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Solar energy has increasingly been employed for domestic and industrial water heating. Both conventional solar water heater
(SWH) and photovoltaic thermal (PVT) systems suffer from the drawback of poor energy conversion efficiency. In this article,
a unique parallel serpentine-flow thermal collector has been designed and developed that has been employed as an isolated
SWH and also integrated with a 32-cell monocrystalline photovoltaic (PV) module. Simulation models of both SWH and PVT
systems have been built in TRNSYS to study their thermal performance numerically. Thereafter, outdoor experimental
investigations have been conducted under the composite climates of Malaysia. Experimental results show very good agreement
with the simulation outcomes with disparity less than 2%. At the optimum flow rate, the maximum thermal efficiencies of
SWH and PVT are 82.5% and 74.62%, respectively. Superior water outlet temperature was obtained with SWH. Although
SWH exhibits superior thermal performance, PVT’s additional electrical output might make it preferable for several applications.

1. Introduction

Global energy consumption is exponentially increasing with
increased economic activities of the human civilization.
According to the World Resources Institute [1], the level of
economic activities performs a substantial role in the emis-
sion of greenhouse gases (GHG). And the intensity of CO2

emission of a country is totally dependent on the energy
supply system it has adopted, whether coal and oil based
or renewable based [2]. Renewable energy sources such as
solar, wind, biogas, biomass, hydropower, and geothermal
provide low carbon alternatives of energy sources. However,
renewable energy accounted for only 1.6% of global energy
demand in 2012 and is expected to increase to 2.2% in
2035 [3]. Among the other renewables, solar energy has ben-
efits like wider access and greater predictability; hence,
application of solar energy is expanding day-by-day, espe-

cially in water and space heating, desalination, and power
generation [4].

Several machineries have been developed to exploit solar
energy in the form of heat, electricity, and both. Among the
solar technologies, the solar water heating (SWH) system is a
well-developed platform in exploiting solar energy, while the
photovoltaic thermal (PVT) system is still under develop-
ment. There are many types of solar thermal collectors for
SWH application, but most of them are fixed or centralized.
The fixed type includes the flat plate collector (FPC), evacu-
ated tube collectors (ETC), composite parabolic collectors
(CPC), cylindrical trough collectors (CTC), and heliostat
field collectors (HFC) [5–7]. Thermal efficiency (ηth) of an
FPC system depends on the absorber or thermal collector
design. Many thermal collector configurations have been
reported in the literature, e.g., oscillating flow (ηth 60%), spiral
flow (ηth 70%), serpentine flow (ηth 48%), parallel serpentine
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flow (ηth 70%), orbital flow (ηth 62%), modified serpentine or
parallel (ηth 68%), and V-trough (ηth 70%) [8].

Jiandong et al. [9] numerically investigated the thermal
efficiency of an FPC and observed that as the collection tube
length or diameter decreases, efficiency of the collector
increases. Belkassmi et al. [10] numerically studied the
impact of using nanofluids on the operation of an FPC
where copper/water, copper oxide/water, and alumina/water
nanofluids have been used. Authors reported average gains
in thermal efficiency of 4.44%, 4.27%, and 4.21% with cop-
per/water, copper oxide/water, and alumina/water, respec-
tively. Computational models for solar thermal systems
developed in recent years eradicated the need for onsite
experiments to a good extent [11]. In this regard, TRNSYS
software is reportedly apposite for the SWH and PVT systems
to assess their thermal and overall performances [12, 13].

Both SWH and PVT are commonly used for domestic
hot water [14], and the thermal collector part (or absorber)
of these collectors is usually made from a high thermal con-
ductivity metal plate attached with channels for heat transfer
fluid (HTF) flow. The surface is painted or coated to increase
the absorption of radiant energy and sometimes to limit
radiation [15]. The protected box provides structure and fix-
ation and reduces heat loss on the back or side of the man-
ifold. The covering foil, the so-called liner, allows sunlight
to enter the absorber and protects the space in the absorber
by preventing the passage of cold air. In any case, the glass
will reflect some sunlight that has not reached the absorber
[16]. PVT manifolds can be designed for temperatures as
high as 200°C. Therefore, its absorber is usually made of cop-
per, steel, or aluminum. On the other hand, the collector box
can be made of plastic, metal, or wood, and a glass cover
must be attached to prevent heat from escaping, and the heat
collector itself can be dust-proof. The collector itself is
shielded from dust and dirt, creepy crawlies, or sticky sub-
stances [8, 17].

Despite the use of insulating material in the collector
box, a certain amount of heat loss is inevitable due to the
temperature gradient between the glass cover, absorber,
and ambient air. These convection losses are caused by the
critical point—the scattering effect between the glass cover
and the absorption plate. In contrast, radiation loss is caused
by the heat exchange between the absorbent and the envi-
ronment [18]. The absorption plate covering the entire area
of the collector hole has three functions: (i) absorb as much
radiation as possible, (ii) release heat from the working
medium with the slightest temperature difference, and (iii)
release the measured baseline heat into the environment
[19]. Other parts of the collector, such as storage tanks,
can be connected to the water inlet and outlet flows.

Electrical efficiency of PV cells deteriorates with
increasing cell temperature, and if this unwanted heat
can be efficiently extracted from the cell, it might be uti-
lized for low- to medium-temperature thermal applications
[17, 20, 21]. On the one hand, air or water cooling for flat
plate or concentrator collectors employed for standalone
or building-integrated PV realizes increase in electrical
efficiency up to 12–14% [22]; on the other hand, effective
utilization of the waste heat extracted from the panels
reportedly improves the thermal performance by a higher
margin [23–26]. A numerical model predicts that using
high thermal conductivity nanofluids can extract heat from
the modules more efficaciously than air and water [27].
Hence, for better thermal and electrical performance,
nanoparticles that enhance the heat transfer rate can be
doped into cooling water.

From the literature, it can be observed that the SWH and
the PVT collector performance depends on the absorber
channel design. However, the primary heat gain difference
between the two collectors depends on main plate materials
(glazed or unglazed). The present study introduces a newly
developed single serpentine-flow thermal absorber design
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Figure 1: Schematic of SWH and PVT systems.
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and tests it in both systems, i.e., PVT and FPC, simulta-
neously to achieve the collector performance. Although the
performance assessment of serpentine-flow thermal
absorber-based PVT collectors has been investigated experi-
mentally in the earlier study by the same group of authors,
the focus of that study was limited only to PVT-based sys-
tems. In the present research, dynamic simulation models
of PVT and FPC have been compared. In addition to devel-
oping dynamic simulation models of SWH and PVT systems
in TRNSYS, the collector’s thermal performance is based on
experimental field studies under typical conditions in Malay-
sia. The article’s structure constitutes the following sections:
modelling and simulation, experimental analysis, results and
discussion, and conclusion. Finally, a comparative study is
conducted to evaluate the thermal performance between
SWH and PVT collectors to realize the overall merit of these
systems.

2. Research Methodology

2.1. Modeling and Simulation in TRNSYS. Figure 1 shows an
overall concept of the SWH and PVT systems and their spe-
cific working methods. In this study, the SWH and PVT col-
lectors are serpentine-flow-based flat plate collectors. The
SWH system collects solar heat and supplies it directly into
the inlet water. On the other hand, the PVT system is com-
bined with the PV module and FPC, wherein the waste heat
from the PV module is transferred to the thermal collector
that warms up the water flowing through the attached
channels.

This analysis is aimed primarily at performing a
dynamic simulation of two systems under Malaysian cli-
matic conditions. The following assumptions are considered
in the TRNSYS modelling and simulation:

(i) The system is assumed as equilibrium

(ii) Energy losses are neglected in the connected piping
and valves

(iii) Thermal properties remain constant

A block diagram of a TRNSYS model is illustrated in
Figure 2. The comparative simulation of the solar hot water
system based on serpentine SWH and PVT with TRNSYS is
shown in Figures 3(a) and 3(b), respectively. The solid lines
illustrate the various paths for water, and the dotted lines
represent all other necessary joints. The Type 109-TMY2 is
used to read weather data and provide the weather informa-
tion to the model. The TMY2 weather file with data for
Kaula Lumpur, Malaysia, used for the current analysis
includes solar radiation and meteorological information for
a given location which is important to predict the perfor-
mance. The main components of the TRNSYS model are
solar collectors, storage tank, pump, and unit control which
are presented in detail as follows:

(i) Weather data component is Type 109, which reads
the typical TMY2 format weather data file

(ii) Solar flat plate collector (SWH) is Type 1b which
converts the irradiance into the internal energy of
the working fluid

(iii) The photovoltaic thermal (PVT) collector is Type
50a which converts the irradiance energy into the
working fluid’s electrical and internal energy

(iv) Water pump is Type 3b

(v) Type 65d are online plotters

2.2. Experimental Investigation. The conceptual schematic of
the experimental set-up comprising SWH and PVT systems
is shown in Figure 1. The outdoor experimental set-up con-
sists of a flat plate collector (FPC) with serpentine-flow
channel and a photovoltaic thermal (PVT) collector with
the same channel configuration. A water pump maintains
the flow through the circuit and carries heat to the applica-
tion end. This solar water heater has two different water
tanks: one for cold water or regular water supply and the
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Type 3b
water pump
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Online plotter
(type 65d)

Printer 
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Main water
supply
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Figure 2: Block diagram of TRNSYS model.
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other for storing hot water. There are several controller
valves in the water tank to help with water transfer. The
individual SWH and PVT collectors along with flow channel
design and the monocrystalline Si PV module are illustrated
in Figure 4. For instrumentation, K-type thermocouples are
used to measure temperatures at different points, a flow
meter is connected to measure the flow between the cold-
water tank and the pump, and a silicon pyranometer is used
to measure the solar irradiance. Real-time data have been
recorded uninterruptedly in a digital data logger.

Copper tubes have been used in thermal collector fabri-
cation because of their excellent thermal conductivity [28].
Due to the serpentine design and the number of loops in
the channel, water will take a longer time to reach the exit
that will allow more thermal energy to be absorbed and
transported [29]. Moreover, this configuration ensures cov-

erage of the most of the collector area that helps to harvest
more waste heat.

2.3. Mathematical Framework for Thermal Performance
Analysis. Conventional energy analysis consists of carrying
out energy balances based on the first law of thermodynam-
ics and determining energy efficiencies. The energy balance
equation for all the systems under control volume in the
equilibrium state is the following equations [12, 30, 31]:

〠 _Ein =〠 _Eout+〠 _Eloss, ð1Þ

or

_Esun + _Emass,in = _Emass,out + _Eelectrical + _Eloss, ð2Þ

Pump
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Tank Plotter 2

Plotter 1Weather

(a)
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�V
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Weather
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Figure 3: TRNSYS model for (a) SWH and (b) PVT systems.
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where _Ein, _Eout, and _Eloss are the energy input, output, and

loss, respectively. _Eelectrical is the amount of energy converted

into electricity. _Esun is the solar energy and _Emass,in and
_Emass,out are, respectively, the enthalpies of the inlet and out-

let waters reaching the surface of both collectors, i.e., SWH
and PVT, which can be calculated by

_Esun SWHð Þ = ταASWHIrad, ð3Þ

_Esun PVTð Þ = ταAPVTIrad, ð4Þ

where τ and α are transmittance and absorptance coeffi-
cients of SWH and PVT, respectively. However, the collector
coefficients may differ due to various materials. A is the area
of the collector (m2) and Irad is the irradiation (W/m2).

Under the above condition, the useful heat (energy) gain
and thermal energy efficiency can be calculated as equation
(5):

Collector heat gain:

_Egain = _mCp Twater,out − Twater,inð Þ, ð5Þ

where _Egain is the collector heat gain, _m is the mass flow rate

of fluid (kg/s), and Cp is the specific heat at constant pres-

sure (J/kgK). However, the water temperature (°C) differ-
ence between outlet and inlet can be represented by
Twater,in and Twater,out, respectively.

Efficiency of a collector is expressed by its thermal effi-
ciency (ηThermal), which is usually the ratio between the avail-
able heat gain of the system and the solar radiation incident
on the gap of the collector over a period of time. Thermal
energy efficiency can be calculated by using a traditional

equation:

ηThermal =
_Egain

_Esun

, ð6Þ

where ηThermal is the collector thermal efficiency. The SWH
and PVT collector thermal efficiency is calculated by using
equations (3), (4), and (5).

The solar energy absorbed by the PV modules is turned
into electric and thermal energy, while the thermal energy is
wasted through convection, conduction, and radiation.
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Figure 4: Fabricated model for (a) SWH and (b) PVT systems.
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2.4. Error Analysis. An error analysis has been performed to
check the relevance of the proposed TRNSYS model. The
root mean square error (RMSE) is statistical data used to
measure the degree of consistency between a simulated
model and experimental physical results, which establishes
character and allows for broader application of the model.
In this analysis, RMSE is calculated using the following

equation [32]:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑ 100 × TExp,n − TSim,n

� �

/TExp,n

� �2

NExp

s

, ð7Þ

where TExp,n and TSim,n are the experimental and simulated

results at n, respectively, and NExp is the number of experi-

mental points executed.
Comparison of the experimental and simulated results

revealed very good agreement with the maximum standard
error of less than 2%. Such a low margin of RMSE provides
the acceptance of simulated results [32].

3. Results and Discussion

This section presents a comparative performance assessment
of serpentine-flow SWH and PVT systems with conforming
explanations wherever necessary. The outcomes have been
explained in three parts: first, onsite weather parameters
and its effect on water temperature; secondly, effect of solar
irradiance on system performance; and thirdly, a perfor-
mance comparison with previous reported systems.

3.1. Hourly Weather Data Variations and Outlet
Temperature. The TRNSYS model central input data come
from global weather data and the experimental data col-
lected by different parameters, such as irradiance, the sur-
rounding (ambient) temperature, and collector inlet water
temperature. The irradiance intensity is available in Malay-
sia. It is recorded that the average irradiance range is
4500 kWh per square meter, which can be a perfect place
for large-scale solar power plant installation. It is expected
that if the amount of irradiance it gets every day is about
4.5 to 8 hours, it will be good enough to produce high solar
power generation; however, the solar-based application is
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Figure 6: Simulated and experimental outlet temperatures for
SWH system.
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still minor than expected in Malaysia. Figure 5 shows an
hourly variation (8 hours) of SWH and PVT collector inlet
water temperature. The inlet temperature is measured at
the water flow rate of 0.034 kg/s.

Figures 6 and 7 show the simulated and experimental
variations of outlet water temperature under varying solar
radiations. Figures 6 and 7 show both simulated and exper-
imental trends of the outlet temperature as a function of
irradiation at 0.5 LPM for SWH and PVT. It is quite appar-
ent that simulated results agree well with the experimental
outcome in all cases.

In this part, the irradiance and surrounding temperature
data are entirely understood, which varies with time. There
can be three practical situations in irradiance and surround-
ing temperature data. At 10 am, the surrounding tempera-
ture and irradiance data are recorded at 380W/m2, 31°C,
then rise to a peak irradiance at 989W/m2, 33°C, and the last
stage irradiance data is at 430W/m2 at 4 pm where the sur-
rounding temperature was 31°C. However, the weather
behaviour cannot be controlled.

Although there are several unusual sharp declines in the
irradiance curve, irradiance is at its peak from 1:00 to
2:00 pm. However, variation in the surrounding temperature
throughout the day does not follow the same trend as in the
case of irradiation; instead, it remains almost constant all
along the day with slight variation. Figure 6 also gives a
shred of evidence that the temperature rise in water is
directly proportional to the hourly variation in irradiance
with the increasing trend in the morning, the highest
increase at noon, and then a decreasing trend. The maxi-
mum inlet temperature is at 32°C at 2 pm and falls at 25°C
at 4 pm.

Figure 7 represents the PVT simulation and experimen-
tal results in the hourly variation of irradiance and outlet
water temperatures at the typical water flow rate of
0.034 kg/s. It is observed that the outlet water temperature
is 40°C (maximum rise) at 2 pm, whereas the irradiance
was 989W/m2 and the surrounding temperature was 33°C.
Figure 6 also points to the same statement that the temper-
ature rise in water is directly proportional to the hourly var-
iation in irradiance with the increasing trend in the
morning, the highest increase in the noon, and then decreas-
ing trend. The maximum water (inlet and outlet) tempera-
ture difference was 9°C when the irradiance was picked.
However, the outlet water temperature difference between
simulated and experimental results is negligible. It is justified
that the TRNSYS model outcomes and experiment perfor-
mance are in the same trend.

3.2. Effect of Solar Irradiances on the Thermal Performance
at an Optimum Mass Flow Rate. Performance solar collector
systems mainly depend on the intensity of solar irradiance.
Calculating the thermal performance of those systems
focuses on collector heat gain and irradiance (equation
(5)). In this section, thermal efficiency and heat gain of the
collectors have been displayed as a daytime function which
portrays the variation solar irradiance level of that day.

Figures 8 and 9 show the thermal performance of SHW
and PVT collectors in terms of outlet water temperature,

heat gain, and efficiency. The maximum heat gain in the
SWH system is 1300W at 1.30 pm. Whereas, the PVT sys-
tem got 1200W at 1.15 pm. The highest thermal efficiency
obtained for both systems is 93% at 10.15 am and 83% at
10.45 a.m. At the same time, the average thermal efficiency
is 82.5% and 74.62%, respectively.

It can be observed that the heat gain for each system’s
trend follows a bell-shaped curve. The trend is similar, but
PVT values are lower than the SWH system. However, the
thermal efficiency distribution values are not the same nor
symmetrical because of PVT materials. Another significant
point can be noticed in both systems’ heat gain and
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efficiency difference, which can give a clear justification. In a
PVT system, the thermal energy is removed; thus, the elec-
tricity production can be increased.

3.3. Comparative Performance Analysis between SWH and
PVT Systems. In this section, a comparative performance
has evaluated the SWH and PVT systems to make a relative
ranking among the systems possible. Figure 10 shows the
thermal performance of the SWH and PVT systems. The
heat gain and thermal efficiency of the SWH system perform
better than those of the PVT system because at the PVT col-
lector, the main plate is covered with a PV module. So, most
of the thermal energy is absorbed by cells, and then, heat
flows to the absorber tube. The result shows that PVT’s max-
imum thermal efficiency and that of SWH are 74.62% and
82.5% at the optimum flow rate, respectively. The results
obtained in this study are comparable to the results of other
investigators in the literature.

3.4. Performance Comparison with Previous Studies. The
overall thermal comparative results of performance of the
present study and a previous study are shown in Table 1.
It is investigated that the present SWH thermal efficiency
has significant achievement with previous study results. On
the other hand, only PVT thermal efficiency is slightly lower
than box channels by 1.38% and roll bond by 4.38% due to
the different materials, mass flow rates, and experimental
location. To evaluate the performance of the absorber sys-
tem, a single SWH system can be a more suitable option.
In the literature, there are seven different absorber systems
and their thermal performance [8]. The proposed unique
parallel serpentine-flow absorber significantly improves
from the previous study due to its materials and techniques.

4. Conclusions

This study investigates and analyzes the collector perfor-
mance of newly developed SHW and PVT systems with a
serpentine-flow thermal collector under typical Malaysian
weather conditions. Besides that, a comparative performance
has been made in the following manner: firstly, the SHW
and PVT systems; secondly, the analytical and energetic
performance.

The proposed active system and hourly data were col-
lected for this research. It is clear from the analysis of the

results that the collector’s thermal performance depends on
radiant solar energy, water temperature difference, and ther-
mal conductivity. However, the thermal efficiency-related
trends were explained with thermodynamic laws.

The result shows that the maximum thermal efficiencies
of PVT and SWH are 74.62% and 82.5% at the optimum
flow rate of 0.034 kg/s, respectively. Also, the comparative
study shows that the outlet water temperature was higher
in SWH. Comparison of the experimental and simulated
results revealed a perfect agreement with the maximum
standard error of less than 2%.
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