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Abstract: Hybrid photovoltaic-thermal heat pump (PV/T-HP) solar energy systems are promising
since they can achieve a system total efficiency greater than 80%. By maximizing the output of a PV/T
system for simultaneous heating and cooling, this strategy can meet over 60% of urban households’
heating needs and around 40% of their cooling needs. In this work, a novel PV/T evaporator was
designed, fabricated, and an aluminium foil encapsulated hydrated salt (HS36) PCM was integrated
with the PV/T evaporator of the PV/T direct expansion heat pump system (PV/T-DXHP). Energy
analysis was carried out on the PV/T-DXHP system with PCM in tropical climate regions of India for
achieving net zero energy buildings. The experimental study revealed that the average PV electricity
efficiency was 14.17%, which is near the PV panel’s STC value. The average thermal efficiency of the
system was 104.38%, and the PV/T system’s average overall efficiency was 117.58%. The heating
and cooling COPs of the system were 5.73 and 4.62, respectively. It was concluded that net-zero
energy buildings are possible with the help of photovoltaic heat pump systems that use PCM and
solar energy to make electricity, cool spaces, and heat water.

Keywords: solar photovoltaic; heat pump; phase change materials; COP; energy

1. Introduction

Nowadays, most people are aware of the impact of carbon emissions on the environ-
ment and the need to reduce the use of fossil fuels to keep the world average temperature
rise to less than 2 ◦C in recent decades [1]. The world’s energy system has to be changed to
a more sustainable one to reduce carbon emissions and global temperature rise [2]. The
heating and cooling devices consume the most considerable energy in India, accounting
for 51% of all final energy consumption. Cooling of spaces (52%), processes (30%), and
water (10%) account for the majority of demand, with space heating demand still being
moderate but rapidly increasing. A total of 45% of energy use is in heating and cooling
buildings in the residential sector, followed by industry with 37% and services with 18% [3].
Reducing the use of fossil fuels, lowering carbon emissions, and increasing the use of sus-
tainable sources of energy, is crucial to continue developing and placing renewable build-
ing technology into use. Affordably deploying solar energy was generally recognized as
a significant worldwide engineering problem because of its potential to significantly impact
the reduction of our dependency on fossil fuels and the integration of renewable energy
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sources into the building environment. Solar power generating and solar water heating
systems are advantageous since they may provide both water heating and electricity, which
stand out as possible decarbonization approaches [3].There are a few drawbacks to solar
water heating (SWH) systems that could prevent them from being widely used. The SWH
water heating system is dependent on sunlight, and it generates a limited hot water sup-
ply [4]. Similarly, PV panels have lower efficiency limitations due to the rise in PV module
temperature [5]. Cooling spaces with air conditioner (AC) systems are commonplace in
modern buildings, especially in congested urban regions. Air conditioning in buildings
is in high demand due to rising temperatures and expanding metropolitan areas in India.
While HVAC systems are becoming increasingly common in wealthy nations, India needs
to catch up due to several barriers to entry. AC systems also cost a lot to run and maintain
because they use a lot of energy [6].Hence, the technologies used to produce hot water,
electricity, and space cooling have limitations, and combining them into a single system
can enhance its performance. Hybrid photovoltaic-thermal heat pump (PV/T-HP) solar
energy systems look good and can solve the problems discussed since they can achieve
a system total efficiency greater than 80%. By maximizing the output of a PV/T system for
simultaneous electricity generation, heating, and cooling, this strategy can meet over 60%
of urban households’ heating needs and around 40% of their cooling needs.

All buildings require the capacity to independently produce electricity that can con-
serve energy and utilize the heat generated for space cooling and water heating. Hence,
Fischer and Madani [7], who also looked at this, considered combining solar PV with heat
pumps a highly successful technique to achieve more electricity savings. Similar findings
from Khouya’s investigations [8] have shown that focused PV/T and heat pumps may
significantly lower electrical energy usage. Also, the most important thing the authors
found was that hybrid systems based on renewable energy could provide electricity at
a reasonable price [9]. Adding heat pumps with PV/T as a hybrid component was
researched to increase the system’s overall energy efficiency. Kamel et al. [10] placed
a particular emphasis on this idea in the research that they conducted on the possibility of
hybrid systems undergoing evolution and improvement. Heat pumps can theoretically give
the power system more flexibility if the appropriate design technique was applied. Cascade
heat pumps can often produce cooling water in addition to hot water at medium and high
temperatures, making them useful for various applications [11], including drying and
cooling buildings. Yaolin Lin and colleagues [12] researched a variety of PV/T-HP systems
and found that the efficiency of photoelectric and photothermal conversions has signifi-
cantly improved. The photovoltaic cell’s operating temperature can be lowered, which is
a bonus, while photoelectric efficiency may be improved. The PV/T heat-collection module
works as the heat source for the heat pump. This causes an increase in the evaporation
temperature and the evaporation pressure of the evaporator’s working fluid, which raises
the heat pump’s coefficient of performance. Kong et al. [13] undertook a numerical analysis
of the PV/T-based hybrid system for space cooling, heating, and PV panel cooling. They
found that the system had a coefficient of performance COP of 4.5 and that the temperature
drop in the panel was between 5 and 15 degrees Celsius. Experiments by Besagni et al. [14]
on the hybrid PVT system revealed a COP of 4.2 on average and a temperature drop of
10–20 degrees Celsius in the PV panel. The heat pump PV/T system was examined by
Shao et al. [15], and the researchers found that it had a maximum COP of 4.8 and a module
efficiency of 12%. The heat pump PV/T system’s coefficient of performance (COP) was
determined to be 3.7 on average by Hong Li Yue Sun et al. [16]. Zhou et al. [17] carried
out the experimental study on the HP PV/T system and found that it had a COP of 4.7,
was 13.1% efficient in generating electricity, and 56.6% efficient in extracting heat. Min
Yu et al. [18] examined the potential of a micro-channel loop PV/T HP system and dis-
covered that by using R410a as the refrigerant, they could increase efficiency by 18.55%.
The researchers found that by using R410a as the refrigerant, they achieved an increase in
efficiency of 18.55%. Zhiying Song and colleagues [19] researched the PV/T heat pump
system, which had a maximum COP of 5.45 and provided the highest possible level of
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electrical efficiency of 11.66%. Emmanuel et al. [20] performed a numerical investigation
of the PV/T HP system and discovered that the temperature of the PV/T was reduced to
a maximum of 17.16 ◦C. Sajidabbas et al. [21] conducted tests on the PV/T HP system and
found that its efficiency increased by 14.08% and that its average coefficient of performance
was 6.11. A few researchers used PCMs below the panel of the PV/T system to regulate
the thermal energy and boost the electrical performance by lowering the temperatures
of the PV cells [22–24]. Many researchers used high [25,26] as well as low thermal con-
ductivity PCMs [27], and metal foam-coupled PCM [28]. However, most of the research
works focused on an indirect expansion heat pump for building space heating, PV cooling,
and electricity.

On the other hand, most of the information from earlier research was based on indirect
expansion HP for a cold environment. Only a few researchers conducted the experimental
performance analysis of a hybrid PV/T-DXHP system. However, the studies focused
on something other than PCM-integrated PV/T evaporators in PV/T-DXHP systems for
generating electricity, PV cooling, space heating, and hot water in hot climatic regions.
The novelty of this work was integrating a new novel butterfly serpentine flow (BSF)
collector as a PV/T evaporator and hydrated salt (HS 36, an aluminium foil encapsulated
PCM) to enhance the performance of the PV/T-DXHP system and to meet the building
requirements. The objective of this work is to suggest a suitable hybrid alternative instead
of using different systems for space cooling, water heating, and power generation in
buildings. A combined approach is used for space cooling, water heating, and PV power
generation in buildings. Hence, a hybrid PV/T-DXHP direct expansion HP system with
phase change material (PCM) has been proposed in this study to provide a building’s needs,
i.e., electricity, space cooling, PV cooling, and hot water. This research was conducted to
find ways for homes and businesses to use energy more efficiently. It was accomplished by
developing a hybrid system that addresses the issues identified with photovoltaic panels
and HVAC systems. Energy analysis was carried out on the PV/T DXHP system with BSF
pattern profile coil and hydrated salt PCM (HS36) at the PV/T evaporator side for PV panel
cooling, space cooling, water heating, and electricity generation applications. In this work,
the electrical conversion efficiency (ηel), thermal efficiency (ηth), COPHP, and COPoverall
of the PV/T-DXHP-PCM system were analyzed and compared with those of a reference
uncooled PV system.

2. System Description

A PV/T-DXHP-PCM system was designed and fabricated for hot Indian climatic
conditions. This country’s climate was generally hot and humid all year. It receives
a lot of sunlight due to its geographical position and solid solar radiation, averaging
20.04–26.01 MJ/m2 per day and an annual total of around 5703 MJ/m2. Compared to
the other months of the year, summertime has a larger daily solar energy average than
the other times of the year. The average temperature of the surrounding air on any day
during the year was 31 ◦C. Because there is abundant yearly solar energy and a heat
supply from the surrounding environment. Any time of day or year can heat water with
the PV/T-DXHP-PCM because of its adaptability and versatility. A novel, new butterfly
serpentine flow profile was developed and used as a PV/T-PCM evaporator with a heat
pump setup. The detailed description of the experimental design was explained in detail in
subsequent subsections.

2.1. PV/T Collector Design

The serpentine flow pattern used in this work was shaped like a butterfly structure; as
a result, it is known as the Butterfly Serpentine Flow (BSF) Pattern. Because the center of
the PV panel encounters higher temperatures than the bottom and top areas. Hence, the
BSF flow pattern was created and chosen to cool the PV’s center part effectively. Figure 1
shows the pattern of PV/T collector’s intricate design. Figure 2 shows the extended views
of the PV/T-PCM evaporator used in this work. The fabrication process for the PV/T
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collector/evaporator is shown in Figure 3. The PV/T evaporator combines heat from
a collector and electricity from PV panels (BSFC pattern copper coil). A 260 W polycrys-
talline photovoltaic (PV) panel and a 60-cell PV (p-Si) module were used to create the
PV/T evaporator.. Table 1 provides technical information about PV panels. The chosen
location’s average outdoor air temperature (Ta) is 31 ◦C. More heat was transferred from
the PCM to the aluminium plate when the PCM’s melting point was between Ta+3 ◦C and
Ta+6 ◦C [29], due to better heat dissipation. Hence, the PCM used for this work was
hydrated salt (HS36), which has a 36 ◦C melting point. The PCM was encapsulated in
aluminium foil packets, which were thin and effective at transferring heat. An aluminium
foil of 30 cm width, 57 cm height, and 3 mm thick encases the HS36 salt-hydrate PCM.
Using Equation (1), it was determined the PCM’s mass [29] was 9 kg. Underneath the
PV/T evaporator, there were nine packets of HS36, each having 1 kg., as shown in Figure 3.
Table 2 displays the technical parameters of PCM.

mPCM =
Qch

QLH-pcm +
∫ m

i Cps(T)dT +
∫ f

m Cpl(T)dT
(1)
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Table 1. Specification of PV.

Parameters Range

Pmax 260 W

Vmp at Pmax 31.0 V

Imp at Pmax 8.38 A

Voc 38.4 V

Isc 8.92 A

Size of PV 1661 × 991 × 35 mm

Mass of PV 18 kgs

Table 2. PCM—salt hydrate (HS36) Properties.

Parametrs Range

Tm 36.0 ◦C

Tf 35.0 ◦C

QLH 166 kJ/kg

ρl 1850 kg/m3

ρs 1967 kg/m3

Cpl 2.32 kJ/kgK

Cps 1.98 kJ/kgK

Kl 0.47 W/mK

Ks 0.5 W/mK

2.2. Experimental Setup

The schematic layout of the hybrid PV/T-DXHP-PCM system used in the study is
shown in Figure 4, and Table 3 lists its characteristics. Sathyamangalam, Tamil Nadu, India,
at latitude 11.5034◦ N and longitude 77.2444◦ E, is the location of the experimental setup.
Experimental tests were performed on instances from 20 May to 30 May 2022. The latitude
of the research site, which determines test apparatus inclination, was (β) 11.5◦ [30]. Figure 4
shows the steps for how the PV/T-DXHP-PCM experimental setup works in each of its
many iterations. First, the refrigerant enters the PV/T evaporator and air source evaporator
(ASE), which gain heat from solar energy and room air. Consequently, the R410A refrigerant
vaporized in the evaporator, and a rotary hermetic compressor compressed the low-pressure
vapour refrigerant that came from the evaporator. The high-pressure, high-temperature
refrigerant vapour condenses and turns into a liquid as it flows through the condenser
tubes inside the hot water storage tanks. During the throttling process, a high-pressure
and high-temperature liquid refrigerant entered the capillary tube and was driven down
to lower its pressure and temperature. The low-pressure and low-temperature liquid was
consecutively passed through the evaporator and cycled continuously. To cut down on
the amount of heat lost from the system into the surrounding air, thermal insulation was
placed on top of the refrigerant tube circuit and storage tank of a heat pump. In this work,
refrigerant was supplied to ASE continuously. However, for the PV/T evaporator, R410A
was provided until the PCM temperature reached 38 ◦C and stopped when it reached 30 ◦C.
The thermal performance of the PV/T-DXHP-PCM system depended on the kind of heat
source being used. As a result, it is vital to examine the thermal and electrical characteristics
of PV/T-DXHP-PCM to the ambient circumstances for applications involving electricity
generation, water heating, the cooling of space, and the cooling of PV.
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Table 3. HP specification.

Components Parameters Value

Compressor

Vd 10.9 (cc/rev)

CC 3500 W

ERp 910 W

IR 4.1 A

R R410A

Condenser

Conod 9.5 mm

Conid 7.7 mm

V 600 L

Capillary tube
CTid 1.5 mm

CTl 500 mm

2.3. Measuring Devices

The Davis Wireless Vantage Pro-2 weather station recorded accurate, real-time readings
of wind speed, dew point, relative humidity, and solar radiation. Pressure transmitters and
thermocouples (PT-100) were utilized to monitor the R410A refrigerant’s intake, output
pressure, and temperatures throughout the system. An energy meter with a current sensor
measures the compressor’s electrical power consumption and instantaneous current use.
The system’s flow rate was monitored using a volumetric flow meter, and the electricity
produced by the solar PV system was measured using a PV analyzer. A high-precision
AIS-PPI UniLog Pro universal input data recorder system was used to link all the sensors.
The measured parameters were sent to the computer with a 30-s interpolation period.
Finally, the suggested hybrid system was assessed utilizing the results acquired from all of
this measurement equipment, which included the thermal and electrical efficiency, COP.
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2.4. Thermodynamic Analysis

The input energy of a PV system determines the output energy ratio (solar radiation
on the photovoltaic surface). The conversion efficiency and the thermal efficiency ηth of
a 260 W PV panel were found by Equations (2)–(4) [31].

ηPVT = ηth + ηPV (2)

ηel =
Pmax

A × G
(3)

ηth =
Qu

A × G
(4)

Equation (5) is used to figure out how much useful heat was collected (Qu) from the
system [32].

QuPV/T = mr(hout − hin) (5)

The compressor’s energy consumption [33], ref. [34] is shown in Equation (6).

Pcom = mr(hdis − hsuc)/ ηiso] (6)

Equation (7) represents the total heat supplied to the condenser [35].

Qcond = mr(hCon,out − hCon,in) = mwCpw

(
Tf − Ti

)
(7)

Equation (8) shows how much heat takes from the space cooling by the evaporator.

Qeva,air = mr(heva,in − heva,out) (8)

For a PV/T heat pump system, the COP (heating, cooling (CL), overall) was deter-
mined using Equations (9)–(11) [33]. Equation (12) is used to determine the PV/T-DXHP-
PCM system’s thermal efficiency (ηthHP) [34].

COPHP =
Qcond
Pcom

(9)

COPCL =
Qeva

Pcom
(10)

COPoverall =
∆Pmax + Qcond + Qeva

Pcom
(11)

ηthHP =
Qcond − Pcom

A × G
(12)

2.5. Analysis of Uncertainty

There is a dearth of precise knowledge regarding the precision of the data presented
in experimental investigations. As a result, an analysis of the devices uncertainty were
performed to identify that the information utilized in the experimental testing was accurate.
The error calculated was 3.2% for electrical efficiency, 4.1% for thermal efficiency, and 3.82%
for temperatures. It was computed by utilising the Equation (13) [36].The detailed errors of
sensors are given in Table 4.

WR =

[(
∂R
∂x1

W1

)2
+

(
∂R
∂x2

W2

)2
+ · · ·+

(
∂R
∂xn

Wn

)2
]1/2

(13)
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Table 4. Details of sensors used.

Instruments Parameters Range Accuracy

Solar Station (Vantage Pro 2) G 0–2000 W/m2 ±5%

DAQ (PPI) - 16 UDI ±3%

PV Analyser Pmax 0–50 V and 0–20 A ±5%

K type Sensor Tw, Ta, Tpv 0–1000 ◦C ±0.5

PT 100 (RTD) Tr (−100)–(+200) ◦C ±0.1

Pressure Transmitter Pr 0–60 bar ±0.5

Current Sensor I 0–10 A ±1%

Relative Humidity sensor RH 0–100% ±3%

3. Result and Discussion

This section details the performance analysis of the hybrid PV/T-DXHP-PCM system
from an energy point of view. The electrical and thermal efficiencies, and COP of a hybrid
system were evaluated to assess its performance. Figure 5 depicts the graphical representa-
tions of the ambient conditions during the experimentation days. Experimentations were
conducted from 20 May 2022 to 30 May 2022, and most of the days had similar ambient
conditions and achieved identical performances. Hence, the PV/T-DXHP-PCM system’s
performance on 30 May 2022 was discussed in this work.
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3.1. PV/T System’s Dynamic Performance

The performance of the PV/T-DXHP-PCM system was assessed by simultaneously
monitoring the electrical and thermal energy produced by the system. The overall system
performance, including thermal and electrical components, was measured by efficiency and
COP. Hourly changes in maximum PV power generation (Pmax)and electrical conversion
efficiency (ηel) for the proposed and reference systems are shown in Figure 6. The differ-
ence between the two systems’ electrical outputs at 942 W/m2 was 43.30 W; specifically,
the proposed system generated 180.82 W, and the reference system generated 137.9 W.
The electrical efficiency of this system peaked at 15.75% and dropped to 12.59% at its
lowest point; the value of ηel varies by 4.73% between the proposed and reference sys-
tems. PV/T-DXHP-PCM and reference system generated an average Pmax of 142.53 W and
106.46 W, respectively. The Efficiency of the PV/T-DXHP system was higher than the regu-
lar PV system by a margin of at least 15% and as much as 72%. Electrically speaking, these
two systems had respective averages of 14.17% and 9.56% regarding how efficiently they
converted electricity. In addition, the standard test condition for the efficiency of photo-
voltaic modules is 16.5%, while the average electrical efficiency is 14.17%. This suggests
that the method that has been proposed has increased the effectiveness of PV cells by
optimizing solar energy outputs that are near the maximum power rating of the installed
PV modules. By increasing sun irradiation by 100 W/m2, an extra 15.38 W of power can be
generated. Similarly, a decline in cell temperature by one degree Celsius results in a 12.6 W
gain in electrical output. Changes in electrical efficiency were 0.79% for every 100 W/m2 of
extra solar irradiation and 0.63% for every one degree Celsius drop in cell temperature. The
sharp rise in electrical output from 400 W/m2 to 1000 W/m2 was easily seen in Figure 6.
It has been shown that the proposed system’s power output can be increased and the PV
cells’ temperature can be reduced by using a heat pump and a PCM.
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Figure 7 presents the findings of the room temperature, the temperatures of the PV/T
module, and the condenser water throughout the day. The temperature of the PV increased
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in lockstep tandem with the temperature of the surrounding air (Ta), causing Tpv to rise.
A PV cell’s average temperature was calculated to be 34.59 ◦C and 65.59 ◦C for the PV/T-
DXHP-PCM and the reference system, respectively. The PCM had a mean temperature of
33.52 ◦C. The most significant and most minor differences in ∆TPV between the proposed
and reference systems, respectively, were 40.3 ◦C and 21.3 ◦C. When contrasted with the
reference system, it was discovered that the PV cell temperature of the proposed system
was reduced by at least 40.68% and up to 52.11%. In general, the cold refrigerant generated
by the heat pump can reduce the temperature of the PV module. As a result, the thermal
collector output temperature can be kept lower than the Tpv of the proposed system. This
is a significant factor in improving the efficiency of the PV/T system. The reference PV
system had an average PV cell temperature that was 47.26% higher than the proposed
system’s average. The water temperature in the condenser rose by 2.83 ◦C and 2.63 ◦C for
every change of 100 W/m2 and 1 ◦C. When cold refrigerant was supplied to the PV/T-
PCM evaporator, it was utilized to lower the temperature of the PV panel, which in turn
increased the efficiency of the PV/T system. When this occurs, the average temperature
difference between the refrigerant inlet (Ti) and output temperature (To) was between 3.58
and 22.96 ◦C. According to the findings of a field investigation conducted on the collectors,
the system’s thermal efficiency dropped when the temperature difference between To and
Ti was less. The thermal absorber’s outlet and intake temperatures directly influence the
average thermal efficiency determined in this investigation, which was 104.38%. As a result
of the increase in condenser temperature, the system’s thermal efficiency continued to
deteriorate as the amount of solar irradiation increased. The thermal efficiency was found
to be high when the water temperature in the condenser was low, and vice versa. The
overall efficiency of PV/T-DXHP-PCM was 117.58% on average, and the overall efficiency
of the installed system as a whole decreased as the thermal efficiency decreased. As
a result, it is clear that the overall efficiency of hybrid systems is more significant due to
the PV/T, PCM, and heat pump systems’ integration and that this integration produces
positive results.
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3.2. Dynamic Performance of the Hybrid PV/T-HP-PCM System Performance

This section summarizes the dynamic behaviour of the suggested PV/T-PCM evapo-
rator and ASE system (Qe), the condenser heat (Qc), the COP, and the power consumption.
Because of fluctuating levels of customer demand, the utilization of hot water could be
more frequent. Therefore, a condensed tank with a capacity of 600 L and a maximum tem-
perature of 60 ◦C was used to store the water. The hybrid heat pump system’s performance
was investigated, providing space cooling, PV cooling, hot water, and electricity generation
between 10:00 and 14:00. The system was constructed so that the refrigerant flow into the
PV/T evaporator is stopped when the PCM temperature hits 30 ◦C. It will begin again
when the PCM temperature reaches 38 ◦C. Similarly, refrigerant flow into the air source
evaporator starts when the temperature in the space reaches 26 ◦C and ceases when the
temperature in the room becomes 18 ◦C.

Figure 8 shows the Tpv, condenser temperature (Tcon), and room temperature (Troom)
when hot water, PV cooling, and space cooling were delivered simultaneously. During the
experimentation, the average Tpv, Tcon, and Troom were found to be 34.59 ◦C, 46.27 ◦C, and
23.35 ◦C. The maximum temperature of condenser water was recorded as 60.32 ◦C at 14:00.
The maximum and minimum room temperatures were 26.55 ◦C and 18.37 ◦C, respectively,
during the day. Except from 11:00 to 13:00, the room is constantly kept below 28 ◦C, as
indicated in Figure 8. However, the proposed system effectively cooled the room and PV
panel and heated the water for building needs.
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Figure 9 depicts the hourly variation of a proposed system’s COPHP, COPoverall, Qe,
and Qc. On average, the condenser can hold a temperature range of 3335 W at 11:30 and
2294 W at 14:00. Similarly, the amount retrieved from the room was 1380 W and 2873 W,
respectively. The heat pump’s COP varied from 5.89 to 2.36, with 4.15 being the average
value. The hybrid PV/T-DXHP-PCM system was operated in a wide range of typical
outside ambient temperatures and the average overall COP of the proposed system was
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5.51 in this field test. According to this research, the average useful thermal energy that
heat pump systems produced was 2.89 kW. Assuming the heat pump’s power is constant,
the system’s COP should theoretically improve when the heat exchange energy in the
evaporator and the water heating activity is high. However, the increase in Tcon is causing
the consumption of electrical energy by the compressor to continue its upward trend.
A total energy of 4.73 kWh was consumed by the PV/T-DXHP-PCM system up of a fan,
solenoid valve, and a compressor. The findings indicate that the overall COP for the HP
system falls somewhere in the range of 2.82 to 9.33. This range was determined, when water
heating, change in PV/T power, and space cooling were achieved by supplying electricity.
It is essential to keep in mind that the coefficients of performance (COPs) can range from
one system to another because each heat pump has its own unique configuration, heating
intensity, climate conditions, design, and control strategy.
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It was observed that the simultaneous heat removal carried out by the PV/T-PCM
and ASE evaporator, the condenser, and the COP were inversely proportional to the water
temperature when the condenser water temperature rose from 30 ◦C to 60 ◦C. Also, it has
been seen that as the temperature of the condenser water goes up, the pressure inside the
condenser goes up as well. As the temperature of the condenser water rises, it can be seen
that both the heat capacities and the COP fall to lower values. This is because the condenser
cannot release heat when the water temperature is high because it cannot exchange heat.
No matter what method was used, the COP of the system goes down a lot as Tc goes up
compared to the other modes of operation. As the amount of solar irradiation increases, so
do the heat capacities and the pressures of condensation and evaporation. This is because
increased solar irradiation makes it possible for the PV/T evaporator to exchange more
heat energy instantly. So, high solar irradiation levels lead to a higher refrigerant mass flow
rate and high temperatures and pressures in the evaporator. All of these things improve
the performance of the system.
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Figure 10 indicates the total heat removed by the refrigerant from the PCM (charging)
and the full heat taken by the PV/T system (discharging) during an experimentation day.
By 10:30, the PCM had fully charged, and the refrigerant had stopped flowing into the
PV/T-PCM evaporator system. The heat stored by the PCM was used to cool and maintain
the temperature of the PV/T system. The PCM discharges its stored heat to the PV panel
within 11:00, and refrigerant flows into the PV/T-PCM evaporator. It followed a similar
trend during the remaining period but took only 30 min to discharge. When solar radiation
was low, it took more time (45 min) to discharge during the evening and morning. The
COP and Qe were high during the PCM discharging period as more refrigerant entered
into the air source evaporator. As a result, it is reasonable to infer that using refrigerant
and PCM cools the PV panel, increasing the panel’s efficiency and electrical output.
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As a result, the impact of cooling can be effective even at higher radiation levels, which
results in the best possible electrical efficiency. In addition, the refrigeration effect causes
the sink temperature (P/V panel) to be inverted in the PV/T-DXHP-PCM system. As
a result, there was a significant improvement in the effectiveness of the heat degradation
PV module. However, the observed temperature fluctuations indicate that there was
an irregularity in the heat diffusion potential across the encapsulation. Meanwhile, the
HS36 PCM contribution allowed for some sustained temperature decline, which aids in
maintaining a steady PV module temperature despite the anomalous radiation decrease
that was experienced. Overall, the proposed PV/T-DXHP-PCM installation has kept the
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room space temperature at a human comfort level, cooled the PV panel, and heated the
600 litres of water by consuming 4.64 kWh of energy per day. Hence, these systems fulfilled
the building requirements. Furthermore, if the refrigerant supplied by the heat pump can
provide a lower temperature than the previous output, the PV/T temperature remains
reduced. More research is required to examine enhancements and optimization possibilities
to acquire maximum performance from the proposed hybrid PV/T-DXHP-PCM system.

3.3. Comparison of Performance of the Present Study with the Previous Study

Table 5 displays the results of a comparison between the suggested PV/T-DXHP-PCM
system and the existing literature on the subject. The results of PV/T-DXHP-PCM were
found to be either vastly superior to or on par with those of other published methods.

Table 5. Comparing the present study with the available literature.

Reference Paper Electrical Efficiency in % Thermal Efficiency in % COP

[37] 10.4 49.3 4.1

[38] 14.5 51.5 4.08

[39] 12.1 57.5 3.66

[34] 7.51 49.9 3.45

[40] 15 65 6.4

Present Study 14.14 104.38 5.51

4. Conclusions and Future Scope of Work

This work investigated the performance of a hybrid PV/T DXHP system with PCM
in India by measuring its ability to produce hot water (at 60 ◦C), space cooling (below
26 ◦C), and electricity. A hybrid PV/T heat pump with PCM was operated under the
dynamic conditions of a day, and its suitability for buildings was assessed. Its findings are
as follows:

1. The innovative hybrid PV/T-DXHP-PCM technology enhanced both the PV/T mod-
ule and the heat pump’s electrical and thermal performance. The heat from the PV/Ts
not only increased the heat pump’s ability to cool, but it also increased the amount of
heat needed to heat the water.

2. The system’s average electrical efficiency of 14.14% was achieved, which was near the
PV panel’s STC. The PV/T system’s electrical efficiency was 47.91% higher than the
standard PV system.

3. The average thermal efficiency of the proposed system was 104.38%. The overall
efficiency of the system was 117.58%. The system’s heating and cooling COP were
recorded as 5.51 and 4.62.

4. The hybrid PV/T-DXHP-PCM system effectively generated the hot water and space
cooling needs along with electricity generation, which avoided using the individual
system for water heating, space cooling, and power generation.

5. In terms of thermal and electrical efficiency, the PVT system demonstrates very high
values. As one of the largest energy consumers among public buildings, hospitals can
significantly benefit from increased energy output to reduce their annual operating
costs. However, more research needs to be performed to figure out how to improve
hybrid systems to achieve the best production. As an illustration, future optimization
work may increase the heat pump’s COP.
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Nomenclature

Symbol Description
PV Photovoltaic System
PV/T Photovoltaic thermal System
HP Heat pump
PCM Phase change materials
SC Space Cooling
WH Water heating
H/C Heating and cooling
LH Latent Heat
COP Coefficient of Performance
DX Direct Expansion
IX Indirect Expansion
CC Cooling Capacity
P Power
Vmp at Pmax Voltage at Pmax
Imp at Pmax Current at Pmax
Voc Open Circuit Voltage
Isc Short Circuit Current
Tm Melting Temperature
Tf Freezing Temperature
Qlh Latent Heat
ρl Density at liquid state
ρs Density at solid state
Cpl Specific Heat at liquid state
Cps Specific Heat at solid state
Kl Thermal Conductivity at liquid state
Ks Thermal Conductivity at solid state
C Specific heat
Q Heat
max maximum
min Minimum
c Condenser
e Evaporator
W Water
T Temperature
η Efficiency
el Electrical
th Thermal
V Volume
E Power
r Rated
I Current
R Refrigerant
CT Capillary Tube
OD Outer diameter
ID Inner Diameter
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