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Abstract: A new design for the use of photovoltaic and thermal (PV/T) technology with thermal
storage is reported in this work. In the new design, a phase change material (PCM) tank is added
to the backside of the photovoltaic panel. The advantages of this design are the storage of thermal
energy and the efficiency improvement of the photovoltaic (PV) panel as a result of the temperature
control of the PV cell during the phase change process. In addition, a perimeter with a black surface
surrounds the PV panel to increase the absorption of thermal energy. The thermal energy is then
transferred to the backside of the PCM tank by heat pipes. One prototype with lauric acid as PCM
was tested under two different operating configurations and resulted in an overall daily efficiency of
50% coulding be improve by controlling the PCM temperature during the day.
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1. Introduction

The environmental commitments that the signatory countries to the Paris agreement [1] have
agreed to fulfill, make it essential to reduce greenhouse gas emissions and energy consumption
drastically and to incorporate renewable energies as the main source of energy supply.

Solar energy is, together with wind energy, the most abundant renewable energy resource on the
planet. It can be used either through direct conversion into electricity, by photovoltaic (PV) panels,
or in the form of heat, by thermal collectors. Photovoltaic and thermal (PV/T) technology, has been
incorporated into conventional PV and thermal solar collectors, thereby combining in a single collector
the possibility of generating both electricity and hot fluids.

Most of the incident solar energy on a PV panel is converted into heat. This process produces an
increase in the temperature of the PV cell which decreases its efficiency and durability [2]. Therefore,
one easy way to increase the energy generated by a PV panel is by taking advantage of that residual heat,
which can reduce the temperature of the cells. PV/T technology achieves higher global energy efficiency,
since the PV energy and thermal energy generated are combined, reaching values of approximately
65% [3]. In addition, PV/T panels reduce the physical space and the use of installation supports that
are required. Its integration in what is known as a building integrated photovoltaic and thermal
(BIPV/T) system into façades and roofs provides architectural uniformity and reduces the thermal load
of buildings.
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2. Review of PV/T Technology

The first hybrid solar panels, developed in the early 1980s [4], were based on flat solar collectors.
Those PV/T panels incorporated a thermal collector on their backside that was formed by tubes
through which a fluid was warmed with the heat of the PV panel. Therefore, it is possible to cool
the photovoltaic cells with their consequent increase in efficiency. Over the last few years, this initial
design has been improved and adapted to other needs, so much so that numerous types of panel
design can now be found in the literature.

The most widespread PV/T type is the flat collector that uses air or water as a coolant. New
designs use refrigerant fluids like R134a [5], R410a [6]. Additionally, some PV/T designs use nanofluids
that can improve thermal properties, achieving very good operating results [7,8], although the cost of
those materials has increased. Air-cooled PV/T panels are the simplest construction design. The design
features a single channel either on the back or on the front of the panel, which is used to heat air from
the interior or exterior of a house. Those collectors usually use fins, due to low air thermal conductivity,
to increase the heat-exchange surface [9], which is usually in contact with the back of the cells [10].
Air PV/T panels are also larger and noisier. Liquid PV/T panels, typically liquid water, are more
widely developed and are even found in commercial and private systems, for the reasons stated above,
and because of their high efficiency and their similarities to conventional solar thermal panels, [11].
These panels are also compatible with typical solar thermal energy installations and can be easily used
in domestic applications.

A fundamental aspect in its operation is the geometry of the pipe through which the fluid is
pumped. There are different alternatives proposed in literature: circular [12], rectangular [13], oval [14],
trapezium, and semicircular [15]. In the case of conventional circular tube, the contact surface between
the tube and the flat hot PV surface is small, but also drop in pressure is minimized. On the other
hand, rectangular tubes increase the contact surface, but also increase the pressure drop in the fluid.
In general, circular geometry is easier to build and is used more than any other in PV/T panels [11].
Improvements to panel absorption have been studied through the influence of such parameters as
diameter, tube separation, and varied materials [16].

PV modules convert solar radiation into electrical energy with typical efficiency rates of between
5% and 20%. The absorber plays a dual role: it increases the efficiency of the photovoltaic conversion,
since it cools the cell, and collects the thermal energy that can be used for other uses, typically low
temperature applications such as domestic hot water (DHW) and air conditioning. Classic PV/T panel
systems are expected to have a constant fluid flow during most hours of sunlight. Their low thermal
inertia causes rapid panel temperature variations whenever solar radiation or wind speeds change.

These systems are likely to be improved by introducing thermal storage using phase change
Materials (PCM) [3,17]. If the thermal storage system is coupled directly to the back of the panel,
the thermal inertia of the assembly is increased, controlling and homogenizing the temperatures during
its operation, and storing much of the heat that the panel generates during the day [18].

An important aspect of the PV/T panels is the utility of the heat, which is higher as the fluid
temperature increases. However, operating at high temperature will reduce PV performance and heat
loss to the atmosphere will increase. The solution proposed by some authors, such as Yuan et al. [19],
is the use of PCM systems to increase the thermal inertia of the panel. In this way, the system will
maintain a more uniform temperature during operation even under changing solar conditions, without
keeping the fluid flow during the day. The heat in these systems is stored as latent heat during the
phase change process. The possibility of selecting the type of PCM [20] allows, a priori, adjustments to
the operating temperature of the PV panel. Yang et al. [21] compare fatty acid PCMs with different
melting point in a PV/T panel, where the best results were shown when using PCM with a melting
point of 30.1 °C. Although lower global efficiency of the panel is achieved when using low temperature
PCM, the fluid temperature is higher, and also its utility, when using PCM with higher melting point,
as shown in the real test done by Fayaz et al. [22] to a PV/T Paraffin RC44 as PCM. Most works
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suggest the use of PCM to increase the thermal inertia of the panel, but the PV/T panel operates like a
conventional PV/T without PCM.

The implementation of a PCM in a PV/T can be also used as a local thermal energy storage.
Xu et al. [23] analyze the performance of a PV/T panel with a fatty acid 37 °C PCM that the heat is only
extracted when the PCM is completely melted and has reached a limit temperature. The efficiency of
this operating configuration does not considerably affect to the global efficiency of the panel, reaching
a maximum value of 91%.

The low thermal conductivity of a PCM prohibits the use of large thicknesses. Studies conducted
on PCM thickness indicate thicknesses of 30 mm as a useful limit value [24]. Figure 1 shows the
variation in the temperature of the PV panel with a PCM of variable thickness or melting point,
considering the solid-state thermal conduction of the PCM, and assuming one-dimensional conduction,
according to Fourier’s Law (1).

.
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)
; L is the

PCM thickness (m); and, ∆T is the temperature difference between the PCM and the surface of the
photovoltaic panel (K).
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Figure 1. Variation of photovoltaic (PV) panel temperature at different phase change material (PCM)
melting temperatures and thicknesses.

For this reason, the selection of the type of PCM is complex and very important to ensure optimal
operation of the PV module. The optimum temperature range of the PCM for use in PV/T is between
30–45 °C. In the literature, it is possible to find different studies trying to improve the low thermal
conductivity of PCMs [25]. Finned systems are one solution, as they are a simple, low-cost, and efficient
option. In some works, the optimization of fin geometry, separation, and construction material have
been studied [25,26]. More recently, the use of PCM that incorporates nanoparticles that improve
thermal properties have begun [27,28]. However, some sedimentation or degradation problems were
also identified.



Sustainability 2020, 12, 1710 4 of 15

In this study, a flat PV/T panel design will be described, where heat pipes (HP) are incorporated
as a heat transfer element to the PCM. The HP has a quick heat transfer function between each end
with small temperature gradients. Internally, the fluid is vaporized and moved to the cold zone, where
it condenses, releasing heat. The displacement of steam is very fast, making HPs a good option for
heat transfer by passive systems. In addition, these elements can be adapted to the geometry of the
system, which simplifies the design.

3. Design and Construction of the Proposed PV/T Panel

The main function of hybrid solar technology is to take advantage of the solar energy absorbed
by the PV panel that is not transformed into electricity. In this new design, a solution to heat storage
in a PV/T panel with PCM is proposed. To do so, heat pipes are incorporated to transfer the heat
absorbed to the deepest part of the PCM from the front side of the panel. Therefore, the PCM can
be heated from two zones. In one zone, the PV panel transfers heat from its backside while, in the
other zone, the HP passes its heat to within a deep area of PCM. This improves the quantity of molten
PCM without significantly increasing the temperature of the PV panel. Unlike other panels with PCM,
the heat transferred by the HP is absorbed into an added dark perimeter on the panel surface, which
acts solely as a thermal absorption area. A design scheme is shown in Figure 2. With this design, it is
possible to adjust the heat/electricity ratio that is generated, thereby adapting the panel technology to
the needs of the installation.
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The panel described in this work has four different elements: PV panel, PCM, heat pipes,
and thermal collector. The starting point is a conventional flat photovoltaic panel, which simplifies the
construction and can be adapted to any type of standard geometry. This element is responsible for
absorbing solar radiation and generating electricity. The PCM attached to the back can therefore be
used to control panel temperatures and store heat during daylight hours, that in this design, can be
increased over 30 mm, due to better heat transfer.

These elements are arranged in contact with the black perimeter of the panel surface where they
absorb heat and transfer it to the PCM. The working temperature of the HP can be slightly higher than
that of the PV panel, as they are at a slight distance from the PV and will not produce a temperature
increase in the PV cells until all the PCM is molten. Energy will only be stored as sensible heat when
there is an increase in the PCM temperature. The operating scheme can be seen in Figure 3, where the
heat flux to the PCM, that takes place in the proposed design, is schematized.
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The last element of the design is the thermal collector. This element is a copper tube fitted inside
the PCM. Its function is to remove the heat that is stored during the day for delayed use. A fluid (water)
circulates through it to be heated. The collector can have a grid or a coil shaped distribution. The main
difference between them, when using the same fluid flow, is that, in the first case, the pressure drop
is lower, but also the increase of the fluid temperature. Depending on the final thickness of PCM
included in the panel, the collector must be designed at one or several levels, in order to limit the
distance between the hot PCM and the tube, in order to improve the heat transfer process.
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It should also be considered that, due to the storage of heat in the panel, greater insulation of the
assembly is required to reduce heat losses. Higher heat losses are generated on the front surface of the
PV panel, an element that cannot be insulated with conventional systems, as sunlight has to reach the
PV cells so it must be transparent. In this design, a small layer of air, or an inert gas, will give some
thermal insulation to the front surface and sufficient solar radiation will pass through it. This layer of
air is entrapped with an additional front glass separated, at 10–15 mm, from the PV panel glass.

3.1. Advantages and Disadvantages of the Design

In addition to the improvement in both the PCM heating process and the effective volume of PCM
that will be placed on the panel, the design has other advantages that together with its disadvantages
are summarized in Table 1.

Table 1. Advantages and disadvantages of the PV/T-PCM/HP design.

Advantages Disadvantages

Local heat storage in the panel
Greater thermal homogeneity

Higher PV efficiency
Heat/electricity ratio can be adjusted

Dual PCM heating
Less space required

Need for thermal insulation improvement
More complex design and assembly

Expansion absorption system

Having a local energy storage system reduces the required space in the installation for an
accumulation tank. In addition, unlike traditional PV/T panels, it is not necessary to have a constant
flow of fluid during its operation. Fluid should only be pumped when there is a demand for heat.
On the other hand, one of the biggest advantages of this design is that the heat/electricity generated
may be adjusted to the demands of the building. To do so, it is only necessary to vary the dimensions
of the dark perimeter surface.

However, this design is more complex to manufacture, so it will increase the cost of the panel.
The volumetric expansion of the PCMs in a molten state must be considered in the design, to avoid
increasing the pressure within the panel, otherwise the panel might deteriorate. Thermal insulation
should also be increased to reduce the loss of stored heat in the PCM.
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3.2. Prototype Construction

A functional prototype was built for design validation. This prototype was tested under real
conditions where its operation was verified. The starting point of the construction is a 100W
LUXOR LX-100M PV panel. Table 2 shows the nominal characteristics. It has a photovoltaic area
of 1194 × 542 mm. Under the PV panel, the volume of the PCM was joined, the container for which
consisted of aluminium profiles. The selected PCM for this first prototype was lauric acid, since its
melting point is close to 43.5 ◦C [29] and it is suitable for use in PV/T technology. It is also characterized
by its low cost and non-toxic properties. The main thermophysical characteristics are summarized in
Table 3. The total mas of PCM included in the design is 24 kg with a depth of 35 mm, which has a
thermal storage capacity of 4500 kJ.

Table 2. PV panel technical characteristics.

Peak Power: Pmpp 100 W
Voltage at max power Vmpp 18.70 V
Current at max power: Impp 5.39 Amp

Open circuit Voltage: Uoc 21.60 V
Short circuit: Isc 5.87 Amp

Power Temp coe f f −0.49%/°C
Current Temp coe f f 0.05%/°C
Voltage Temp coe f f ] −0.35%/°C

Table 3. Lauric acid thermophysical properties. [30,31].

Liquid Solid

Melting temperature 43.5 °C
Density 873 kg/m3 940 kg/m3

Specific heat 2.20 kJ/kg·K 1.95 kJ/kg·K
Thermal conductivity 0.15 W/m·K 0.45 W/m·K

Viscosity 0.006 kg/m·s
Volumetric Expansión 9·10−4 K−1

Melting latent heat 187.2 kJ/kg

One of the biggest limitations on the materials that may be used as the PCM is volumetric
expansion in a liquid state, an aspect that complicates the design of a panel. An elastomeric system that
can be compressed, so that the expansion can be absorbed was therefore incorporated inside the PCM.

The selection of the HP must be based on the dimensions of the panel and the maximum thermal
capacity of those elements. In this prototype, 22 HP model QG-SHP-D5-400MN, from Quick-Cool-Shop,
were installed. They are a water-copper meshed heat pipe that has a maximum thermal capacity of
30 W. The HP diameter and length is 4 mm 400 mm respectively, which is sufficient to cover a large
part of the panel surface, as shown in Figure 4c. The HPs length in contact with the PCM, condenser,
is 220 mm and they were placed curved so that the effective evaporation length of the HP is increased
by up to 125 mm, improving the heat transfer between the HP and the perimeter surface.

Several K-type thermocouples, distributed along a diagonal of the panel, at three different heights
separated 10 mm, were included inside the PCM in order to verify the correct operation of the design,
as shown in Figure 4b. These measures allow the characterization of the PCM melting process during
operation. Figure 4d shows the front glass that entraps the layer of air for thermal insulation of the
front of the panel.
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4. Experimental Tests

The prototype was tested under real conditions during spring and summer months. To that end,
an outdoor test facility for PV/T panels was designed and built. It had all the necessary elements for
operating the PV/T panels and, at the same time, it controlled and measured the different operating
parameters. As it can be seen in the Figure 5, the water flow is cooled by the air radiator and a
water-cooling system. In addition, the fluid tank adds thermal inertia to the installation to keep
fluid temperature stable. The fluid flow is measured with a flowmeter LIQUI-VIEW Base LVB-10P
2− 40 l/min± 2% and both inlet/outlet temperatures are measured with PT1000 CLASS A. Therefore,
the heat generated in each panel was calculated by the expression (2):

.
Q =

.
m·cp·(Tout − Tin) (2)

where
.

m is the mass flow rate (kg/s), cp is the specific heat of the fluid (J/kg·°C), Tout and Tin are the
outlet/inlet temperatures of the fluid (°C).
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The electricity that is generated is then dissipated by a fixed 150 W resistors of 2.2 Ω± 5%, directly
connected to the panel, where both the voltage and the current that is generated are measured with a
hall effect current transducer LEM HAS-50S 0 ∼ 50 A± 1% and the voltage directly with the datalogger.
Its product is instantaneous power, as defined in expression 2.

.
Welec = V·I (3)

where V is the voltage of the PV module (V) and I is the electrical current (A).
In addition to the energy values of the panel, different temperatures were recorded, both inside

the PCM and the surface of the panel and the environment with nine internal thermocouple type K
± 1.5 °C inside the PCM and other in the front surface of the PV module. A Starpyranometer type 8102
pyranometer 0 ∼ 1500 W/m2

± 3% placed at the same inclination of the panel, measured the solar
radiation that reached the panel.

The heat storage capability of the PCM adds further operating modes to the panel. Two different
studies were therefore conducted. The first was to remove heat during the day. The panel stores heat
while, at the same time, it is removed by the flow of fluid in the thermal collector from 10:00 a.m.
to 20:00 p.m. This operational mode is the one that has conventional PV/T panels without PCM.
The second mode stores heat during the day that is removed during the night. The fluid flow is
activated at 23:00 p.m. until 3:00 a.m. With these tests it was possible to analyse the maximum
temperature levels reached in the panel, as well as the effectiveness of the thermal insulation.

Neither of the operating conditions of the panel has a constant water flow. This limits the
possibility to measure the instantaneous thermal efficiency since, when there is not fluid flow, the exact
thermal energy absorb by the PCM is impossible to be measured with the implemented sensors.
For this reason, in this preliminary performance analysis only the total daily energy and efficiency
were calculated.

5. Analysis of the Results

As mentioned above, two types of tests were performed, and the results will be individually
described below. The large volume of data collected from the two tests, representing only four or five
consecutive days, are shown for each type of test that is performed. Measurements of each sensor were
taken every 30 s, and the average values at 10-min intervals were stored by the datalogger. In all of
them, typical days of spring and summer in Spain were registered.

5.1. Test Configuration 1

The first tests on the panel were in the month of May, when partially cloudy and clear days were
registered. Figure 6 shows the solar radiation and temperature of those days. The first two days were
partially cloudy while the other days were clear. The ambient temperatures of those days reached
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values higher than 20 °C although, during the night, the temperature dropped to values close to 5 ◦C.
These temperatures are not extreme conditions, although at night the lower temperature increases the
heat that is dissipated. These tests were carried out with a water flow of 2 l/min during the central
hours of the day, between 10:00 a.m. and 8:00 p.m.Sustainability 2020, 12, x FOR PEER REVIEW 9 of 15 

 
Figure 6. Incident solar irradiance (red line) and ambient temperature (blue line) for test configuration 
1. 

As previously mentioned, in this working configuration, the fluid pump was active for several 
hours of the day. In this way, heat was only obtained from the panel during those hours. The values 
of heat and electricity generated by the panel over the different days are represented in Figure 7. 
Electricity generation was similar every day, except for the first day that was cloudier and therefore 
with lower levels of solar irradiation. On the other days, the solar radiation was very similar, reaching 
peak values higher than 1100 ܹ/݉ଶ. Likewise, the temperature of the PV panel was similar, with a 
maximum value of 60 ℃, except for the first cloudier day when the solar energy was lower and 
therefore its temperature. Under this configuration, the PV panel was able to generate 790  Wh of 
electricity in a day with a peak power close to 60 W. 

The thermal operation of the panel was different. It can be seen that, during the days with higher 
ambient temperature, higher levels of thermal power were generated, due to lower heat loss of this 
days. This observation shows the importance of an efficient thermal insulation in this type of panel. 
Even so, it can be seen from Figure 7 that the generation of heat (red curve), was maintained 
throughout the period during which the heat was removed from the PCM. Thermal energy power 
greater than 600 W was obtained and it generated over 13 kWh in one day. 

 
Figure 7. Electrical power (blue line) and thermal power (red line) generated in the first operating 
configuration. 

The PCM melting process is shown in Figure 8 where the temperatures within the panel are 
represented for the three depths of the PCM. The red line is the temperature variation of the surface 
temperature on the PV panel. It is observed that, during every day of operation, the maximum 
temperature, close to 60 ℃, and its variation is very similar. This temperature was sufficient to melt 
the PCM, so much so that the PCM close to the PV panel was molten. In contrast, lower PCM 
temperatures showed lower temperatures. None of them reached the melting point of 43.5 ℃. The 

0

5

10

15

20

25

30

0

200

400

600

800

1000

1200

1400

10-may. 11-may. 12-may. 13-may. 14-may.

Te
m

pe
ra

tu
re

 (⁰
C)

So
la

r I
rr

ad
ia

nc
e 

(W
/m

2 )

Solar Irradiance - Ambient Temperature Solar Irradiance
Ambient temperature

0

10

20

30

40

50

60

70

0

100

200

300

400

500

600

700

10-may. 11-may. 12-may. 13-may. 14-may.

El
ec

tr
ici

ty
 p

ow
er

 (W
)

He
at

 p
ow

er
 (W

)

Electrical and Thermal power Heat
Electricity

Figure 6. Incident solar irradiance (red line) and ambient temperature (blue line) for test configuration 1.

As previously mentioned, in this working configuration, the fluid pump was active for several
hours of the day. In this way, heat was only obtained from the panel during those hours. The values
of heat and electricity generated by the panel over the different days are represented in Figure 7.
Electricity generation was similar every day, except for the first day that was cloudier and therefore
with lower levels of solar irradiation. On the other days, the solar radiation was very similar, reaching
peak values higher than 1100 W/m2. Likewise, the temperature of the PV panel was similar, with a
maximum value of 60 °C, except for the first cloudier day when the solar energy was lower and
therefore its temperature. Under this configuration, the PV panel was able to generate 790 Wh of
electricity in a day with a peak power close to 60 W.
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Figure 7. Electrical power (blue line) and thermal power (red line) generated in the first
operating configuration.

The thermal operation of the panel was different. It can be seen that, during the days with higher
ambient temperature, higher levels of thermal power were generated, due to lower heat loss of this
days. This observation shows the importance of an efficient thermal insulation in this type of panel.
Even so, it can be seen from Figure 7 that the generation of heat (red curve), was maintained throughout
the period during which the heat was removed from the PCM. Thermal energy power greater than
600 W was obtained and it generated over 13 kWh in one day.
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The PCM melting process is shown in Figure 8 where the temperatures within the panel are
represented for the three depths of the PCM. The red line is the temperature variation of the surface
temperature on the PV panel. It is observed that, during every day of operation, the maximum
temperature, close to 60 °C, and its variation is very similar. This temperature was sufficient to melt the
PCM, so much so that the PCM close to the PV panel was molten. In contrast, lower PCM temperatures
showed lower temperatures. None of them reached the melting point of 43.5 °C. The volume of molten
PCM was between the back surface of the panel and the first thermocouple. Molten temperatures
were reached as heat was removed during the day, leaving the PCM refrigerated throughout most
daylight hours. In this mode of operation, although the fluid temperature was warmed to only 35 °C,
the electricity generation was greater.
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Figure 8. Temperature of the PCM for the different depths analyzed.

5.2. Test Configuration 2

In test configuration 2, solar energy was similar to the previous study, where peak power outputs
of over 1100 W/m2 were recorded. However, the ambient temperature was slightly higher, as those
tests were performed on dates closer to summer, with temperatures close to 30 °C during the central
hours of the day, as can be seen in Figure 9, although in the night the temperature dropped below 10 °C
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In this operation configuration, all the heat that is generated is stored during the day in the PCM.
Therefore, the panel temperatures were considerably higher, showing temperatures slightly higher than
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90 °C. This fact reduces the efficiency of the PV panel, as can be seen in Figure 10, where the electricity
power generated by the panel during these tests are represented, in addition to the thermal energy.Sustainability 2020, 12, x FOR PEER REVIEW 11 of 15 
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Figure 10. Electrical power (blue line) and thermal power (red line) generated in the second
operating configuration.

The photovoltaic efficiency was lower than in configuration 1. In that case, the electricity
was slightly greater than 50 W. However, the thermal energy was considerably higher, because the
temperature of the PCM was higher, as no heat was extracted from it during daylight hours. Therefore,
greater thermal power can be obtained with values of up to 700 W, as shown in Figure 10.

The energy generated over one day was 365 Wh of electricity and 2.5 kWh of heat. This last value
could be increased by increasing the time that the fluid is circulating, because, in this test, the PCM was
still molten when the pump was turned off. The temperature reached on the surface of the panel was
much higher, because as shown in Figure 11, the entire PCM melted quickly and, therefore, the sensible
heat of the thermal energy was stored. It shows that in the case of storing all heat from the day for use
at night, it would be necessary to increase the amount of PCM to keep the temperature under control.
In a real use of the panel, it is probably that during the day some heat is extracted from the panel,
reducing the PCM temperature.
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Figure 11. Temperature of the PCM for the different depths under analysis.

Unlike the previous test, at midday, the PCM was already molten and its temperature was even
increasing. The effectiveness of the HPs is evident, as the volume of PCM rapidly melted and it
maintained a homogeneous temperature at all depths. The PCM remained molten for much of the
night. A hot fluid was also obtained at night with a higher temperature, 40 °C, when compared to the
maximum 35 °C reached during the previous tests.
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When the temperatures of all thermocouples placed inside the PCM are plotted, see Figure 12,
it can be seen that the temperature was not homogeneous at each depth. There is a temperature
gradient between the upper and lower zone of the panel, the differences between which at some points
exceeded 10 °C.Sustainability 2020, 12, x FOR PEER REVIEW 12 of 15 
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Figure 12. PCM temperatures throughout one day for all the thermocouples.

These temperature differences were because of the internal convective flows that were generated
once the PCM was molten. It produced overheating in the upper zone of the PCM, due to the difference
in density of the liquid PCM that was caused by temperature differences. Figure 13 shows the results
of the transient 2D-CFD study of the melting process of PCM included in the PV/T-PCM design. Solar
irradiance of 1000 W/m2 and a titled of 42 ◦C was considered for the simulation run. In the same way
as the experimental tests, these results show that PCM overheated within the upper area of the panel with
a temperature difference higher than 50 °C. A solution to this limitation could be to compartmentalize
the internal PCM, so that displacement of the hotter liquid PCM to the upper part of the PV/T panel
could be prevented. In that case, there would still be some local convective flows that would increase
heat transfer to the solid PCM without generating a high temperature difference within the panel.
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Figure 13. Evolution of the phase change process and the temperature in the PCM. Study conducted in
CFD. (a) Liquid fraction (b) Temperature. (Note: simulations at a panel inclination of 42 ◦C).
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6. Conclusions

A new PV/T panel design was proposed that optimizes the generation of electricity and heat.
By incorporating PCM, the thermal inertia of the panel is increased achieving lower and more
homogeneous temperatures in the panel. This design also includes heat pipes that improve heat
transfer in the deeper area of the PCM. These elements transfer the heat to the farthest PCM from the
PV panel and increase the effective volume of PCM that can be included in the PV/T panel.

Two configurations for operating the panel were analyzed by varying when the thermal energy is
extracted from the PCM. When heat is removed during central hours of the day, electricity generation
is optimized, while if done during the night, the heat is obtained at a higher temperature and with
higher power, but the PV temperature is much higher.

In this preliminary test, the panel was able to generate electrical power higher than 60 W and
thermal power of 700 W in a fluid at 45 °C. This heat could be used for HDW and low-temperature
heating systems, such as underfloor heating, where most of the energy demand could be covered with
this type of panel. During the outdoor test, more than 13 kWh in a day was obtained. It represents
a global daily average efficiency of almost 50% for the first operating configuration and 30% in the
second configuration.

This efficiency could easily be increased by increasing the volume of PCM to store more heat
during the day without triggering higher PV panel temperatures. Additionally, the global temperature
of the PCM, and therefore the temperature of the PV, can be reduced if the heat is extracted during the
day when the PCM is completely melted, preventing that the PCM increase it temperature.

The ambient temperature has a big impact in the heat that is generated. More attention needs to
be focused on panel insulation, since a reduction in thermal power was detected on days with lower
ambient temperatures and with higher wind speeds.

When the panel is installed with an inclination, a temperature difference between the upper and
lower zone of the panel is generated, due to the stratified density of the liquid PCM. The temperature
of the PV panel is therefore not homogeneous. To avoid this problem, elements that limit the internal
flow of the liquid PCM to the top should be included, reducing the overheating of the panel at the top,
as shown in the CFD simulations.

Furthermore, the electricity/heat ratio that is generated can be adjusted with this innovative
design, by increasing the perimetral dark surface of the panel. In this way, it could be adjusted to the
energy demand of the installation, favouring its integration in buildings and homes.

7. Patents

The Prototype design described in this paper is protected under Spanish Law (Patent P201930047)
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