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Abstract: Solar photovoltaic (PV) technology has a lower adoption rate than expected because of
different weather conditions (sunny, cloudy, windy, rainy, and stormy) and high material manufac-
turing costs. To overcome the barriers to adoption, many researchers are developing methods to
increase its performance. A photovoltaic-thermal absorber hybrid system may shift its performance,
but to become more efficient, the technology could improve with some strong thermal absorber
materials. A phase change material (PCM) could be a suitable possibility to enhance the (electrical
and thermal) PV performance. In this study, a solar PVT hybrid system is developed with a PCM and
analyzed for comparative performance based on Malaysian weather conditions. The result shows PV
performance (both electrical and thermal) was increased by utilizing PCMs. Electrical and thermal
efficiency measurements for different collector configurations are compared, and PV performance and
temperature readings are presented and discussed. The maximum electrical and thermal efficiency
found for PVT and PVT-PCM are 14.57% and 15.32%, and 75.29% and 86.19%, respectively. However,
the present work may provide extensive experimental methods for developing a PVT-PCM hybrid
system to enhance electrical and thermal performance and use in different applications.

Keywords: solar photovoltaic; phase change material; photovoltaic-thermal absorber; electrical

performance; thermal performance

1. Introduction

In recent years, solar energy applications have grown rapidly to meet strict environ-
mental protection requirements and electricity demands. Renewable energy sources such
as solar, wind, biogas, biomass, hydropower, and geothermal energy offer highly promising
CO,-free alternatives. Since the 1970s, much research and development have been done
on photovoltaic thermal systems. Many innovative designs and products have already
been forwarded for quality evaluation by academics and professionals alike [1]. In the
1980s, research works focused mainly on flat-plate collectors. Researchers/professionals
performed an analysis of light concentration PVT systems [2-5]. In the late 1980s, for
about 10 years, Garg et al. (1994) [6] and some researchers performed detailed analyses
of the thermal efficiency of hybrid PVT air and liquid heating systems [7-9]. The thermal
efficiency calculation of a flat-plate collector with the use of a modified Hottel-Whillier
model was also performed [10,11]. In the mid-1990s, work started in various parts of the
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world on creating models for various types of PV and thermal blend systems [1]. Many
theoretical and experimental studies of PVT were conducted with either water or air as the
coolant [12-16]. A single PV system can produce about 38% electricity, depending on the
location [17].

The early PVT system used air, water, or evaporative collectors with monocrystalline,
polycrystalline, or amorphous silicon (c-Si, pc-Si, or a-Si) or thin-film solar cells; flat-plate
or concentrator types; glazed or unglazed panels; natural or forced fluid flow; stand-alone
or building-integrated features; etc. [18,19] At the point when the PV module was operated
under dynamic cooling conditions, the temperature dropped appreciably, yet the efficiency
of the solar cells managed to increase between 12% and 14% [20]. The total energy-saving
efficiency of the PVT collector without and with reflectors is found to be 60.1% and 46.7%,
respectively. The thermal efficiency improved by approximately 80%, while at the same
time cooling of the PV cells was made possible [21,22]. The solar panel can also increase
the temperature, which can cause serious degradation and shorten the lifespan of the PV
cells. Among those technologies or designs, the systems of the utilization of air, liquid, heat
pipes, PCM, and thermoelectric (TE) devices not only aid the cooling of PV cells but also
supply useful heat energy for many applications [23]. The main barrier to implementing
solar energy is its irregular supply.

In solar power systems, there is always a detachment between demand and supply,
which can be mitigated to some extent through the use of effective energy storage materials,
such as phase change materials (PCMs). Phase change materials (PCMs) are widely used as
thermal energy storage (TES) agents because they can store and release a significant amount
of energy during the phase change process [24]. These substances do not release sensible
heat during phase transitions; instead, they absorb latent heat from the environment, which
is an endothermic process. Over a certain temperature range, PCMs have the ability to
absorb and store energy. PCMs can accumulate 5-14 times more energy per unit volume
than water, concrete, or rock [24]. Through the storage of large amounts of heat, these
materials can extend the heat availability period [25]. However, these materials were
not tried in thermal energy storage before the mid-1970s [26]. In fact, the world energy
crisis of that decade prompted research on thermal energy storage, where PCMs came
out as the most promising alternative. One of the earliest uses of PCMs in the PV system
temperature regulation was reported in 1978 [27]. Huang et al. (2004) [28] first attempted
the application of PCMs in the thermal regulation of photovoltaic systems. Thereupon,
Hasan et al. (2010) [29], Browne et al. (2016) [30], Sharma et al. (2016) [31], and many other
researchers worked on integrating PCMs into controlling PV cell temperature and solar
energy storage.

To enable rapid and aggregate phase changes, PCMs are typically housed in thermally
conductive metal casings and joined on the PV backside using thermal paste [32]. A non-
uniform temperature distribution throughout the solar cells is caused by two complex
issues with PCM casings or boxes: (1) an irregular solidification pattern of the material
from the liquid phase and uneven distribution inside the box; and (2) inhomogeneous
and unsound contact between the PV backside and the PCM container, which results in
poor heat transfer from the solar cells to the PCM. The main issue with using PCMs in PV
thermal regulation, however, is that they have poor thermal conductivity, low specific heat,
and a wide range of phase transitions. Despite the fact that most PCMs have high latent
heat, which helped them become popular in thermal storage applications, most of them
have low thermal conductivity, which makes it difficult to transfer heat effectively and
delays the phase transition of the solar cell temperature.

In addition, the majority of PCMs, particularly the organic (carbon-bearing) ones, have
specific heats that are significantly lower than those of water, which shows that they are
unable to store a large amount of heat. Another problem with organic PCMs is that they
start transitioning at a certain temperature and finish beyond 2-6 °C of the starting point, not
melting at a specific temperature or even over a narrow range of temperatures. As a result,
the time needed to store heat is reduced, and the cell temperature cannot be kept low for
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the required amount of time. Due to the aforementioned issues, attempts to apply PCMs in
photovoltaic thermal (PVT) systems to increase water outlet temperatures in the application
end and extend heat storage past sunset have not been very successful. In order to improve
its thermal performance, this research aims to integrate a PCM with PVT. Energy analysis
of electrical and thermal systems has been used to examine performance. The PVI-PCM
system, according to the results, achieved lower cell temperatures than other systems.

2. Materials and Methods

The organic paraffin wax PCM is used in the current research to propose a novel
framework for photovoltaic thermal (PVT) systems that regulate temperature and store
heat. Essentially, experiment-based research was conducted in Malaysian weather. The

working principles of PVT and PVT-PCM systems are shown in Figure 1a.
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Figure 1. (a) Working principle of PVT and PVT-PCM systems; (b) PV module, double serpentine
flow channel attached to PV rear side; (b1) PVT and (b2) PVT-PCM thermal collectors; (¢, d) PVT and

PVT-PCM experimental setups for onsite comparative performance study.
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2.1. PCM Selection

PCM selection for PVT applications depends on the ambient temperature where the
module is installed. In Kuala Lumpur, Malaysia, where the average daytime temperature
is 33 °C [33], a temperature allowance of 10 to 15 °C is thought to be adequate to capture
the majority of the heat from the module. Therefore, PCMs with melting points between 42
and 50 °C can be chosen for the application at hand. In general, organic or inorganic PCMs
are better at storing heat in this temperature range.

Any materials that will be used as the PCM in TES systems must have high latent
heat and high thermal conductivity. In other words, they must have a melting or freezing
temperature that is within the practical range of operation, or at least congruently within
a minimum sub-cooling temperature. They also need to be chemically stable, reasonably
priced, non-toxic, and non-corrosive. Lauric acid was chosen for the experiment out of
the four PCMs that were taken into consideration for this study. The four melting ranges
of PCMs and DSC (differential scanning calorimetry) test properties are shown in Table 1.
However, the DSC test results are shown in Appendix A.

Table 1. Properties of PCMs.

Name of PCM Melting Temperature Range (°C) DSC Test

Integral = —1147.47 m]
Normalized = —167.26 Jg~!
Paraffin 52-54 Onset =44.70 °C X
Peak = 52.06 °C
Endset = 54.40 °C

Integral = —711.87 m]
Normalized =228.90 Jg~!
Lauric acid 44-46 Onset =42.84 °C v
Peak =43.72 °C
Endset = 45.76 °C

Integral = —1608.53 m]
Normalized = —259.44 Jg~!
1-tetradecanol 36-40 Onset = 36.39 °C X
Peak =38.23 °C
Endset =41.28 °C

Integral = —1591.10 m]
Normalized = —178.98 Jg~!
Decanoic acid natural 29-33 Onset = 30.24 °C X
Peak = 32.06 °C
Endset = 34.97 °C

2.2. Fabrication of PVT and PVT-PCM System

The PVT collector has two primary parts: the photovoltaic cell (PV) for generating
electricity and the thermal collector (T) for exchanging heat. For the PV device, a 250-Watt
60-cell p-Si module was chosen, which was provided by UMPEDAC. The module’s detailed
specifications can be found in Table 2.

Table 2. Specification of PV module.

EPV (ENDSUPYV Industries)

Model EC61215 (2nd Edition)
Short Circuit Current: Isc (A) 8.92
Open Circuit Voltage: Voc (V) 38.19
Maximum Power: Pmax (W) 257.59
Current at Pmax: Im (A) 8.41
Voltage at Pmax: Vm (V) 30.60

Note: The electrical characteristics are within 0-3% of the indicated values under Standard Test Conditions
(1000 W/m?2, 25 °C. AM 1.5).
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For the thermal collector (T), we used thermal absorbers such as copper pipe, water,
and PCMs. Materials such as copper pipes are widely used because of their high thermal
conductivity. Pipes measure 1.27 cm in diameter, 1 mm in thickness, and 1475.74 cm in
length. We used this configuration (copper pipe) to fabricate the PVT collector system as
shown in Figure 1b,(b1). For the PVT-PCM collector, we used the same configuration as
PVT but added only an extra thermal absorber, which is the PCM. For the PCM packet, we
used aluminum materials. The PCM packet has a thickness of 0.5 mm and is constructed
from a sheet of aluminum. The PCM packet is wrapped in high-thermal-conductivity,
non-adhesive paper, making the packet 1.27 cm thick, 21.59 cm wide, and 83.82 cm long.
To fill these PCM packets, we used 8.72 kg of PCM. The full PVT-PCM system is assembled
as shown in Figure 1(b2).

2.3. Installation and Instrumentation of the Experimental Setup

After the material selection, preparation, and fabrication, the present PVT and PVT-
PCM collectors were installed in the University of Malaya’s (UM) Power Energy Dedicated
Advanced Centre (UM-PEDAC), in Kuala Lumpur, Malaysia, in its solar garden. Located at
3.1169° N and 101.6669° E [34], this integrated outdoor solar research facility experiences hot
weather that is primarily determined by three factors: wind pattern, rainfall, and temperature.
However, before the installation of the collectors, there is a need to calculate the panel slope
or angle. It is significant because a proper collector slope can allow for more solar radiation.
The collector slope is calculated by Cooper’s equation (Equation (1)). The slope of the
experimental collectors was kept at 15° by combining Equations (1) and (2) [35,36].

The experimental setup is composed of PVT and PVT-PCM, as shown in Figure 1c,d. The
configuration was created to investigate the influence of one or more independent variables
on the actions of a number of dependent variables. The instrumentation is set in accordance
with the need to measure the dependent variables, and the control mechanisms are created
to regulate the independent variables. In the current study, electrical and thermal energy
are the dependent variables, while inlet flow velocity, incident solar irradiance, water inlet
temperature, as well as the temperature of the surrounding air are the independent variables.

2.4. Instrumentation and Data Collection

The connection configuration of different instruments for experimental data collection
is shown in Figure 1c,d. Eight thermocouples (K-type [37], RS pro) sensors were used to
measure the inlet and outlet water temperatures, as well as the top and back temperatures
of the panels. Two manual water flow meters (LZT M-6 [38]) were used to control the
flow of water. The data were collected with different water flow rates ranging from 1 to
4 LPM (litres/min). However, the water flow meter was chosen based on tube diameter [39].
In this experiment, indirect water was provided by a supply from a 21-story building
at UMPEDAC. A silicon pyranometer (LI-COR, PY82186 [40]) together with an ambient
temperature sensor was set up for measuring solar radiation data. Data on wind speed and
humidity were collected from a weather station device that was set up at the UMPEDAC solar
garden. The electrical parameters (such as open-circuit voltage, Voc; short-circuit current,
Isc; maximum voltage, Vm; maximum current, Im; maximum power, Pmax; and fill factor,
FF) of the PVT and PVT-PCM modules, on the other hand, were measured and recorded
using an I-V tracer (NASA 2.0) with maximum power point tracking (MPPT), as shown in
Figure 1c,d, respectively. The I-V tracker, MPPT, and weather station devices were provided
by UMPEDAC. A digital data logger (DT80 [41]) was used to continuously record the data.
The following Section 2.5.5 provides descriptions of the tools used to measure and record
experimental data. Every instrument had been calibrated using standardized techniques.

2.5. Analytical Analysis
2.5.1. Installation of the Modules

Since Malaysia is located in the northern hemisphere of the planet, solar panels have
been installed facing south. The slope of the collector (PVT and PVT-PCM), () angle of
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inclination J and day of year (d) is calculated from the Equations (1) and (2) of the modules
towards the equator [42]:

§ = 2345 sin[@gg) (d+ 284)} )

p=(9p—9) )
where ¢ is the inclination angle (degree),

d is the day of the year (e.g., on January 1,d = 1),
@ is the latitude of the experimental site, and
B is the collector slope (degree).

2.5.2. Estimation of PCM Required

The amount of phase change material essential to absorb the heat produced by a PVT
module is estimated by [43-45]. The following Equation (3) can be used to determine the
mass of a PCM (mpcy). where the PCM mass (mpcy) is multiplied by the latent heat
(Lpcm) to melt the PCM [46].

Qch

m f
i m

®)

mMpcMm =

where

Cps, Cp,1 are specific heat of solid and liquid phases of the PCM, respectively;
L is the latent heat of PCM;

Qgp, is the heat charging phase;

i, m, and f are the initial, melting, and final temperature of PCM;

dT is the temperature rise.

2.5.3. Energy Analysis

The efficiency expressions [47] that combine the thermal efficiency #, and the electrical
efficiency 7, can be used to represent the performance of PVT and PVT-PCM collectors.
These expressions typically include the ratio of the system’s useful thermal and electrical
gain to the incident solar irradiation on the collector’s gap over a given time or period. The
system’s overall performance is assessed using the total efficiency 7,:

o = Nen + el 4)

The thermal performance of the PVT and PVT-PCM units are assessed, and the ef-
ficiency parameters are derived using the Hottel-Whillier-Bliss (HWB) [48] modified
equations [35,45,49-54]. According to Ibrahim et al. (2014) [55] and Park et al. (2014) [56],
the following formulas are used to determine the thermal efficiency (174,) of the conventional
flat plate solar collector:

T ©

where

Q,, is useful collected heat,
A is the area of the collector, and
G is solar radiation.

Under these conditions, the useful collected heat (Q,) is given by

Qu = MCP(TOut - Tln) (6)
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where
m is a mass of water flow rate,
Cyp is the is specific heat of water,
Tout is outlet water temperature, and
T}, is inlet water temperature.
Equation (7) represents electrical efficiency [45,52,57].
P,
= e 7)
The electrical power output of a PV is
Py=1IxV (8)

However, the maximum output power in Equation (8) can be a derivative of Equation (9).
Prax = Ise X Voc X FF = Vipp X Iyp )

The solar energy is converted into electrical and thermal energy by the PVT modules,
but the thermal energy is lost through convection, conduction, and radiation.

2.5.4. PV Cell Temperature
The solar cell temperature can be calculated using Equation (10) [58,59]:

PSgG(Tga — 1761) + (hcoana + hdeb)
heono + hmd

Tcell = (10)

where

Pg is the packing factor of the solar module;
T, is the ambient temperature;

Ty is the rear panel temperature;

T, is the transmittance of glass;

« is the absorptance;

heonw is the convective heat transfer coefficient as representing by Equation (11) [59]:
heony = 2.8+ 3.0 (11)

44 is the radiative heat transfer coefficient between the PVT array and surroundings
can be written in Equation (12) [55]:

Hyad =178 (T —To) (12)

where

v is the wind velocity;
Ty is the panel’s top temperature.

The analytical parameters of the solar PVT and PVT-PCM systems are presented in Table 3.
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Table 3. Characteristics of the PVT and PVT-PCM systems.

Description Symbol Value Unit
Collector area A 1.64 m?
Emittance of glass &g 0.88
Emittance of glass plate ep 0.95
Collector tilt B 15 °
Specific heat of the working fluid Gy 4185.5 J/kg °C
Transmittance of glass Ty 0.96
Absorptance « 0.90
Packing factor of the solar module Py, 0.8
Initial temperature i 42.48 °C
Melting temperature m 43.72 °C
Final temperature f 45.76 °C
Latent heat Lr 228.9 KJ/kg

2.5.5. Uncertainty Analysis

An uncertainty analysis of the PVT and PVT-PCM electrical and thermal parameters
is performed. The total uncertainty du of a parameter u is composed of the uncertainty of
repetition error (du,) and the uncertainty from equipment error (du,) [60,61].

2 2
5” - \/((su;fep) + ((sugqp) (13)
If U is defined as a function of n independent linear parameters with the formula
U = U (uy,up,us, ...uy) and the parameters uq, tp, U3 ... Uy, Uyi1 ... U, are measured

with uncertainties duq, dup duz ..., Sum, Stiyyq, ,...0uy where U = W, then
the uncertainty of U will be Equation (14): [61,62]

U 2 au. 2 au. 2 u 2
5U:\/(aul(5u1) +(a—1/£2(5u2) +(%(5u3) "‘-~+(M5un) (14)

where
dU is the uncertainty of the function U;
du; is the uncertainty of 1; and aaTl{ is the partial derivative of U with respect to u;.

Therefore, fractional uncertainty of U (assuming that uncertainties in

Uy Uy U3, ...Um, Uyt ... Uy are separate from one another) will be as follows: [61,63]
su Sup > bup > buz? YT Stlyys1 2 Suty 2
—=/(—) +(—) +(—) +...+(—) +(———) + (= 15
= wul) (C2) +(52) () + (5 4 (5

Fractional uncertainties from energy perspectives can be estimated by using Equation (15)
and recalling the energy efficiency equations.

Using the analysis described above, the maximum absolute uncertainty for all param-
eters is determined to be less than 5% in all experiments. Values of uncertainty inside of
this range demonstrate the accuracy of the measured data [60]. Table 4 lists the model,
measurement range, and uncertainty information for the various sensors and tools used in
the experimental setup.

2.5.6. Economic Analysis

The economic analysis will figure out the payback period of the system. Generally,
the payback period is calculated using a standard method. In this study, the annual worth
method was established to calculate the system payback period by comparing an initial
known system investment with an estimated future operation cost.

The annual worth (A.W.) method is the difference between an annual benefit (revenue)
and an annual cost [64,65]. Equation (16) shows the basic structure of this method.

AW.=Bs—Cyx (16)
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where

B4 is the annual benefit;
C, is the annual cost.

Table 4. The instruments’ measuring ranges and their associated uncertainties.

Maximum Uncertaintyin

Name Model Range Measurement
Pyranometer LI-COR, PY82186 0 to 2000 W/m? +3%
Flow meter LZT M-6 0.5 to 4.0 L/min +0.5%
Weather station anemometer and TM816 03t030m/s 5%
humidity (UMPEDAC) Testo 608-H1 0t050°C £0.5%
Thermocouple (type K) RS pro —200 to 1000 °C +0.5%
Data logger Data Taker DT80 —270to 1372 °C +2%
I-V tracer with MPPT (UMPEDAC) NASA 2.0 50V 16 A +4.5%

As a decision-making tool, for acceptance of an option, this expression becomes [66]
as follows:

By—Ca >0 (17)
where
C1 =Cy =C3 = Cy = C4 are options for selection if B4-C4 equals or exceeds zero.

To represent economic analysis between two known systems (such as the PVT and
PVT_PCM systems), a cash flow formula could be utilized by this Equation (18). After that,
the system needs to be compared to a known system, such as an electric heater, to figure
out how long it will take to pay for itself. This is because the whole system is based on

heating and cooling performance. Equation (19) shows the cash flow formula for an electric
heater system.

A-W-solarsystems = _(IC + Ilc)(A/Pl L N) — Arc — (Cafic)(A/Ff L N) (18)

A'W-electricsystems = _(IC + Ilc)(A/PI i, N) - (RC> - (HEVC)(A/FI i, 05N) (19)
where

I, is the initial cost;
I} is the installation cost;
A/P is the capital recovery factor;
i is the interest rate;
N is the life span;
Ay is the annual running cost;
Cufic 1s the repairing cost;
R, is the running cost;
Hgy is the heating element replacement cost.
Any lump-sum payments or benefits must be converted into equivalent uniform
periodic time using the capital recovery factors (A/P, i, N) and (A/F, i, N) to use the formula
of Equations (20) and (21).

(14N

A/P = 11(+ X;])_ 1 (20)
i

AJF=— 21

/ 1+)N -1 @)

2.5.7. Market Analysis

A market survey of system cost, initial cost, and operational costs is important for
economic analysis. Based on a Malaysian market survey, the PVT, PVT-PCM, and electric
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heater system costs have been listed (Appendix B, Tables A1-A3). Renewable energy
products, as we all know, are expensive, but their operating periods are much longer
than those of non-renewable energy sources [53]. Consequently, this study compares solar
energy systems with electric heater systems in order to determine the payback period.
Using solar energy to heat water has long-term advantages such as avoiding fuel shortages
and helping the environment. The annual worth method is used to calculate the monetary
value of the potential savings of using a solar heater as opposed to an electric one. A cash
flow chart is used to display the results of the cost analysis.

3. Results and Discussion

The outcomes for PVT and PVT-PCM systems are presented in this section. For PVT
and PVT-PCM systems, the daily variation of various parameters with respect to time,
including temperatures at various states of points and solar radiation, has been presented.

3.1. Daily Variation of PVT Different Parameters

Figures 2 and 3 show the daily variation of solar radiation and various parameters, in-
cluding ambient temperature (T,), water outlet (Toyt) and inlet (T;,) temperature difference
(Tout-Tin), cell temperature (Teepp), PV rear side (T},) temperature, and solar radiation (G),
among others. Appendix C contains data on wind speed and humidity for specific days.
From May to July 2016, a performance study on the PVT system was conducted. Significant
results were attained with the mass flow rates measured at 1, 2, 3, and 4 LPM, respectively.
This is an outdoor experiment, so the data depend on Malaysian weather conditions, flow
rates, changing materials, and so on. We have recorded and managed a huge data bank. To
this end, only the best performance results were studied here based on minimum (1 LPM)
and maximum (4 LPM) water flow rates.
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Figure 2. Daily variation of PVT parameters at (a) 1 LPM, (b) 2 LPM, (c) 3 LPM, and (d) 4 LPM mass
flow rate.
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Figure 3. Daily variation of PVT-PCM parameters at (a) 1 LPM, (b) 2 LPM, (c) 3 LPM, and (d) 4 LPM
flow rate.

Figure 2a shows the variation of solar radiation and temperature in different states of
the point PVT system for 1 LPM on 30 May 2016. As can be seen from Figure 2a, the peak
solar radiation was 970.21 W/m? at 1:00 PM., and the PVT cell and back temperature differ-
ence was found to be 4.75 °C. On that day, the average wind speed, ambient temperature,
and humidity were recorded at 3.19 m/s, 31.97 °C, and 52%, respectively. The maximum
inlet and outlet water temperature difference was found to be 16.81 °C at 2:00 PM.

Figure 2b shows that the peak solar radiation was 987.47 W/m? at 1:00 PM., and
the PVT cell and back temperature difference was found to be 4.49 °C. On 12 June 2016,
the average wind speed, ambient temperature, and humidity were recorded as 1.98 m/s,
32.65 °C, and 75%, respectively. The maximum inlet and outlet water temperature difference
was found to be 9.54 °C at 1:00 PM. at 2 LPM.

Figure 2c¢, the peak solar radiation was 978.77 W/ m? at 1:00 PM., and the PVT cell and
back temperature difference was found to be 2.55 °C. On 28 June 2016, the average wind
speed, ambient temperature, and humidity were recorded as 2.81 m/s, 32.30 °C, and 63%,
respectively. The maximum inlet and outlet water temperature difference was found to be
6.43 °C at 1:00 PM. at 3 LPM.

On 13 July 2016, the average wind speed, ambient temperature, and humidity were
recorded as 1.79 m/s, 34.13 °C, and 63%, respectively. Figure 2d shows that the solar
radiation has been rising from 313.18 W/ m? at 10:00 AM. to a peak value of 980.83 W/ m?2
at 1 PM., which then decreases to 374.01 W/m? at 4:00 PM. Although the solar radiation
curve shows a number of unusually sharp declines, it may be concluded that solar radiation
peaks between 12:00 and 2:00 PM. The maximum PVT cell and back temperature difference
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was found to be 5.55 °C. Figure 2a also shows that the increase in water temperature is
directly correlated with the daily variation in solar radiation, with an increasing trend in
the morning, a peak increase at noon, and then a declining trend. At1P.M., 4.31 °C is
found to be the maximum difference between the inlet and outlet water temperatures at a
maximum flow rate of 4 LPM. It is observed that the temperature difference between the
cell and the back is highest at this flow rate; cooling is most efficient at 4 LPM as compared
to 1, 2, and 3 LPM. This is because a higher mass flow rate results in a more consistent
water flow, which more efficiently removes heat from the collector.

Similarly, PVT-PCM systems were installed, and data were collected in August and
September of 2016. Figure 3a shows the daily variation of solar radiation and temperatures
at various state points of PVT-PCM for a 1 LPM water flow rate on 10 September 2016. At
2 PM,, the highest difference between inlet and outlet water temperatures was 14.87 °C,
while the average wind speed, ambient temperature, and humidity remained at 2.43 m/s,
32.68 °C, and 59%, respectively. At 12:30 P.M., the solar radiation peaked at 983.73 W/ m?,
while the PVT-PCM cell and back temperature difference measured 4.37 °C.

Figure 3b shows that the peak solar radiation was 960.16 W/m? at 1:30 PM., and the
PVT-PCM cell and back temperature difference was found to be 5.88 °C. On 15 September
2016, the average wind speed, ambient temperature, and humidity were recorded as
2.11m/s, 34.13 °C, and 58%, respectively. The maximum inlet and outlet water temperature
difference was found to be 8.66 °C at 1:00 PM. at 2 LPM.

In Figure 3c, the peak solar radiation was 989.11 W/ m? at 1:30 PM., and the PVT-PCM
cell and back temperature difference was found to be 8.60 °C. On 18 September 2016,
the average wind speed, ambient temperature, and humidity were recorded as 4.34 m/s,
33.63 °C, and 63%, respectively. The maximum inlet and outlet water temperature difference
was found to be 5.22 °C at 2:00 PM. at 3 LPM.

On 20 September 2016, with an average wind speed, ambient temperature, and humidity
of 3.64 m/s, 34.17 °C, and 63%, respectively, Figure 3d shows that the daily variation of solar
radiation increased from 342.94 W/m? at 10:00 A.M. to a peak of 992.23 W/m? at 1:00 PM. and
then decreased to 345.12 W/m? at 4:00 PM. The maximum PVT-PCM cell and back temperature
difference was found to be 8.97 °C at 12.30 PM. Between 12:00 and 1:30 PM., the solar radiation
reaches and maintains its peak. The maximum increase in outlet water temperature is 3.86 °C
at 12:30 PM. at 4 LPM. From a comparative standpoint, Figures 2d and 3d show that the PVT-
PCM system offers a greater drop in cell temperature than a PVT-only system. The maximum
cell temperature drops by 8.97 °C, compared to a maximum drop in cell temperature of about
5.55 °C with a PVT-only system. The phase change material and thermal collector are the two
heat transfer media used in the PVT-PCM collector. The PCM receives heat from the collector
after it has first been transferred to the water. A huge amount of thermal energy is absorbed by
the PCM [51], and once it has properly melted, that thermal energy is again transferred to the
water. These procedures improve both the thermal and electrical performance of the cell while
also lowering its temperature.

3.2. Electrical Energy Analyses of PVT and PVT-PCM Systems

The energy analysis, which is based on the first law of thermodynamics, provides
a generalized picture of how the input energy has been utilized and highlights the key
industries that are responsible for the majority of energy consumption. The change in
various energy parameters, such as electrical power output, thermal efficiency, electrical
efficiency, etc., as a function of solar irradiation, cell temperature, and water flow rate, have
been analyzed in the current study to determine which of them has the most pronounced
impact on the energy performance of the PVT and PVT-PCM systems. It should be noted
that an experimental study on PVT and PVI-PCM was conducted for four different water
flow rates to obtain the best electrical performance because the experiment not only studies
photovoltaics but also depends on the thermal absorber, PCM, and water flows.

Figures 2a, 3a, 4a and 5a show the solar radiation level, electrical power, and efficiency
at a mass flow rate of 1 LPM. The peak solar radiation attained is 970.21 W/m?, at which the
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electrical power of the PVT module is 139.51 W as shown in Figures 2a and 4a, respectively.
On the contrary, the PVT-PCM module power output at 983.73 W/m? is 143.92 W, as shown
in Figures 3a and 5a, respectively. It can be observed that the maximum electrical efficiency
of the PVT system is 12.33% at 4:00 P.M., whereas that of the PVT-PCM is 14.25% at 3:30 PM.
as shown in Figures 4a and 5a, respectively.
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Figure 4. Electrical performance of PVT system at (a) 1 LPM, (b) 2 LPM, (c) 3 LPM, and (d) 4 LPM
flow rate.

Figures 2b, 3b, 4b and 5b show the solar radiation level, electrical power, and efficiency
at a mass flow rate of 2 LPM. The peak solar radiation attained is 987.47 W /m?, at which the
electrical power of the PVT module is 147.25 W, as seen respectively in Figures 2b and 4b.
On the contrary, the PVT-PCM module power output at 983.73 W/m? is 150.14 W, as shown
in Figures 3b and 5b, respectively. It can be observed that the maximum electrical efficiency
of the PVT system is 13.48% at 10 A.M., whereas that of the PVI-PCM is 14.11% at 3:00 PM.,
as shown in Figures 4b and 5b.

Figures 2c, 3¢, 4c and 5c show the solar radiation level, electrical power, and efficiency
at a mass flow rate of 3 LPM. The peak solar radiation attained is 978.77 W /m?, at which the
electrical power of the PVT module is 145.92 W as seen in Figures 2c and 4c, respectively. On
the contrary, Figures 3c and 5c respectively show that the PVT-PCM module power output
at 989.11 W/m? is 155.16 W. It can be observed that the maximum electrical efficiency of
the PVT system is 14.57% at 4:00 P.M., whereas that of the PVT-PCM is 14.82% at 3:30 PM.,
as shown in Figures 4c and 5c respectively.
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Figure 5. Electrical performance of PVT-PCM system at (a) 1 LPM, (b) 2 LPM, (c) 3 LPM, and
(d) 4 LPM flow rate.

Figures 2d, 3d, 4d and 5d show how increased irradiation levels affect electrical power
and electrical efficiency at a maximum mass flow rate (4 LPM). Figures 2d, 3d, 4d and 5d
show that increasing irradiation levels result in an increase in the electrical power and
efficiency of PVT and PVT-PCM systems. In both instances, it outperforms the PV modules’
power output over the full spectrum of irradiation. These figures highlight a few noteworthy
details. The expanding difference between the trend lines of PVT and PVT-PCM systems, as
shown in Figures 4d and 5d, illustrates how the cooling effect becomes effective at higher
irradiations. At low radiation levels, the difference in temperature between the inlet water
and the outlet water is very negligible. The temperature difference grows as the irradiation
level rises, mobilizing the rate of heat transfer and assisting in the removal of more heat from
the higher irradiations. This tendency is noticeable and more pronounced in the PVT-PCM
system, clearly demonstrating the usefulness of the PCM for temperature control.

Secondly, the effect of increased irradiation is no longer as strong after the power
output increases at a steeper rate between 300 and 1000 W/m?. Thus, it can be deduced
that, under typical Malaysian weather conditions, irradiation of about 1000 W/m? can
yield the highest output from a PVT or PVT-PCM panel. Thirdly, Figure 5d shows that
the electrical power of the PVT-PCM module is 160.05 W at 992.23 W/m?, as opposed to
148.61 W at 980.83 W/m? for the PVT module, as shown in Figure 4d, clearly demonstrating
an increase in the power output when the PCM and mass flow rate are used for thermal
control. Results indicate that different levels of illumination cause solar cells to produce
different amount of power. With a relatively small increase in panel voltage, the panel



Energies 2023, 16, 2224

15 of 26

current rises in direct proportion to solar radiation. Similarly, to this, panel power rises in
proportion to the amount of solar radiation.

According to Figures 4d and 5d, at 1 PM., the maximum output powers of PVT-PCM
and PVT differ by 11.44 W. The ability of phase change materials to store a large amount of
heat allows the cell temperature to be kept as close to the STC value as possible, improving
electrical output. Figures 4d and 5d show the response of electrical efficiency as a function
of the irradiation of PVT and PVT-PCM modules, respectively. The data clearly show
that the efficiency of both PVT and PVT-PCM photovoltaic devices increases up to an
irradiation level of about 300 to 600 W/m? and then noticeably decreases with increased
irradiation. Therefore, in Malaysian conditions, photovoltaic devices function best within
the aforementioned range of irradiation. Consequently, the PV /T-PCM module produces a
commendably superior performance to the PV /T-only system operating alone. Figure 4d
illustrates that the electrical efficiency of the PVT module decreases from 13.36% to 8.28%
as the irradiation level rises from 313.18 to 883.77 W /m?.

On the other hand, as seen in Figure 5d, the electrical efficiency of the PVT-PCM mod-
ule decreases from 15.32% to 8.83% as the irradiation level rises from 358.45 to 991.85 W/m?.
The electrical efficiencies of PVT and PVT-PCM systems differ by a maximum of 1.96% in
Figures 4d and 5d. It can be noticed that the PVT system’s maximum electrical efficiency is
13.36% at 10 A.M., as shown in Figure 4d, whereas that of the PVT-PCM system is 15.32%
at 3:30 PM., as shown in Figure 5d, clearly demonstrating a notable improvement in the
electrical performance by using PCM. This confirms that using PCM thermal control in
PVT systems is the right decision, which holds true not only for the highest efficiency point
but also for almost the entire range of efficiency.

3.3. Thermal Energy Analyses of PVT and PVT-PCM Systems

Figure 6 provides information on of the average thermal performance of PVT and PVT-
PCM systems. The performance is shown in terms of outlet water temperature, heat gain,
and thermal efficiency. Figure 6a presents the heat gain as well as the thermal efficiency of
PVT and PVT-PM modules, respectively. While PVT and PVT-PCM collectors are designed
to produce both electricity and heat, one of their main uses is in the provision of warm
water. In this case, the temperature of the water coming out of the collector has been used
as an indicator of its thermal performance, along with the amount of heat it gains and how
well it uses that heat.
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Figure 6. (a) Average thermal efficiency, heat gain, and (b,c) water temperature of PVT and PVT-PCM
collectors as a function of water flow rate.



Energies 2023, 16, 2224

16 of 26

The inlet and outlet water temperatures generated by the PVT and PVT-PCM systems
are depicted in Figure 6b,c, respectively. Both graphs clearly show that as the water flow
rate increases, the temperature of the outlet water decreases. Therefore, the flow rate may
be kept at 2 LPM to obtain a warm water supply with better thermal efficiency. For PVT
systems, the maximum average heat gain is 851.91 W at 1 LPM, and the highest obtainable
thermal efficiency is 75.29% at 2 LPM. On the other hand, PVT-PCM modules offer the
highest average thermal efficiency at 86.19% with a heat gain of 1001.71 W at 2 LPM. So, the
use of PCMs makes it easy to obtain 149.80 W more heat output and 10.90% more thermal
efficiency than with a traditional PVT system.

4. Comparative Performance Evaluation

This study also compares the performance of two systems, PVT and PVT-PCM, as
well as another existing study so that it can understand the use of PCMs with different
mass flow rates of water. Figure 7a,b show the average electrical and thermal efficiencies of
PVT and PVT-PCM with different water flow rates. It is observed that both the electrical
and thermal performance of the PVT-PCM is better than that of the PVT system. While
the maximum PVT panel electrical efficiency obtained is 10.56% (Figure 7a), at 4 LPM of
water flow rate, the PVT-PCM system offers almost a 0.95% increase with respect to 11.51%
(Figure 7b). The maximum thermal efficiency of the PVT-PCM collector is enhanced by
10.90% at 2 LPM as compared to the PVT collector.
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Figure 7. Average energy efficiency comparison performance of (a) PVT and (b) PVT-PCM for
different mass flow rates.

Table 5 compares the performance parameters of PVT and PVI-PCM systems obtained
in the current study to those obtained in previous research. It can be seen from the table that
these results agree well with the previous ones. However, PVT and PVT-PCM electrical and
thermal performance with the proposed system have improved since the previous studies.

Table 5. Comparative performance assessment of the present with the previous study.
Reprinted /adapted with permission from Ref. [52], 2023, Elsevier, License number 5491951000896.

Type of Systems Electrical Efficiency (%) Thermal Efficiency (%) Reference
PVT system 9.92 72 [66]
PVT system 10.8 62.37 [671
PV/T and PV/T-PCM system 6.98 and 8.16 58.35 and 69.84 [68]
PV-TES x 40 t0 50 [69]
NPVT and NPV-TES 1.59 and 3.19 X [70]
PV/PCM and 1249 and 12.84 x (71]

Reflector/PCM/Nonpractical
PVT and PVT-PCM 10.56 and 11.51 75.29 and 86.19 (Present)
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5. Economic Analysis

The economic analysis focuses on the payback time for the entire system, which con-
sists of the solar system (PVT and PVI-PCM) and the electric heater system. These results
help to differentiate between the economic performance of renewable and non-renewable
sources. The cash flow diagram and the total cost over 25 years for a solar PVT and PVT-
PCM system can be predicted from the assumed years using Equations (18), (20), and (21).
The cash flow life expectancy of the module can be determined using the information in
Tables A1l and A2 of Appendix B, assuming an annual interest rate of 10%. This calcu-
lation is a pragmatic estimate based on some assumed values. In contrast, Appendix D
(Figure A5 and Table A5) displays the payback results from the cost analysis of an electric
heater using Equations (19)-(21), respectively.

The cost of the thermal absorber is MYR 1750.77 (USD 410.78). Note that the USD
conversion rate was 1 US$ = 4.26 MYR. The cash flow diagram of a PVT is depicted in
Figure 8 from year 0 to year 25, with values and arrows showing the year and cost per
15-year period of MYR 100 (US$23.46). With zero annual operating costs, as displayed in
Table Al, the total outlay is MYR 3750.77 (US$880.09), including MYR 100 (US$23.46) for
setup. After 25 years of use, a replacement fee of MYR 100 (US$23.46) is added for each
component part that needs to be replaced.

0 5 10 15 20 25 Year

L]

MYR 100 MYR 100 MYR 100 MYR 100 MYR 100

MYR 3750.77

l MYR 100

Figure 8. Solar PVT system cash flow diagram.

Cost of running a solar PVT system:

First 5 years:
AW. so12r pvT = MYR — 1032.20 (US$ 242.30)

Second 10 years:

AW. go10r pvT = MYR — 632.96 (US$ 148.58)
Third 15 years:

AW. so1r pvT = MYR — 509.42 (US$ 119.58)
Fourth 20 years:

AW. so1r pvT = MYR — 454.05 (US$ 106.58)

Fifth 25 years:

The cost of the solar PVT system is represented by the negative values. The cost of the
solar PVT system has a longer payback period than the electric heater system, according
to the annual worth method, but after 20 years, the cost value is MYR 454.05 (US$106.58),
which is less than MYR 492.05 (US$115.50) (electric heater system, Table A5). The payback
period for the solar PVT system will start after 20 years, based on the annual worth method.
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MYR 1750.77 (US$410.97) is expected for the thermal absorber and MYR 1853.76
(US$435.15) for the PCMs. Figure 9 shows a PCM cash flow diagram from year 0 to year 25,
with values and arrows representing the year and MYR 1900 (US$446 per 5-year period).
From Table A2, it is stated that zero cost is encountered in the initial year; thus, MYR
5604.53 (US$1315.61) is the initial cost, plus MYR 1900 as the installation cost. While the
annual operating cost is zero, PCMs will need to be replaced after 5 years, which will cost
MYR 1900 (US$446) in addition to the replacement of some component parts.

0 5 10 15 20 25 Year

MYR 1900 MYR 1900 MYR 1900 MYR 1900 MYR 1900

MYR 5604.53

MYR 100

Figure 9. Solar PVT-PCM system cash flow diagram.

Cost of running a solar PVT-PCM system:
First 5 years:

AW. solar PvT-Pcm = MYR — 1816.05 (US$426.30)
Second 10 years:

AW. solar PvT-Pcm = MYR — 1047.60 (US$245.91)
Third 15 years:

AW. so1ar PvT-PcM = MYR — 809.79 (US$190.09)
Fourth 20 years:

AW. so1ar PvT-PcM = MYR — 703.22 (US$165.05)

Fifth 25 years:

Furthermore, MYR 1900 (US$446) as the replacement cost for its parts is expected at
the 25-year mark, bringing the total to MYR — 647.77 (US$152.05).

The negative values represent the solar PVI-PCM system’s cost values. A solar PVT-
PCM system costs significantly more than an electric heater system; even after 25 years,
the cost value is MYR 647.77 (US$151.78). This means that the lifetime of PV panels can be
increased, allowing them to be used for a longer period of time. Based on the findings, it is
clear that the solar PVT-PCM system has a longer service life than the solar PVT system.

6. Conclusions
The objective of this study was to examine and contrast the performance of a PVT and a

PVT-PCM module under typical weather conditions in Malaysia. Energy analyses have been
performed to evaluate the system'’s overall performance. The following are the main conclusions:
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e  The highest PVT and PVT-PCM electrical power outputs of 148.61 W and 160.05 W
are attained with a flow rate of 4 LPM, respectively.

e  For the PVT and PVT-PCM systems, the maximum electrical efficiencies are 14.57% at
3 LPM and 15.32% at a maximum flow rate of 4 LPM.

e The maximum PVT average thermal efficiency is 75.29% with a mass flow rate of
2 LPM, while the highest rise in the outlet water temperature is 16.81 °C at 1 LPM. The
lowest water temperature difference is 4.31 °C at 4 LPM.

e  The maximum PVT-PCM average thermal efficiency is 86.19% with a mass flow rate
of 2 LPM, while the highest rise obtained is 14.87 °C at 1 LPM. The lowest water
temperature difference is 3.86 °C at 4 LPM because of the effect of the extra thermal
absorber PCMs.

e  The economic analysis shows that the solar PVT system’s payback period will start
after 20 years compared to an electric heater system. The solar PVT-PCM system, on
the other hand, costs significantly more than the solar PVT and electric heater system
but has a longer service life than the solar PVT system.
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Appendix A. PCMs DSC Test Report
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Figure Al. Paraffin DSC test curve.
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Appendix B. PVT and PCM System Cost

Table Al. The breakdown cost of solar PV module and thermal collector (PVT system).

Component Description Retail Price (MYR)
Solar PV module cost 60 cells-Poly 250 W 2000
Salvage value 0
Total retail cost 2200 (US$516.43)
Thermal collector Absorber aluminum sheet (1 mm, 39, 58 inch) 36
Absorber copper pipe (1 mm, 0.5-inch, 581 inch) 280.77
Copper pipes elbow c.onnector (0.5-inch dia, 578
68 pieces)
Pipe to absorber shee’F gaps fill up with heat 30
conducting paste
Aluminum foil cover 30
Insulation sheet Ceramic fiber paper 50
Plywood sheet 6 mm plywood (2.5, 3 fit) 30
Back cover sheet Aluminum 1mm sheet 36
Inlet, outlet pipe 6 m palate 0.5 m dia 20
Gate valves Mattel and plastic 30
Storage tank 80-gallon plastic tank 180
Water flow meter 0.5 to 4 water LPM 250
Other Pudding, screw, rods, silicone paste, etc. 200
Installation cost 100
Salvage value 0
Total retail cost 1750.77 (US$ 410.97)

Table A2. The breakdown cost of PCM.

Component Description Retail Price (MYR)
Phase change material
PCM (lauric acid, 8.72 kg) 1813.76
Aluminum packets for PCM 7 packets 40
Installation cost 100
Salvage value 0

Total retail cost

1853.76 (US$ 435.15)

Table A3. Cost of all components for constructing electric heater. Reprinted /adapted with permission

from Ref. [45], 2023, Elsevier, License number 5491950164169.

Component Description Retail Price (MYR)
. . Electric water heater (DSK-55)
Price of electric heater 5500 W 386.16
Price of the heating element Copper 200
Installation cost 100
Running cost 431.46

Total retail cost

686.16 (US$ 160.56)
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Appendix C. Wind and Humidity Data

Table A4. Wind and Humidity Data (selected month).

30 May 2016 12 June 2016
Time Humidity (%) Dir‘lfcr;lon Win(ijsl;eed Time Humidity (%) Di‘:'\(]eicrzgon Win(iin?sp;eed
10:00 A.M. 66 N 0.45 10:00 A.M. 84 w 3.13
11:00 A.M. 52 NW 3.13 11:00 A.M. 84 WNW 1.34
12:00 P.M. 52 NNW 3.58 12:00 P.M. 79 NNE 2.24
1:00 P.M. 49 NNW 3.13 1:00 P.M. 70 NW 2.24
2:00 P.M. 47 NW 4.02 2:00 P.M. 75 w 1.34
3:00 P.M. 47 NNW 4.02 3:00 P.M. 66 NW 1.34
4:00 P.M. 49 WNW 4.02 4:00 P.M. 66 N 2.24
28 June 2016 13 July 2016
Time Humidity %) plome Wind Speed Time Humidity %) plone Wind Opeed
10:00 A.M. 74 SE 3.13 10:00 A.M. 79 NE 0.89
11:00 A.M. 70 SSE 3.13 11:00 A.M. 70 NE 045
12:00 P.M. 66 S 3.13 12:00 P.M. 62 SE 0.89
1:00 P.M. 63 S 3.13 1:00 P.M. 59 S 4.02
2:00 P.M. 59 SSW 2.24 2:00 P.M. 59 S 2.24
3:00 P.M. 56 S 2.24 3:00 P.M. 56 WSW 1.34
4:00 P.M. 56 WSW 2.68 4:00 P.M. 56 SW 2.68
10 September 15 September
2016 2016
Time Humidity (%) greme Wind speed Time Humidity (%) grems Wind speed
10:00 A.M. 70 SE 0.89 10:00 A.M. 70 S 1.34
11:00 A.M. 62 ESE 2.24 11:00 A.M. 66 SSE 1.34
12:00 P.M. 59 E 2.68 12:00 P.M. 62 S 2.24
1:00 P.M. 55 SSE 2.24 1:00 P.M. 59 WSW 2.24
2:00 P.M. 55 SE 3.13 2:00 P.M. 49 S 2.24
3:00 P.M. 56 S 2.68 3:00 P.M. 52 WSW 2.24
4:00 PM. 59 SSW 3.13 4:00 P.M. 49 w 3.13
18 September 20 September
2016 2016
Time Humidity (%) grems Wind speed Time Humidity (%) grema Wind speed
10:00 A.M. 70 NW 3.13 10:00 A.M. 70 NNW 4.02
11:00 A.M. 66 NW 4.02 11:00 A.M. 66 NW 5.36
12:00 P.M. 62 NNW 3.58 12:00 P.M. 62 NNW 3.13
1:00 P.M. 59 NW 5.36 1:00 P.M. 59 WNW 3.58
2:00 P.M. 56 WNW 4.02 2:00 P.M. 66 SW 3.58
3:00 P.M. 63 w 4.47 3:00 P.M. 62 w 3.13
4:00 PM. 63 w 5.81 4:00 P.M. 55 w 2.68
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Appendix D. Electric Heater Cash Flow Results

CLLLL LTI LTI LTI LTI ene

v MYR 386.16

v MYR 100
Figure A5. Electric heater cash flow diagram.
Table A5. Cost of running an electrical heater.
Year A.W. Electric Heater (MYR) US$

5 592.46 138.05
10 523.12 122.79
15 501.67 117.76
20 492.05 115.50
25 487.05 114.33
30 484.24 113.67
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