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Abstract: Phase change material (PCM) based passive cooling of photovoltaics (PV) can be highly

productive due to high latent heat capacity. However, the low rate of heat transfer limits its usefulness.

Thus, the presented work aims at the improvement in PV cooling by using finned PCM (FPCM) heat

sinks. In the present study, PCM heat sink and FPCM heat sinks were investigated numerically for PV

cooling and the extracted heat is used for space heating. 4 kWp PV, PV-PCM and PV-FPCM systems

were studied under the weather conditions of Southeast of England. It was observed that the PCM

heat sinks can drop the peak PV temperature by 13 K, whereas FPCM heat sinks can enhance the

PV cooling by 19 K. The PCM heat sinks can increase the PV electrical efficiency from 13% to 14%.

Moreover, the daily electricity generation can be boosted by 7% using PCM and 8% by using FPCM

heat sinks. In addition, 7 kWh of thermal output was achieved using the FPCM heat sink, and the

overall efficiency of system increased from 13% to 19%.

Keywords: photovoltaics; phase change material; thermal management; thermal energy storage;

electricity enhancement

1. Introduction

Power production using photovoltaics (PV) panels is one of the economically feasible renewable

technologies [1]. The present study aims at the performance enhancement of the PV panels.

The motivation behind this lies in the fact that only small portion of the solar irradiance converts into

electricity and major portion becomes heat. The heat generation in the PV cells rises its temperature

that reduces the power production efficiency [2]. It has been reported that the PV temperature can

reach up to 50 K higher than the ambient and the power production reduces by 0.5%/K [3], which
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conveys the importance of the PV cooling [4]. Forced ventilation, water circulation and water spray

are active methods of PV cooling which can decrease the PV temperature by 30 K but require pumping

power [5–9]. There are also passive methods, such as natural ventilation, heat sink and thermoelectric

for PV cooling; however, they can cool the PV only by 10–15 K [10–12]. Thus, researchers have

made efforts to explore a passive cooling method that does not require pumping power and achieve

significant PV cooling. It is reported that the phase change material (PCM) can be highly productive in

PV cooling because it has the ability to absorb/release large amount of heat within small temperature

range [13]. In the present work, the studies that analyze the performance enhancement of PV using

PCM have been reviewed.

Huang et al. [14] were the first to investigate the performance of a PV equipped with PCM (melting

temperature 26 ◦C) in details. The height, width and depth of the system were 13.2 cm, 30 cm and

49 cm, respectively. It has been reported that the temperature of the front surface can be reduced

from 62 ◦C to 37 ◦C under solar irradiance of 750 W/m2 and ambient temperature of 23 ◦C. In another

study, Huang et al. [15] inserted internal fins to PCM container for the abovementioned system in

order to enhance the heat transfer. It has been reported that the temperature of the front surface can be

reduced further from 37 ◦C to 35.3 ◦C. On the other hand, Atkin and Farid [16] explored the influence

of external fins. They investigated four cases: (a) PV with no heat sink (i.e., the base case), (b) PV with

PCM heat sink (no fins), (c) PV with finned heat sink (no PCM) and (d) PV with PCM heat sink with

external fins. It has been reported that the PV efficiency can be increased by 7.32%, 11.70% and 12.97%

using systems b, c and d, respectively.

Researchers have also studied the influence of ambient/operating conditions on the performance of

PV-PCM system. Khanna et al. [17] have investigated the influence of wind speed on the performance

of PV-PCM systems. It has been reported that the PCM based cooling is more effective for low wind

speed conditions as compared to high wind speed conditions. For the former case, the electricity

generation of PV can be increased by 10.5% using PCM, and for the latter case, the increment is

5.3%. Hasan et al. [18] have investigated the performance of PV-PCM for high and low ambient

temperature conditions. It has been reported that the PCM based cooling is more effective for high

ambient temperature conditions as compared to low ambient temperature conditions. For the former

case, the electricity generation of PV can be increased by 13.0%, and for the latter case, the increment is

5.1%. Hasan et al. [19] have also investigated the performance of various PCMs equipped with PV cells

(10 cm × 10 cm). It has been reported that the salt hydrate based PCM (melting temperature 29 ◦C)

can maintain the PV temperature by 10 ◦C below the reference one for 5 h under a solar irradiance of

1000 W/m2. In the literature, it has also been reported that the operating conditions have significant

influence on the duration of PV-PCM cooling [20]. The decrease in wind speed from 6 to 0.2 m/s can

decrease the duration of cooling by 3h. The insertion of fins can also decrease the cooling duration by

1.5 h [21].

The influence of the orientation of the system on its performance has also been studied by

researchers. Rabie et al. [22] and Siyabi et al. [23] studied the impact of keeping the PCM container

slanted or horizontal. The study showed that the slanted PCM heat sink is better in terms of PV cooling.

Indartono et al. [24] have studied the influence of installation of the system on the thermal management

of the PV. It has been reported that for roof installed systems, PCM can decrease the PV temperature

by 6 K and for stand installed systems, PCM can decrease the PV temperature by 3 K. Researchers

have also proposed a set of modified Navier–Stokes’ equations [25] and a simplified model to analyze

the energy/momentum/mass conservation equations of PCM that can evaluate the results with 94%

accuracy [26].

The above studies on PV-PCM have shown that the heat from PV cells can be effectively extracted

by PCM. In order to use the extracted heat, water heating application has been investigated by

researchers. It has been reported that a thermal efficiency of 10% can be achieved, and an overall

efficiency of 20% can be achieved at cold climate of Lisbon [27]. Sardarabadi et al. [28] have reported

that the use of extracted heat of PV-PCM as water heating application can increase the overall efficiency
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of system by 7%. Browne et al. [29] have also investigated the use of extracted heat of PV-PCM system

and found that water heating can achieve a thermal efficiency of 20%–25% in the cold climate of Dublin.

Preet et al. [30] studied the system at hot climate of Gurdaspur and reported a thermal efficiency of

15.96% and 35.4% for mass flow rate of 0.013 kg/s and 0.031 kg/s, respectively.

In the literature, all the available studies use the extracted heat of PV-PCM for water heating.

In the present study, the use of extracted heat for space heating purpose is investigated for a cold

country. From the review of studies, it is found that two-dimensional (2D)/three-dimensional (3D)

analysis is required to predict the performance of PV-PCM. In literature, the numerical studies that

carried out 2D/3D analysis considered very small systems (~10–15 cm height). In the present study, big

standard/real size systems (height 1 m) have been used to study the real effect of internal fins inside

the PCM and study has been carried out for a 4 kWp system suitable for a UK household.

2. Systems Description

Three polycrystalline silicon-based roof integrated PV systems (4 kWp each) were used for the

investigation. Each system consists of 20 PV panels (200 Wp each). The first PV system was the

reference one, which consisted of reference PV panels (Figure 1a). In the second PV system, the

PCM container was integrated at the back of the panel (Figure 1b). In the third system, PV was

integrated with PCM and fins (Figure 1c). The material of fins and PCM container is aluminum having

2 mm thickness and the material of PCM is paraffin wax having melting temperature around 293 K.

The specifications of PV panels, PCM and container are given in Table 1. Using a software named

ANSYS 17.1, the systems were built in Design Modeler. For the first system, the geometries of all

the layers of PV were created by generating separate bodies for Glass, Ethylene Vinyl Acetate (EVA),

Silicon, EVA and Tedlar. The thicknesses of the bodies were given as 3 mm, 0.5 mm, 0.3 mm, 0.5 mm

and 0.1 mm, respectively. The tilt of all the bodies were given as 45◦ and the orientation was taken as

south facing. After building all the separate bodies, it was necessary to make them a system. Thus,

the interfaces of the separate bodies were coupled. In this way, the PV was built consisting of five

layers. For the second system, the separate bodies of all layers of PV, aluminum container and PCM

were generated in Design Modeler. The thickness of PCM container was given as 2 mm and depth

as 6 cm. The tilt of PCM container was given as 45◦ and the orientation was taken as south facing.

After building all the separate bodies, their interfaces were coupled to make them a single system

named PV-PCM. For the third system, the same process was repeated as that of second system and, in

addition, the bodies for the fins were built. The surface of the first fin was coupled inside the PCM

container at a 20 cm distance. Similarly, other fins were coupled inside the PCM container at 40 cm,

60 cm and 80 cm, which are the optimized positions [31]. In this way, a third system was built, named

PV-FPCM. After building the systems, the cell zones were created for each body in order to assign the

properties of glass, EVA, silicon, Tedlar, container, PCM and fins. In this step, the thermal conductivity,

density, specific heat capacity, thermal expansion coefficient and viscosity were assigned for each body

as functions of temperature. The temperature of the systems was computed by solving the transient

equations (Section 3) in the ‘Solution’ tab of Fluid Flow (Fluent) software. The results for the average

temperature of the PV and temperature contours of the complete systems were extracted from the

‘Graphics’ section of Fluent. The results for the power production were extracted from the equation

explained in Section 3.4, which takes the temperature of the system as an input.
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Figure 1. Studied systems: (a) photovoltaics (PV) panel of the first system; (b) PV-phase change

material (PCM) panel of the second system; (c) PV-finned PCM (FPCM) panel of the third system;

(d) schematic showing the integration of the PV-FPCM system to the roof.

Since the studied systems are integrated to the roof of a household, the back of the panels were

exposed to the indoor environment in order to deliver the heat to the room, as shown in Figure 1d.
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Table 1. Specifications of PCM, PV panel and PCM container.

PCM Parameters Values

Melting Point ~293 K
Latent heat capacity 190,000 J/kg

Specific heat capacity ~2000 J/kg-K

Density 770–880 kg/m3

Thermal Conductivity ~0.2 W/m-K
Thermal expansion coefficient 0.001 /K

PV Parameters Values

Power rating 200 W
Open Circuit Voltage 32.9 V
Short Circuit Current 8.21 A

Maximum Power Voltage 26.3 V
Maximum Power Current 7.61 A

Container Dimensions Values

Length 1 m
Depth 6 cm

Thickness 2 mm
Tilt 45◦

Spacing of fins 20 cm

3. Methodology

The temperature of the systems, power production, electrical efficiency, daily electricity generation

and thermal output can be computed using the following transient equations.

3.1. Thermal Analysis

The energy conservation equation for the ith body of the systems is given in Equation (1), which is

applicable for both solid and liquid regions by keeping the velocities (ux and uy) as 0 for solid regions:

ρiCp,i
∂Ti

∂t
= Gi + ki

(

∂2Ti

∂x2
+
∂2Ti

∂y2

)

−
∂

∂x

(

ρiCp,iuxTi

)

−
∂

∂y

(

ρiCp,iuyTi

)

(1)

where ρ is the density, which is 0.88 kg/l for solid PCM and 0.77 kg/l for liquid PCM, i denotes the

ith body, Cp is the specific heat capacity, which is 2000 J/kg-K for PCM, T is the temperature, k is the

thermal conductivity, which is 0.2 W/m-K for PCM, and G is the heat generation occurring in silicon

layer, which is the portion of absorbed solar irradiance not converted into electricity.

Along the length and depth, the modified momentum conservation equation for the phase change

material is given in terms of its thermal properties and its velocities [25]:
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∂x2
+
∂2uy
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+ ρPgy − Fy (3)

where the subscript P denotes the PCM, µ is the dynamic viscosity, which is 105 kg/ms for the solid

region of PCM and 0.001 kg/ms for liquid region, p is the pressure, g is the acceleration due to gravity

and F is the volumetric force.

The mass conservation equation for the phase change material is given in terms of its physical

properties as follows:

∂ux

∂x
+
∂uy

∂y
= 0 (4)
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3.2. Boundary Conditions

The heat going out from the front surface of the systems is equated to the convective and

radiative losses.

k f

∂T f

∂y
= h

[

T f − Ta

]

+ σε
[

T4
f
− T4

s

]

at f ront (5)

where kf is the thermal conductivity of the front surface, which is 1.8 W/mK, f is the subscript used

for the front surface, a for ambient and s for sky/surroundings, σ is the Stefan Boltzmann constant,

which is 5.68 × 10−8 W/m2K4, ε is the emissivity of front surface, which is 0.85 and h is the convective

heat transfer coefficient, which is calculated using correlations. The latter value is around 5 W/m2K to

13 W/m2K depending on the weather conditions and temperature of surface. The heat loss from the

sides of the systems can be equated to 0 because of insulation:

ki
∂Ti

∂x
= 0 at sides (6)

where ki is the thermal conductivity of the ith body. k1 is the thermal conductivity of glass (1.8 W/m-K),

k2 is for EVA (0.35 W/m-K), k3 is for silicon (148 W/m-K), k4 is for the second layer of EVA (0.35 W/m-K),

k5 is for tedlar (0.2 W/m-K), k6 is for aluminum container (211 W/m-K), k7 is for aluminum fins

(211 W/m-K) and k8 is for PCM (0.2 W/m-K).

From the rear of the PV, the heat will be flown to ambient for reference system and towards

aluminum container for PCM integrated systems and this equality can be written as follows:

− kb
∂Tb

∂y
= h[Tb − Ta] + σε

[

T4
b
− T4

s

]

at PV back o f re f erence system (7)

kb
∂Tb

∂y
= kal

∂Tal

∂y
at PV back o f PCM systems (8)

where kb is the thermal conductivity of the PV back surface (0.2 W/mK), b subscript is for the back, al

for aluminum and kal is the thermal conductivity of aluminum (211 W/mK). From the rear of the PCM

container, the heat is flown to room which is the thermal output:

− kal

∂Tal,b

∂y
= h

[

Tal,b − Tr

]

+ σε
[

T4
al,b − T4

r

]

(9)

where the subscript r is for room, h is the convective heat transfer coefficient, which contains only the

natural convection effect and σ is the Stefan Boltzmann constant (5.68 × 10−8 W/m2K4).

3.3. Initial Conditions

Before exposing the systems to sunshine, the temperature of each ith body of the system was

considered to be at ambient temperature, which can be written as follows:

Ti = Ta be f ore sunshine (10)

Before exposing the systems to sunshine, the phase change material was solid, which can be

written as follows:

ux = uy = 0 be f ore sunshine (11)

3.4. Power Production

After calculating the temperature at each point of the system using equations of Section 3.1, the

average PV temperature (TPV) can be computed and, consequently, power production can be computed.

The power production depends on the solar irradiance (S), surface area of panels (A), average PV



Energies 2020, 13, 2558 7 of 17

temperature (TPV), panel efficiency at standard test conditions (ηSTC = 0.20), coefficient to incorporate

the effect of temperature on efficiency (−0.005 /K), coefficient to incorporate the effect of solar intensity

on efficiency (0.085) and other losses due to inverter efficiency, PV degradation and wiring losses

(ηo,loss = 0.25). Thus, the power production is estimated as follows:

P =
(

1− ηO,loss

)

ηSTC[1− 0.005(TPV − 25) + 0.085 ln(S/1000)]SA (12)

4. Validation

The experimental data reported by Huang et al. [32], explaining the performance of the system

equipped with PCM-heatsink, was used to validate the model presented in Section 3. The corresponding

specifications of the PCM used, the dimensions of the PCM container and the ambient conditions are

presented in Table 2. The equations were solved using these specifications. The modeled values of the

average temperature of the front surface of the system are compared against the experimental data.

The comparison is shown in Table 3. It can be seen that the maximum error in modeled values is −2 ◦C.

Table 2. Specifications of system for comparison.

PCM Parameters Values

Melting Point 299–301 K
Latent heat capacity 232,000 J/kg

Specific heat capacity 1800–2400 J/kg-K

Density 749–785 kg/m3

Thermal Conductivity 0.19 W/m-K
Thermal expansion coefficient 0.001 /K

Container Length 40 mm
Container Depth 20 mm

Container Thickness 5 mm
Container Tilt 90◦

Solar Irradiance 750 W/m2

Ambient Temperature 20 ◦C

Table 3. Comparison of modeled temperature of the front surface with that of the observed data.

Time (min) Observed (◦C) Modeled (◦C) Error (◦C)

0 20.0 20.0 0.0
10 30.8 30.9 0.1
20 32.4 33.1 0.7
30 31.9 32.4 0.5
40 32.6 32.1 −0.5
50 33.6 32.0 −1.6
60 34.3 32.4 −1.9
70 36.0 34.0 −2.0
80 38.5 36.8 −1.7

5. Results and Discussion

All the systems are studied under the weather conditions of the Southeast of England. The solar

irradiance and ambient temperature are given in Appendix A, Figure A1. The performances of all the

systems are compared in terms of PV temperature or drop in PV temperature by PV cooling, power

production, electrical efficiency and daily electricity generation. In addition, the instantaneous values

of thermal output, total thermal energy delivered and total system efficiency are also reported.
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5.1. PV Temperature

The variations in the average temperature of the PV panels are shown in Figure 2 for the reference

system, PCM cooled system and FPCM cooled system. The corresponding peak PV temperatures

attained by the systems (over the day) are presented in Figure 3.

 

Figure 2. Average temperature of PV panel of reference system, PCM cooled system and FPCM

cooled system.

 

Figure 3. Peak temperature attained by PV panel of reference system, PCM cooled system and FPCM

cooled system.

It was observed that the peak temperatures attained by the PCM and FPCM integrated panels

were less than that of the reference panel. This is because of the fact that the PCM and FPCM heat sinks

absorb the heat of the panel and reduce the temperature of the PV. It is also observed from Figure 3

that the FPCM integrated system achieved higher PV cooling than those of others. This is because of

the fact that in this system, there are fins that enhance the heat transfer from PV to PCM and decrease

the PV temperature more efficiently.

It can also be observed from Figure 2 that the average temperature of all the panels rises with

an increase in solar-irradiance, which reaches maximum value and thereafter drops with a decrease

in solar-irradiance. This is because of the fact that the elevation in the solar irradiance increases the

heat generation in the cells that increases the cell temperature. Figure 2 also shows that the peak

temperature attained by the PCM cooled panels is delayed compared to the peak temperature attained

by the reference panel because of the larger thermal mass added by PCM/FPCM heat sinks.

5.2. Temperature Contours

The variations in the temperature of the PV-FPCM system are shown in Figure 4. From this figure,

the temperature of the PCM can also be seen in addition to other parts of the system. The melting of
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the PCM with time can also be explained using these temperature contours. At 8 am, it can be seen

that the temperature inside the PCM containers is represented by a dark blue color, which is below the

melting point. It shows that at 8 am, the PCM is in a solid phase. It can also be seen that the PCM,

which is in contact with the fins and the container upper walls, is represented by a light blue color,

which is in a melting phase. Thus, this portion of PCM is changing its phase. At 10 am, it can be

seen that some portions of the PCM are dark blue, some portions are light blue and some portions are

green. Thus, some portions of the PCM (green) are completely melted, some portions (light blue) are

changing its phase and some portions (dark blue) are still in a solid phase. By looking at the contours

that correspond to 10 am, 12 pm and 2 pm, it can be seen that the solid portion of PCM (dark blue)

decreases with time and melted portion of PCM (green) increases with time. At 6 pm, it can be seen

that the dark blue portion (solid phase) of the PCM is increased as compared to 4 pm. This shows that

the solidification of the PCM is started.

 

292 293 294 295 296 297 298 299 300 301 302 303 

8AM 10AM 

12PM 2PM 

4PM 6PM 

K 

Figure 4. Temperature contours of the FPCM cooled system.
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5.3. Power Production

The variations in the power production by the reference system, PCM cooled system and FPCM

cooled system are shown in the Figure 5. It can be observed from the figure that the power production

of all the systems rises with increase in solar-irradiance, reach maximum value and thereafter drops

with the profile similar to solar intensity. This is because of the fact that the elevation in the solar

irradiance increases the current generation in the cells, which increases the power production.

 

Figure 5. Power production by reference system, PCM cooled system and FPCM cooled system.

The peak power productions of the systems are presented in Figure 6. It is observed that the PCM

and FPCM cooled systems produce higher power than that of the reference system. This is due to

the lower PV temperature maintained by extraction of heat through PCM/FPCM heat sinks, which

increases the power production of PCM/FPCM systems. It is also observed that the FPCM cooled

system achieved larger power production than that of others. This is because of the reason that in this

system, a larger surface area of aluminum (in the form of fins) is in contact with the PCM in comparison

to other systems, which enhances the heat flow from PV to PCM and reduces the PV temperature more

efficiently and enhances the power production.

 

 
Figure 6. Peak power production by reference system, PCM cooled and FPCM cooled systems.
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5.4. Electrical Efficiency

The variations in the electrical efficiency of the reference system, PCM cooled system and FPCM

cooled system are shown in Figure 7. It is observed that, initially, the electrical efficiency of the systems

increases with time. This is because of an increase in irradiance, which has a positive effect on the

efficiency. Around noon, the efficiency decreases. This is because of an increase in the PV temperature

that negatively affects the efficiency. During the end of the day, the efficiency decreases with time.

This is because of a decrease in irradiance.

 

Figure 7. Electrical efficiency of reference system, PCM cooled system and FPCM cooled system.

A trough can be seen around noon in the trend of efficiency of the reference system. This is

because of a decrease in efficiency resulting from the rise in PV temperature around noon. However, in

other systems, the PCM cools down the PV during noon and the efficiency does not decreases. Thus, a

trough around noon is not seen in the trends of other systems.

The electrical efficiency of the systems during noon are presented in Figure 8. It is observed that

the efficiency of the PCM/FPCM integrated systems is more than that of the reference system. The

higher efficiency of the PCM/FPCM systems is due to the higher power production resulting from the

thermal regulation of photovoltaics cells by using finned PCM.

 

 
Figure 8. Electrical efficiency of reference system, PCM cooled and FPCM cooled system around noon.
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5.5. Daily Electricity Generation

Total electricity generated by reference system, PCM cooled system and FPCM cooled system over

the complete day are presented in Figure 9. The results show that the daily electrical energy generation

by reference system is 17.6 kWh. The corresponding values for the PCM cooled and FPCM cooled

systems are 18.8 and 19.0 kWh, respectively. Thus, the PCM and FPCM heat sinks have increased the

electrical energy generation from PV by 7% and 8%, respectively.

 

Figure 9. Daily electrical energy generation by reference system, PCM cooled and FPCM cooled systems.

5.6. Cost Analysis

For cost analysis, the first step is to calculate the cost of the PV-FPCM system. The cost of 4 kWp

PV system is £6000. The cost of paraffin based PCM is £1.5/kg [33]. For 4 kWp system, total volume of

PCM used is 1.2 m3 (6 cm depth × 20 m2 aperture area) which is 900 kg (1.2 m3
× 750 kg/m3). Total cost

of PCM is £1350. An additional £900 is for aluminum containers and their manufacturing, considering

the cost given in [33]. Thus, the total cost of PV-FPCM system is around £8250.

The second step is to calculate the output of the PV and PV-FPCM systems over the lifetime of

20 years. For very simple calculations, it is considered that the values of daily power production given

in Figure 9 are the maximum values over the year as the chosen day is a clear sky day of summer and

the minimum power production values over the year are 0 kWh/day for fully rainy days of winter.

Thus, the average power production values over the year are 8.75 kWh/day for the PV system and

9.51 kWh/day for the PV-FPCM system. Total power production over the lifetime becomes 63,875 kWh

for the PV system and 69,423 kWh for the PV-FPCM system. It must be mentioned that the panel

degradation efficiency is already incorporated in Section 3.4.

The cost of power production is £0.094/kWh (£6000/63875 kWh) for the PV system and £ 0.119/kWh

for the PV-FPCM system. It shows that the PV-FPCM system is not economical. The main reason is

that the PV system does not produce significant power during cloudy/rainy days, which left PCM

unused for significant time of the year of the studied place and low irradiance values for most of

the months. However, it must be noted that in the present study, the depth of the PCM container is

taken as 6 cm. Therefore, the analysis must be carried out for various sizes of containers to find cost

optimized solution.

It must also be noted that the overall output of the PV-FPCM system can be increased by using

the extracted heat.
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5.7. Use of Extracted Heat

Since the studied systems are integrated to the roof of a household, the back of the panels is

exposed to the indoor environment in order to deliver the heat to the room as shown in Figure 1d.

The rate of heat flow from the back of the PCM containers through convection and radiation is

computed using Equation (9), which is the thermal output of the system, and the results are plotted in

Figure 10. It can be seen that as the solar irradiance increases, the thermal output increases. This is due

to the fact that the heat generation inside the cells increases with the increase in solar irradiance and

the heat directly goes from PV to the back of the PCM containers through the fins, which can be seen

from Figure 1c. Similarly, as solar irradiance decreases, the thermal output decreases. However, it is

also seen that after 4 pm, the thermal output does not decrease sharply, with a rapid decrease in solar

irradiance. This is due to the fact that the heat stored in the PCM majorly contributes towards heating

the back of the PCM containers which delivers the heat to the room.
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Figure 10. Thermal output of the PV-FPCM system.

The overall efficiencies of the systems are reported in Figure 11. The results show that the overall

efficiency of the PV system is increased from 13% to 19% by using FPCM through enhancement in

daily electricity generation and thermal output.
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Figure 11. Overall efficiencies of the systems.

It must also be noted that the heat stored in the PCM will produce thermal output after sunset too,

which will be computed/studied in future research.
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6. Conclusions

The present study aims at the enhancement of the PV performance and its cooling by using

FPCM heat sinks. Three different systems (reference PV system, PCM cooled system and FPCM

cooled system) were investigated. The systems were studied under the weather conditions of the

Southeast of England; 4 kWp original PV system was compared with the PV-PCM and PV-FPCM

systems. The results show that:

i. The PCM heat sink can reduce the peak PV temperature by 13 K and the FPCM heat sink can

reduce the PV temperature to 19 K.

ii. The PCM heat sink can increase the peak PV power output by 0.2 kW whereas the FPCM heat

sink can enhance the power production by 0.3 kW.

iii. Instantaneous PV electrical efficiency during noon increases from 13% to 14% using PCM

heat sinks.

iv. The daily electricity generation increases by 7% using PCM and 8% by using FPCM.

v. Using the FPCM heat sink, 7 kWh of thermal output is achieved, and the overall efficiency of

the PV system is increased from 13% to 19%.

The limitation of the studied systems is that the back of the PCM container is a flat surface, which

leads to a very low rate of heat transfer from the back of the container to the indoor environment.

Thus, the achieved thermal output is very low. A possible future development can be the deployment

of fins at the back of the container that can enhance the heat transfer and, consequently, enhance the

thermal output.

The other limitation of the studied systems is that the heat stored in PCM is a low grade heat,

which limits its utilization.
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Figure A1. (a) Solar irradiance and (b) ambient temperature.
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