N N N N
= 0 0

0 12 24 36 48 0 12 24 36 48

Time [h] Time [h]
T PcMexternalnode T PCM internal node T Product

Fig. 6: Product and TES materials temperature evolution under simulation base conditions
with a TES Slab thickness of 8mm

Fig. 6 also shows the TES materials temperature evolution, including the external node of the TES slab which
is in contact with the evaporator-wall, as well as the internal node, which is closer to the indoor air of the
refrigerated cell.

For Water, the minimum temperatures were 2.5°C and 3.4°C, at the external and internal nodes respectively;
therefore, as it is expected, this material only store sensible thermal energy.

For the PCM RT5HC, the minimum temperatures were 4.2°C and 5.1°C at the external and internal node
respectively. Since in this PCM, the phase change process was not completed, because the melting temperature
region is between 4°C and 6°C; so this PCM took advantage from the latent thermal storage in a partial way.

For the PCM RT9, the minimum temperatures were 3.4°C at the external node, and 4.9°C at the internal node.
In this case, the phase change process was completed because the melting temperature range is between 7°C
and 10°C; therefore it was possible to take full advantage from the latent thermal storage.

These results indicate that the phase change process takes place in a complete way, when the phase change
temperature of the PCM is closer to the set-temperature in the inside of the refrigerator, for the analysed case.

4.2 Effect of TES slab thickness on the compressor cycle time

Incorporation of a TES slab gives more inertia to the refrigerator and reduce the total number of compressor
cycles. A compressor cycle include two parts, one in which the compressor is ON and the other in which the
compressor is OFF.



A. Coca-Ortegon et. al. / EuroSun 2018 / ISES Conference Proceedings (2018)

For a better integration of the refrigerator with the PV sub-system, the number of compressor cycles per day
should be near to one; that implies a minimum duration cycle of 24 hours. In this way it is easier to supply the
electricity required by the system during the day, attend the thermal demand, and charge the TES slab. Later,
during the night, the TES slab can be discharged and attend thermal demand without any electricity supply.

30

24
18
12

Cycle Time [h]

0 4 5 6 8 10 12
TES Slab Thickness [mm]
OWithout TES @ Water BRTSHC ERT9

Fig. 7: Cycle time for different TES slab thickness

Taking into account the importance of the cycle duration, we simulated the system for several TES slab
thickness values, and calculated the cycle duration time for the three analysed materials. Results under base
simulation conditions, are presented in Fig.7. When the refrigerator does not have a TES slab, the cycle time
is only 4.03 h.

If the TES slab thickness is about 4 mm, the cycle time increases to 8.1, 9.2 and 11.5h for water, the PCM
RT5HC y the PCM RT09 respectively. If the slab thickness is 12 mm this cycle time increases to 15.1, 13.5,y
23.7 h for the same PCMs. These results indicate that the PCM RT9 is the most suitable for the analysed
application because the longer cycle time, makes easier the integration of PV sub-system.

4.3 Effect of TES slab thickness on the electricity consumption

Despite the fact the TES slab gives more inertia to the system and improves the integration with the PV sub-
system, the results show that the electricity consumed by the system also increases. Fig. 8 shows the electrical
consumption for different TES slab thickness, under simulation base conditions and assuming that only
maintenance cycles take place during the system operation.
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Fig. 8: Daily electricity consumption for different PCM slab thickness

When the refrigerator does not have TES, the daily electricity consumption is 649 kJ. There is an important
variation when the refrigerator has a TES Slab, with increments between 28.5% and 32.1% for Water, between
29.5% and 32.4% for the PCM RT5HC, and between 29.4% and 30.5% for the PCM RT9. We can see that the
thicker TES slab, the more electricity consumption there is, and the PCM RT9 has lower increments.

Regarding to PV sub-system design, a higher consumption may imply an increment in the photovoltaic field
size. On the other hand, the incorporation of the TES slab also increases the cycle time, thanks to this increment,
it is possible to improve the use of solar resource and to reduce the electrical battery size.

Therefore, in the following items these two points are analysed, the size of the photovoltaic field, as well as
the size of the electrical batteries, when the TES slab is installed in the refrigerator.
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4.4 PV field size and mismatch between PV production and power load profiles

At the location of the analysed application (region of Nyanza, Kenya, with a latitude of 0.08°N, and longitude
of 35.06°E), the minimum electricity production of the photovoltaic field takes place during November.
Therefore, this month was taken as the reference period for the analysis.

Taking into account the daily electricity consumption of the system, as well as the power demand, it is possible
to size the photovoltaic field. For both cases: Refrigerator without and with TES slab, the electricity required
by the system can be supplied by a small multi-crystalline silicon module, with a peak power of 100W STC.
During the analysed month, this PV module has an average daily production of 1533 kJ/day, with minimum
and maximum values of 1215 and 1807 kJ/day, respectively.

As usually occurs in this type of systems, there is a mismatch between PV production and power load. Fig. 9
illustrates this mismatch for the refrigerator without TES, and the refrigerator with TES (PCM RT9). In general,
the thicker TES slab, the lower the number of cycles are, and the smaller the mismatch between the PV
production and the power load is.

Without TES RT9 5mm RT9 12mm

100 100
100 Mismatch:69% (a) Mismatch:52% (b) Mismatch:11% (©)

75

Power [W]

0 6 12 18 24 0 6 12 18 24 0 6 12 18 24

Time [h]

Power Load Profile —o— Power PV Production

Fig. 9: Mismatch between Power PV Production and Power Load Profiles: (a) Refrigerator without TES
(b) Refrigerator with PCM RT9 slab thickness of Smm, (c) Refrigerator with PCM RT9 slab thickness of 12mm

Table 3 summarizes the mismatch obtained for the three materials considered in the study, with different TES
slab thicknesses. The refrigerator without TES has an average mismatch of 72%; while the refrigerator with
TES, this mismatch can be reduced up to 37%, 44% and 11% for water, the PCM RT5SHC and the PCM RT9,
respectively, when the TES slab thickness is 12mm.

Tab.3 Mismatch between power PV production and power load profiles for studied materials and different TES slab thickness

TES Slab Thickness [mm]
Material 0 1 5 6 8 0 | 12
Distilled Water | 69% | 57% | 55% | 55% | 49% | 44% | 37%
RT5HC 69% | 57% | 55% | 52% | 48% | 46% | 44%
RT9 69% | 55% | 52% | 46% | 34% | 21% | 11%

4.5 Effect of TES slab thickness on the battery size

The electrical battery was sized taking into account the mismatch between the PV production and the power
load profiles calculated previously. Other factors applied for battery sizing were the battery discharge
efficiency (0.85) and the maximum depth of discharge (0.70). Fig. 10 shows the results under the simulation
base conditions, for the three materials included in the analysis and different TES slab thickness.

The battery size for the refrigerator without TES is 209 Wh. The best results are obtained for the PCM RT9, in
which the battery size is reduced to 44Wh (when the TES slab thickness is 12mm). For water and the PCM
RTS5HC the effects on the battery size are smaller, with final values of 148 and 175 Wh, respectively for the
same simulation conditions. This results shows that the reduction of battery size can be between 16 and 78%
according to the material selected for the TES Slab.

Better results of the PCM RT9 are mainly due to the fact this material has a complete phase change process,
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and therefore it takes better advantage of the latent thermal energy storage, as was exposed in 4.1, in which the
evolution of the temperature of the TES slabs was revised.

400
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Battery Size [Wh]
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TES Slab Thickness [mm]
——-Water —O—RT5HC —®—RT9

Fig. 10: Battery size for different PCM slab thickness

4.6 Effects of insulation thickness

Thermal loads due to transmission losses through the enclosures is highly important in the overall thermal load
of the refrigerator. Therefore, insulation thickness has been widely analysed in numerous literature studies.
ASHRAE recommends, among different types of insulation, polyurethane with a minimum thickness of 50
mm when the set product temperature is between 10 and 16 °C (ASHRAE, 2010).

Due to the importance of this variable, in this section we analysed the effects of insulation thickness on the
duration of the compressor cycle, as well as on the electrical battery size. Since the most significant effects on
the system were obtained for the PCM RT9, the simulations were performed with this material with TES slab
thickness values of 8 and 10mm.
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Fig. 11: Compressor cycle time and battery size for different insulation thickness

The refrigerator without TES, has a compressor cycle time between 2.6 and 5.4 hours, while in the refrigerator
with the PCM RTY, the cycle time is closer to 24 hours, when insulation thickness is greater than 100mm (Fig
11 (a)). Through the combination of 100 mm of insulation thickness and a TES slab thickness of 10 mm, with
the PCM RT9, this cycle time can increase up to 23.9 h.

Regarding the electrical battery size (Fig. 11 (b)), the effects are important in both cases: Refrigerator without
TES and Refrigerator with TES. For the Refrigerator without TES, the electrical battery size has a reduction
of 49%, when the insulation thickness changes from 80 to 120mm. On the other hand, for the Refrigerator with
TES, with the PCM RT9, the electrical battery size can be reduced up to 78% when insulation thickness also
changes from 80 to 120mm.

For the operation conditions analysed, the positive effects of increasing the insulation thickness on the size of
the battery, are very important. This is because the transmission thermal losses represent 89% of the total
thermal loads in the system. However, it is expected that at higher the internal thermal and infiltration loads,
the PCMs will be more relevant.

4.7 Effects of compressor velocity

Table 4 summarizes the effects of the variation of compressor velocity on the system; these results are presented
for a TES Slab thickness of 10mm and the PCM RT9. The faster compressor velocity, the shorter cycle time
is, for instance, when the compressor velocity changes from 2000 to 3500 min™!, the cycle time increases from
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19.2 h to 21.0h. In addition, the “Time ON” for the compressor decreases from 4.4h to 2.9h, and this reduction
has a positive effect on the compressor useful life.

Tab.4 Results for different compressor velocities for the PCM RT-9 with slab thickness of 10mm

Compressor Velocity (min)
Description Units 5000 | 2500 | 3000 | 3500
Cycle Time [h] 19.2 19.9 20.7 21.5
Time ON [h] 4.4 3.7 3.2 2.9
Time OFF [-] 14.8 16.2 17.4 18.5
Ratio Time ON / Time OFF [-] 0.296 0.225 0.185 0.158
Average Power [W] 36.7 48.3 58.6 68.9
Electricity consumption [Wh/day] 223 231 235 239
COP System [-] 3.42 3.24 3.17 3.12
Electrical batteries size [Wh] 94 86 83 63

On the other hand, this increase of compressor velocity, also produces a slight increment of 7% in the daily
electricity consumption, and a strong increment of 88% in the power demand. Despite this effect, it was found
that PCM charging process is more effective, since there is a reduction of 33% for the electrical battery size.
This means that the PCM takes more advantage from the thermal energy storage (sensitive and latent), when
the compressor velocity is higher.

This performance must be taken into account in the definition of system control strategy. It is recommended to
regulate the compressor at high velocity when the solar radiation is also high, and at low velocity when the
solar radiation is also low.

5. Conclusions

A PV-refrigerator was modelled and simulated, under base operating conditions, at 11#2°C product
temperature and 25°C ambient temperature. Three materials were included in the simulations: one was water,
and the others were PCM with average phase change temperatures of 5°C and 9°C, respectively. The analysis
considered the effects of three relevant variables: TES slab thickness, insulation thickness, and compressor
velocity.

The thicker the TES slab, the longer the cycle duration is. For improving PV sub-system integration,
compressor cycle time had to be a minimum of 24 hours. In this regard, longer cycle times were obtained for
the PCM whose average phase change temperature was 9°C, with slab thickness greater than 8mm.

On the other hand, the TES slab installed in contact with the evaporator-wall, in the internal side of the
refrigerator, increased the daily electricity consumption. In light of this, the effects on PV field size and
electrical battery size in the analysed operation conditions should be evaluated.

In the present study, the final selected PV module had 100W of peak power, under standard test conditions.
The electricity required by the system provided for this PV module in both cases: Refrigerator without TES
and the Refrigerator with TES. In regards to electrical battery size, the best results are obtained with the PCM
RT9, manufactured by Rubitherm, as this material took more advantage of latent storage, in comparison to the
other analysed materials.

Insulation thickness also influenced system performance. Under the operation conditions analysed, this impact
was especially important because almost the entirety of the thermal load was due to transmission losses through
refrigerator enclosures. However, this impact may be lower when the internal and infiltration thermal loads
increase, and in that case TES with PCM will get more relevant.

A higher compressor velocity helped to reduce the electrical batteries size, but it did increase the power
demand. This behaviour must be taken in to account, in order to define a system control strategy. It is it is
recommended that the compressor operates at higher velocity when solar irradiation is high, and at lower
velocity when solar irradiation is low.
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