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1. INTRODUCTION

The depletion of conventional fossil fuels resources has revived the interest in renewable energy
resource utilization. Therefore, an alternative energy source must determine to meet our energy requirements
and for the preservation of conventional fossil fuels. Solar energy is one of the renewable energy sources and
this clean energy has potential to meet a significant amount of the world’s energy demand. The evolution of
renewable energy sources such as solar energy is a source of energy that provides benefits to the environment
and clean energy. Solar energy is also an alternative source to the poor or rural people who can not use
modern energy sources. Thermal and electrical energy can be generated from solar energy. These two
energies are produced in different forms but they can be produced simultaneously if hybrid collectors are
used. This hybrid system is made up of a combination of two types of collectors, namely thermal collectors
and photovoltaics in a unit called the photovoltaic-thermal (PVT) collector. PVT collector is a device
designed to receive solar energy, convert it into thermal and electrical energy, which transfer the thermal
energy to the fluid that flows into the collector. A PVT collector consisting of PV panel, insulation and
frame. Accordingly, PVT collector consists of one or more cover (glass sheets) or a transparent material
placed above an absorbing plate with air flowing around it. One way to enhance the collector’s efficiency of
PVT collector is use heat transfer area through absorber with finned absorber, corrugated surfaces, and
porous media [1]-[8]. PVT collectpr can be classified into four types base on heat transfer medium; air-based
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PVT collector, water-based PVT collector, the combination of water/air-based PVT collector, and nanofluid-
based PVT collector [9].

There are several advantages of PVT collectors over individual PV or thermal collectors discussed
in various literature. According to Kumar & Rosen [10], PVT systems produce 44% more combined energy
of useful thermal and electrical energy than individual systems with similar collector area. In addition, PVT
system has economic advantages such as less payback time when operational in certain climatic
conditions [10].

Kern & Russel in 1978 introduced the concept of PVT collectors using air or water as a heat
removal fluid. As such PVT collectors can be classified into three categories based on the type of working
fluid used. Namely, water PVT collector, combination of water/air PVT collector and air PVT collector [11].
There are various types of Air based PVT collectors which has been designed, evaluated theoretically and
experimentally by a number of researches. They are generally distinguished according to the air flow pattern
based on whether the flow of air is above the absorber, below the absorber, on both sides of the absorber, in
single and in double pass [12]. An unglazed air based PVT collector has 31.20% lower cost payback time
compared to the standard PV system for 12 months [13] while the value for water based PVT collector is
28.1% [14]. Recently, enviroeconomic and exergoeconomic analyses for air based PVT collectors was
studied base on thermodynamics aspect [15], [16]. Thermodynamics is the study of heat, work, energy, and
the changes they produce in the states of systems. In wider sense, thermodynamics examines the relationships
between the macroscopic properties of a system. A system is in the state of thermodynamic equilibrium when
no change in any microscopic properties takes place.

In this review, thermodynamic aspect is focused involving exergy analysis. Exergy analysis is
conducted by utilizing the first and second law of thermodynamics. Exergy analysis has become an essential
tool in the system design, analysis, and optimization of thermal systems [17]-[25].

2. FLAT PLATE SOLAR COLLECTORS

Flat plate solar collector is one of the most common type of solar thermal collector which is
commonly used for low temperature applications. The design of the flat plate collector depends on the type of
fluid used in the collector such as water or air. Flat plate water collector, as the name suggests, utilize water
as a mean to extract heat. A simple flat plate water collector comprises of four main components: absorber
plate, tubes fixed on the absorber plate, the transparent cover. Usually a low iron tempered glass is used as a
transparent cover [26]. To increase the performance of the collector, the convective and radiative losses
through the glass cover must be reduced and heat transfer from plate to the heat transfer fluid must be
improved [27]. The key component of a solar water heater is the absorber plate which serves as the central
module of a collector. It absorbs the maximum possible amount of solar irradiance and transfer the heat to the
working fluid which is flowing in absorber tube [26]. Therefore, apart from the design of the absorber plate,
the optical and thermal properties of the absorber play the most important roles on the performance of the
solar collector. The material predominantly used as the absorber plate is copper or aluminum due to its
effective thermal conductivity.

The useful energy gained from the collector is calculated using solar radiation magnitudes. The
thermal efficiency of a solar collector is expressed as [28]-[30]:

_ 0 _mc,- 1)
Ten = 45 4.5

where Q is the energy gained from the collector (W), m is the mass flow rate (kg/s), C is the specific
heat of air (J/kg °C), T, is the outlet air temperature (°C), T; is the inlet air temperature (°C), S is the solar
radiation (W/m?) and Ac is the collector area (m?).

3. THERMODYNAMICS FUNDAMENTALS OF AIR BASED PVT COLLECTORS

First law of thermodinamics states that the energy balance of a certain system holds good when the
system undergoes a change of state. But this law cannot provide any information on whether that change of
state or process is feasible at all or not. For example, it cannot give information on whether a metallic bar of
uniform temperature can spontaneously become warmer at one end and cooler at the other [31].

Second law of thermodynamics indicate the quality of the energy of the system [31]. According to
Clausius’ statement of the second law of thermodynamics, “it is impossible to construct a device which,
operating in cycle, will produce no effect other than the transfer of heat from a cooler to a hotter body”. Heat
always flows from a body at a higher temperature to a body at a lower temperature. The reverse process can
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never occur without work being done [31]. It can also be stated in terms of entropy as “In any transfer or
conversion of energy with in a closed system, the entropy of the system increases”. The following statements
can be derived using second law [32]: (i) the spontaneous or natural direction of energy transfer or
conversion is toward increasing entropy, or (ii) all energy transfers or conversions are irreversible. Entropy is
defined as the amount of molecular disorder with in a system [31]. Entropy increase and decrease during heat
transfer in hot and cold bodies as show in the Figure 1.

In thermodynamics, the exergy of a system is the maximum useful work which is possible during a
process that brings the system into the state of thermal equilibrium. It represents the maximum capacity of
energy to perform useful work as the system proceeds to the equilibrium, with irreversibility increasing its
entropy at the expense of exergy. Exergy is the difference between the total energy of the system and the
unavailable energy (e.g. Losses) as shown in the Figure 2. A system in complete equilibrium with its
environment has zero exergy [32].

Unavailable

energy
Hot body Cold body Total
Entropy Heat transfer _Entropy Energy
decreases increases
Figure 1. Entropy changes Figure 2. Demonstration of exergy

Exergy has the characteristic that it is conserved only when all processes of the system and the
environment are reversible. Exergy is destroyed whenever an irreversible process occurs when an exergy
analysis is performed on a system like PVT system, the thermodynamic imperfections can be quantified as
exergy destruction, which is wasted work or wasted potential for the production of work. By analyzing the
exergy destroyed by each component in a process, it can be easily identified where the focus should be given
to improve system efficiency. Exergy analysis is conducted by utilizing the first and second law of
thermodynamics.

Exergy analysis is a method that uses the conservation of the second law of thermodynamics for the
analysis, design and improvement of energy (and other) systems. It is a useful method in achieving the goal
of more efficient energy use as it enables us to determine the location, type and magnitude of wastes and
losses. Exergy analysis can indicate whether or not and by how much a design of the energy system can be
made efficient by reducing the inefficiencies in the system [33].

The performance of a PVT collector can be expressed as the combination of efficiency expressions
consisting of thermal efficiency (nm) and electrical efficiency (npv). The overall performance of the system is
evaluated using the total efficiencies, known as overall efficiency or PVT efficiency (npvr). It can be
expressed as below [34]:

Npyr = Ntr + Npy

However, in order to evaluate the efficiency of the system more precisely, the exergy efficiency
must be calculated using exergies for PV (electrical) and thermal. Assuming that the effects due to the kinetic
and potential energy changes are insignificant, the general exergy balance can be expressed as
following [35]:

YEx;—YEx,=YExg; or YNEx;—X(Exy + Expy) = X Exg

Ex; = ANS |1 4<T“)+1<T")4
X = 3\1,) T3\7,

Ex,, = mC(T T)(l Ta+273)
Xin = MEAe = & T, + 273

where

Expy = npyAS
I’LDV = 110 [1 - 0.004‘5(TPV - 25)]
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The exergy efficiency is defined as the ratio of total exergy output to total exergy input and can be
expressed as following [35]:

Ex,
NEx,pvT Ex,

4. STUDIES CONDUCTED ON AIR BASED PVT COLLECTORS

Hegazy [36] conducted an extensive investigation on overall performances analysis of flat plate air
based PVT collectors. The investigation was based on the single glazing collectors, with air flowing over the
absorber (Model I) or below it (Model II), and on both sides of the absorber in a single pass (Model III) or in
a double pass (Model 1V). Based on comparason, his analysis was concluded that for a given collector
design, the temperature of the PV decreases due to increased flow rate, resulting in imrovement in electrical
efficiency of the collector. Among the four PVT models, the overall performance was the lowest for model-I
where the air was flowing over the absorber. Model III where air was flowing on both sides of the absorber in
a single pass showed the highest overall performance followed by the Model IV where air was flowing on
both sides of the absorber in a double pass. The flow channel ratio D/L where L is the effective absorber area
of length and D is the depth of the flow channel was found to be an important design parameter. For optimal
thermo electric efficiency, the ratio must be equal to 2.5x10-3. The study also revealed that using of selective
absorber plate in such types of PVT resulted in redcution in the electricity generation by PV. From the
performance comparason, it was concluded that the Model III PVT collector is the most suitable design for
converting solar energy into low quality heat and high quality electrical energy.

Tonui & Tripanagnostopoulos [37] studied the effect of induced mass flow rate for both glazed and
unglazed PVT prototype models. They concluded that the induced mass flow rate increases with increasing
solar radiation due to more irradiance intercepted by the PVT collector. This resulted in increased heat
energy transfer to the air flow in the channel which thereby increased the output temperature and creating
higher stack effect.

Bambrook & Sproul [38] conducted an experiment to maximise energy output of a PVT system in
the Sydney climate. With increasing air mass flow rate, the thermal efficiency values increased, approaching
a maximum value of around 55-60%. However, while this thermal efficiency seem to be very good, at these
higher air flow rates, the increase in the air temperature from the inlet to the outlet was found to be very
small. The reason for outlet air temperature reduction with increasing air flow rate is when air flow velocity
increases, air acquires less time inside the channel to attain higher outlet temperatures [39].

Tonui & Tripanagnostopoulos [39] investigated and validated how air based PVT collectors heat
extraction can be increased while keeping electrical efficiency at an acceptable level. It was found and
verified that the energy efficiencies for finned, suspended metallic plate and normal air heaters respectively
are 30%, 28% and 25%. They also developed a similar model to validate the PV module temperature, back
wall temperature and air outlet temperature of PVT configurations using thin flat metal sheet suspended at
the middle or finned back wall of an air channel in the PVT. This model predicted the temperatures well
enough to within an error of about +2°C on average for all measured temperatures. The effect of glazing was
also analyzed by a number of researchers. According to the study conducted by Tonui &
Tripanagnostopoulos [39] a glazed air collector system has a higher thermal efficiency than the unglazed
system due to the reduced heat losses however, it has lower electrical efficiency as a result of more
absorption and reflection losses in the glass cover and higher PV module temperature. This also holds true for
water cooled PVT [40].

Tripanagnostopoulos et al. [13] conducted an experiment to analyze the performance, cost and life-
cycle assessment study of air based PVT collector system with glazed and unglazed collectors. Their result
showed that by using thin fill metallic sheet (TFMS) modification in the air channel results in an increase of
the combined electrical and thermal energy output compared to an unglazed air based PVT collector and
higher electrical ouput than glazed PVT. Furthermore, the electrical output of the PVT was higher than the
standard PV for only for the titled unglazed PVT and titled PVT with TFMS. The calculated thermal output
for the heated air for 6 months is almost 40% of that from the reference mode of 12 months.

Many researchers have worked on the optimization of the solar air heater based on the exergy
analysis. As such, Dubey et al. [41] conducted an exergy analysis on a PVT system with two configuration of
air collectors. Joshi & Tiwari [42] carried out the energy and exergy analysis of a PVT parallel plate air
collector for the cold climate region of India (Srinagar). The analysis reported that the instantaneous energy
and exergy efficiency of a Air based PVT collector ranges from 55-65% and 12-15%, respectively.
Recently, Fudholi et al. [35] studied theoretical and experimental of air based PVT collector with V -groove.
They reported that PVT exergy efficiencies of were 12.66-12.91% and PVT energy efficiencies were
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31.21-94.24%. The thermal and PV efficiency was 21.3-82.9% and 9.87-11.34% respectively. Several studies
on the energy and exergy analysis of air based PVT collectors were reported as shown in Table 1.

Tables 1. The Studies Conducted of Air Based PV/T Collectors

Energy efficiency (%) PVT
Ref. Year Study PV Thermal PVT Exergy efficiency
[35] 2018 Experimental and theoretical 9.87-11.34 21.3-82.9 31.21-94.24 12.66-12.91
[43] 2016 Experimental and theoretical 15 50 NA 14.8
[44] 2016 Experimental and theoretical NA 69.91 55 8.66
[45] 2016 Experimental and theoretical 10.5 70 90 NA
[46] 2015 Experimental 3.1-9.1 12.1-28.1 NA NA
[47] 2015 Experimental 15 23 38 NA
[48] 2015 Experimental 17.4 71.5 NA NA
[49] 2015 Experimental and theoretical 11.9-12.4 50 77.7 NA
[50] 2014 Experimental 8.3-10.4 46-62 NA NA
[51] 2013 Experimental and theoretical NA NA NA 16.3
[52] 2012 Experimental and theoretical 12.4 35.7 NA NA
[53] 2012 Theoretical 9-12.3 19.4-22.8 47.8-53.6 NA
[54] 2010 Experimental 10 17.18 45 10.75
[55] 2010 Experimental and theoretical 10 17.18 45 NA
[56] 2010 Experimental and theoretical 7.13 33.54 NA NA
[57] 2010 Experimental NA NA 53.7 NA

5. CONCLUSIONS

Based on the present review, the following conclusions can be drawn: 1) A number of research have
been done on air based PVT collectors over the last four decades, exploring aspects such as efficiency
enhancements by design development, prototype design, simulation study, numerical study, testing
methodologies and experimental testing for air based PVT collectors; 2) The energy and exergy efficiency of
air based PVT collector ranges from 31% to 94% and 8.7% to 18%, respectively. The variation of these
efficiencies becaused different heat transfer area through absorber (finned absorber, corrugated surfaces, and
porous media), design and air flow configuration (single-pass, double-pass, multy-pass, also with and without
glass cover); 3) The development of air based PVT collectors is a very promising area of research. Today, air
based PVT collectors using in solar drying and solar air heater.

6. RECOMMENDATION AND FUTURE SCOPE

The present review mainly focuses on the energy and exergy analyses of air based PVT collectors.
The combination of energy—exergy—economic—environmental analyses was first applied to a solar collector
by Caliskan [58]. As suggestion, researchers can be conducted environmental, enviroeconomic,
exergoenvironmental, and exergoenviroeconomic analyses to analyze the performances of energy systems.
The economic analyses of PVT collectors are limited in the literature. In addition, technoeconomic and
thermoeconomic analyses are limited in the literature. Hence, further research on this topic can be conducted,
and the results of these analyses can be applied for the improvement of PVT collectors or the energy system
performance. The development of a hybrid PVT collector is a very promising area of research. Today, hybrid
PVT collectors are utilized in various applications, such as solar drying, solar cooling, water heating,
desalination, and pool heating. The future research trends about PVT collector for drying application is
greenhouse dryer with hybrid PVT collector for industry scale. Further research is required to find new
thermal storage materials and desiccant materials for this hybrid solar drying systems. Some of the recent
developments in building integrated photovoltaic thermal (BIPVT) air collector, use of passive heat transfer
augmentation methods, thermal storage with phase change material (PCM), nanofluids, use of heat pipes can
be reviewed in future scope.
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