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Abstract: The photovoltaic thermal (PVT) system was initially developed by attaching a simple sheet
and tube thermal collector to the PV panel to improve cell performance while producing heat energy.
The collector designs and heat transfer fluid are the main focus of PVT research, with the sheet and
tube collector being the direct reference, and nanofluid being the promised working fluid. This study
intends to review the development of the sheet and tube PVT (ST-PVT) system reported by researchers
in the literature by searching and selecting quality literature from reputable academic databases
guided by set criteria to maintain the consistency and validity of the literature selection. The findings
indicate that the ST-PVT system with no glazing and a serpentine collector offers the most desirable
thermal and electrical performance. It is also learned that CuO/water nanofluid enhances ST-PVT
overall efficiency at a higher rate. However, it is observed that nanofluid required more pumping
power, up to 67% for 0.4 wt% SiO, /water concentration compared to water. Also, many ST-PVT
studies are only in the numerical modeling stage, while the negative impact of nanofluids is still
rarely discussed in the literature. Thus, more research is required to prove the advantages of the
ST-PVT system, especially in collector design and nanofluid application.

Keywords: photovoltaic thermal; thermal collector; sheet and tube; design; nanofluid

1. Introduction

The photovoltaic thermal (PVT) system is a further development of solar energy
utilization technology that combines photovoltaic (PV) technology with solar thermal
collectors. PV technology converts light radiation from the sun into electrical power, while
a thermal collector utilizes heat from sunlight for domestic heating and other purposes.
The essence of PVT systems lies in their collector, which absorbs heat from the PV cell
to maintain its temperature and deliver heat for different process needs. PVT systems
also prevent overheating in the PV cells [1]. A PV module can only convert 4-17% of
the incoming solar radiation into electricity [2]. The rest is reflected, dissipated to the
environment, and converted into heat, which causes the PV temperature to rise. Still, the
rising temperature reduces its performance further [3]. Therefore, many studies on the
PVT system have focused on the performance of thermal collectors to maintain the PV
temperature and maximize thermal efficiency.

The PVT system has been studied since the 1970s mainly to overcome the limited space
on building rooftops for installing PV modules and solar water heaters (SWH) separately.
Early research on PVT systems used a flat-plate thermal collector attached to the PV back
cover to reduce its temperature, as studied by Wolf [4]. He researched the performance of
PVT systems with water-cooled flat-plate thermal collectors in a closed-loop circulation
of a residential building. He observed that PVT performance could be maximized with
good temperature regulation of PV cells and optimal heat use from the collector, so there
is no need to waste heat on the environment. In similar research, Kern and Russell [5]
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proved that the flat-plate thermal collectors in a PVT system could produce higher energy
for each unit area, namely, electrical and thermal energy. Raghuraman and Hendrie [6]
further explored liquid and air PVT systems and found that the bond of the collector plate
to the PV cell layer dramatically determines the amount of heat transferred.

Since these initial studies, new designs for thermal collectors have been extensively
studied and experimented with two primary fluids as the heat transfer fluid (HTF): air and
water. Until recently, further research on thermal collectors utilizing these fluids has been
carried out, with water-based thermal collectors found to be superior in heat absorption and
thermal efficiency to air [7]. Accordingly, research on liquid-based thermal collectors domi-
nates the literature and is now the most commercially available PVT system. Nevertheless,
other fluids were also investigated, including glycerol, synthetic oil, refrigerant, nanofluids,
and other fluids with high thermal conductivity. The HTF performance generally depends
on the mass flow rate to cool the PV cells for better PVT performance; the faster the flow
rate, the better the heat transfer. However, if the flow rate of this HTF exceeds the critical
flow rate, the thermal efficiency will decrease due to less time in heat absorption, due to
the flow being too fast [8].

In terms of thermal collectors design, several designs have been studied for PVT
applications, including flat-plate collectors (FPC), compound parabolic concentrators (CPC),
and Fresnel lens concentrators. Aste et al. [9] learned that the most widely used PVT
collector is the FPC with sheet and tube arrangement. An FPC features a metal plate
with high thermal conductivity attached to the back layer of the PV panel. The metal
plate absorbs heat from the PV cells and then transfers it to the HTF through channels
or tubes (metal pipes), a flat-plate thermal collector unit. Thus, the FPC performance
depends on several aspects such as material type, attachment method, fluid type, and fluid
flow velocity.

Many literature reviews have been carried out to discuss the development of PVT
systems, as shown in Table 1. Besides FPC-PVT, other thermal collectors” applications
that have been reviewed include parabolic PVT and concentrated PVT. However, none of
the reviews are specific to sheet and tube thermal collectors, considering this is the initial
design of a PVT system. Still, the ST-PVT arrangement remains a primary reference or
a comparison for PVT studies. Therefore, this paper intends to review recent research
on various aspects of the application of nanofluid-based sheet and tube collectors in the
PVT system.

Table 1. List of previous review papers on PVT systems.

Authors Year Review Focus
Zondag [10] 2008 PVT-FPC system
Chow [1] 2010 PVT technology
Ibrahim et al. [11] 2011 PVT-FPC recent development

Tyagi et al. [12]
Zhang et al. [13]
Aste et al. [9]
Reddy et al. [14]
Kumar et al. [15]
Good [16]
Besheer et al. [17]
Sahota and Tiwari [18]
Al-Waeli et al. [19]
Yazdanifard et al. [20]
Preet [21]
Kasaeian et al. [22]
Joshi and Dhoble [23]
Yazdanifard and Ameri [24]
Vaishak and Bhale [25]
Abbas et al. [26]

2012 PVT collector technology progress

2012 Research and development progress of PVT application
2014 PVT with water-cooled collector

2015 PVT thermal operation and efficiency
2015 The historical and recent development of PVT
2016 Environmental impact from PVT

2016 Recent PVT technique

2017 PVT in group connection

2017 Current status and the prospect of PVT
2017 PVT with nanofluid

2018 PCM significance in water-cooled PVT
2018 Parabolic PVT

2018 PVT technology and trends

2018 PVT exergy progress

2019 PVT-assisted heat pump

2019 Progress of PVT with nanofluid
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Table 1. Cont.

Authors Year Review Focus
Jia et al. [27] 2019 PVT development
Tao et al. [28] 2019 PV-PCM technology analysis
George et al. [29] 2019 Concentrated PVT
Lamnatou et al. [30] 2020 BIPVT environmental overview
Hemmat Esfe et al. [31] 2020 Progress of nanofluid application in PVT
Noxpanco et al. [32] 2020 Progress of PVT application
Bandaru et al. [33] 2021 Examination of PVT for residential application
Sheikholeslami et al. [34] 2021 PVT-FPC with nanofluid
Rajoria et al. [35] 2021 BIPVT-FPC advancement

This paper analyzes several parameters that have been discussed in the research
literature on PVT development, especially with sheet and tube designs. The first part of this
study elaborates on the background of PVT design, such as its application, performance
compared to other collectors, economic level, and designs already available in the market.
Next, the authors review the selection of collector configuration and its development in
concept or field experiments. This study also examines how these designs are developed by
modeling, material selection, and installation techniques. Subsequently, the authors focus
on the utilization of nanofluid in the PVT system. Lastly, the discoveries and directions for
future thermal collector research are discussed and summarized.

2. Methodology

The use of thermal collectors with sheet and tube configurations has existed since the
initial research on PVT systems. However, no paper explicitly reviews this type of collector
concerning the PVT systems. Hence, this study attempts to acknowledge several questions
to be answered. First, what aspects should be considered by researchers in developing PVT
systems using these collectors? Second, what designs have been examined, and how did
PVT systems perform using these configurations? Third, what process was carried out by
the researcher in developing the sheet and tube collector as a continuous improvement
upon previous research? Fourth, what additional equipment or materials are used to
maximize PVT performance with sheet and tube collectors? Finally, what is the level of
performance of nanofluids in PVT systems? Thus, this work reviews published papers
discussing PVT systems, primarily focusing on those utilizing sheet and tube absorbers to
answer these questions.

This study is a narrative review that identifies previous studies with the principles
of searching the literature, identifying keywords, reviewing abstracts and articles, and
documenting the results [36]. The keywords of the research questions above were searched
mainly in the Scopus and Web of Science databases with the help of Publish or Perish
software to select and analyze academic papers with the primary consideration of citation
metrics, total citations, and h-index [37]. An example of the direct searching result of
published articles using the keyword “PVT photovoltaic thermal” from Scopus and Web
of Science databases is shown in Figure 1. The literature is determined based on the most
matches with the keywords, the number of citations, the journal, and finally, the year of
publication. An additional search on Google Scholar was also conducted occasionally to
answer the critical questions completely. The use of the specific sheet and tube term to
identify PVT systems is not frequent, so it is necessary to examine all selected literature
and then eliminate inconsistent results by reading the detailed experimental setup or the
illustrations shown.
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Figure 1. The number of search results using the keyword “PVT photovoltaic thermal” from Scopus
and Web of Science databases.

Nevertheless, this study identified two main limitations of a narrative review: the
objectivity of the researcher and dependence on self-claimed evidence [38]. Six steps were
carried out in this work to maintain the consistency and validity of the literature used, i.e.,
formulating the problem, searching for existing literature, screening for inclusion, assessing
the quality of data sources, extracting data, and synthesizing data [39]. Also, from the initial
search results, this study applies five criteria to guide literature selection and minimize bias
in the conclusion: peer-reviewed journal articles or reports from a reputable institution,
available as full text, published in English, empirical articles or literature reviews, and
describing the ST-PVT system or its aspects.

Therefore, the sequence of the steps carried out in this study begins with searching the
scientific literature from the database to identify relevant studies. Subsequently, the authors
determine keywords to narrow the search for more specific articles with a combination of
several keywords to ensure relevant search results. In the next step, papers are reviewed to
find the answer to the investigation subject by synthesizing the research results that have
been done previously. Finally, the authors summarize and synthesize the findings from the
literature, integrate the findings from the reviewed papers into this study, and answer the
research questions.

3. PVT Development Features

The PVT system has been studied and developed into commercial products that have
continuously improved for better performance for nearly five decades. Fundamental theory
and several design concepts have been offered since the first decade of research, followed
by cost-performance evaluation and design improvements in the next decade [1]. PVT
development was also studied with an application-oriented design focus, such as building-
integrated PVT system. Furthermore, in the third decade, mathematical modeling with the
help of software and computational fluid dynamics (CFD) began to emerge. However, not
many PVT designs and experiments have proven their feasibility until recently. Flat-plate
collectors are the most studied because of their ease of application, such as for integrated
buildings, practical application, and easy modification from existing PV modules [32].

A PVT system is generally designed in such a way for some specific purpose for which
it will be used. Nevertheless, the performance of various existing PVT systems has also been
continuously studied along with the recent advancement of PV technology and thermal
collectors. Moreover, with the commercial availability of PVT modules, affordability is
also the focus of the newly emerging PVT industry in product development. This chapter
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illustrates some of the parameters that form the background for designing thermal collectors
for PVT systems.

3.1. Performance Aspect

PVT systems improve the performance of photovoltaics in generating electricity while
also providing thermal energy. The HTF lowers the PV panel temperature so that its electricity
conversion efficiency is higher than the stand-alone PV module. Herrando et al. [40] found that
PVT can save up to 16.0 tonnes of CO, over a 20-year lifetime compared to 11.8 tonnes of CO,
saved with PV systems. Moreover, FPC is the most popular collector for low-temperature heat
utilization for water heaters and PVT [12,34]. FPC is usually used at low operating temperatures
below 60 °C and medium temperatures between 60-100 °C. The features of FPC in the PVT
systems, as shown in Figure 2, are the following:

e A flat metal plate is mounted behind the Tedlar (the back sheet layer of the PV panel)
to capture heat from PV cells, usually made of aluminum or copper plate. To avoid
heat being trapped between the Tedlar and the flat plate, thermal paste or thermal
grease is added.

e  The fluid flowline is attached to metal plates in the form of channels, passages, or
tubes. The fluid flowing in this channel transfers thermal energy from the collector to
a tank or other location for different process requirements.

e Insulation material is commonly attached to cover the fluid flowline to keep heat
wasted on the environment. This insulation can be foam, glass wool, or other materials
with low conductivity.

EVA
Glass Cover —\ /
PV Cell
Can
EVA

Tube TPT (Tedlar)
HTF Adhesive
Insulation / Sheet (Collector)

Figure 2. A typical arrangement of the ST-PVT System.

In addition to these main features, PVT-FPC is sometimes also equipped with other
components to increase performance as follows:

e  The glazing installation in front or behind the PV cell at a certain distance creates a gap
where the air is trapped to keep the heat. Glazing could increase light transmissivity
and insulation to prevent heat loss due to convection [8,41].

e PCM installed between the fluid channels or pipes serves to store heat from the flat
plate. PCM has been proven to keep additional heat for later use and improve PVT
performance where the PV cell is maintained at a low temperature for longer.

3.1.1. Electrical Performance

Electrical efficiency is one criterion of the ST-PVT system’s performance. However,
most of the research on PVT systems focuses excessively on the thermal aspect [42]. The
thermal absorber addition commonly induces a significant increase in thermal efficiency, but
a low increase in electrical efficiency. Bhattarai et al. [43] observed that PVT systems were
16% more energy-efficient than conventional solar collectors and could generate electricity
with 13.69% efficiency. They also found that the insignificant improvement in electrical
efficiency is because of the increasing water temperature. The high fluid temperature
and high solar radiation could lower the heat conduction coefficient to decrease overall
efficiency. Another factor that affects PVT performance is the use of auxiliary devices. PVT
systems need supporting equipment such as pumps, control systems, or additional heaters
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for optimal performance. However, additional devices would reduce the PVT system’s
overall power generation capacity.

Improving the thermal conductivity of the thermal absorber is one way to enhance the
electrical performance of a PVT system. The heat will be directly transferred to the HTF, and
the temperature of the PV cell can be maintained at a lower level. A mathematical model of
an ST-PVT system with glazing has been carried out by Rejeb et al. [44] to evaluate PVT’s
thermal and electrical performance. They found agreement with the study of Bhattarai
et al. [43] that an increase in the packing factor and heat conduction coefficient between the
absorber plate and the PV cell increases the PVT electrical efficiency.

Another method to improve PVT overall performance is to set the optimal air gap
arrangements in glazed PV panels. In their experiments in Zhuhai, China, Lu et al. [45]
learned that providing a 20 mm-wide air gap between the glass and the top EVA layer
resulted in the highest overall efficiency due to the high thermal efficiency. However, if
the air gap layer is removed, the resulting electrical efficiency is the highest among other
arrangements. Moreover, single glazing is suitable for accommodating a balanced thermal
and electrical efficiency. Still, PVT without glazing is proven to produce the best electrical
performance, is more economical, and has the fastest payback period [46].

3.1.2. Thermal Performance

The performance of sheet and tube thermal collectors for application in PVT systems
has been proven to increase the electrical efficiency of PV panels, albeit the thermal efficiency
of this system may be lower than that of a dedicated SWH [47]. The performance of the
PVT collector may be lower due to the less than optimal exposure to sunlight caused by
the obstruction of the PV cell and the limitation of the optimal temperature for PV cells.
Santbergen et al. [48] conducted a comparative study between conventional solar collectors
and sheet and tube PVT glazing systems. They concluded that the thermal efficiency of the
PVT system is about 15% lower than that of the solar collector. The thermal efficiency drops
due to the high emissivity of the PV cell. Bhattarai et al. [43] also prove that conventional
solar thermal collectors provide better thermal efficiency with 71.5% compared to 58.7%
produced by PVT systems. Nevertheless, in terms of space-saving and increasing electrical
efficiency from PV cells, a PVT system is better than a separated PV panel and solar thermal
collectors [49].

The PVT system with additional glazing is an innovation to maximize heat absorption
and reduce top convection losses. Glazing with an air gap is also effective in enhancing
PVT systems’ thermal performance. The air gap works by retaining heat in the stagnant
air or gas layer between the collector and the glass without blocking light from entering
the PV cells. The glazing should reduce conduction and radiation losses from the thermal
collector to improve heat absorption [8]. Thus, the thermal performance of glazed ST-PVT
is commonly higher than unglazed PVT. Nevertheless, the complexity of the installation
compared to the benefits received remains to be studied, especially for long-term use.
Zondag [10] suggested that future studies should focus more on adding glass to the PVT
collector and the long-term performance of PVT systems individually or in a group.

Adding glass increases thermal but not electrical efficiency because of the optical loss
on the top of the glass [50]. Also, as the temperature of the PV panel increases, the electrical
performance of this type of PVT system decreases and is generally lower than that of the
unglazed collector. Herrando et al. [40] recommended sheet and tube PVT collectors with
single glazing for domestic installation as they provide balanced thermal and electrical
output at a reasonable cost. In an experiment in London, England, they found that ST-PVT
with glazing could supply 51% of the total electricity demand and 36% of the entire hot
water demand for a year with a flow rate of 20 L/h. They also noticed that glazed PVT
supplies slightly more electricity than PV-only systems.

Besides the correct glazing mode, the PVT performance is influenced by the geometry
and size of the drains, the water flow speed and temperature, the PV type, and the appro-
priate weather [17]. Thus, two ways to improve the performance of the PVT system are
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changing the absorber design to create turbulence in the tube flow and adding nanomateri-
als to increase thermal efficiency [34]. The insulation on the back of the system also affects
the PVT system’s thermal efficiency, despite mainly being affected by the thermal contact
between the PV and the thermal collector [51]. Hence, increasing the thermal performance
can also be done by increasing the contact of the absorber with the PV cell. In the case of
sheet and tube collectors, this means increasing the number of tubes to be more tightly
packed [52,53]. However, increasing the number of tubes would increase costs and lead
to more extended payback periods. Lastly, the connection between PVT systems can also
reduce performance in group PVT installations. Series connections are not recommended
because the electrical efficiency decreases with increasing inlet temperature [18]. Con-
versely, a parallel connection is advised to obtain higher thermal energy and increased
electrical efficiency.

3.2. Application Aspect

Generally, the PVT system is designed according to the application, such as domes-
tic hot water systems, greenhouses, heat pumps, or water desalination. The PVT-FPC is
usually used for residential and commercial use because of its simple mechanical struc-
ture [12]. Residential buildings for one or several households became the focus of recent
PVT development due to their limited installation area and investment. In addition, PVT
systems to provide electricity and heat for residential buildings, as well as offices, hotels,
and hospitals, are effective operationally and financially [54].

3.2.1. Domestic Application

The use of PVT systems with sheet and tube collectors for domestic or small scale use
usually prioritizes affordable prices and availability in the market. The PVT system is better
for domestic hot water production because it generates electricity for the pump despite
its slightly lower thermal performance than the dedicated solar water heater [40]. ST-PVT
also has good thermal efficiency and is simple, inexpensive, and easy to integrate with
standard PV panels without significant modifications [55]. Although ST-PVT may have no
better heat transfer than PVT with a flat box thermal collector, it is easier to manufacture
and withstands high water pressures [56]. Channeled collectors also have a more complex
working difficulty.

On the other hand, although metal sheet and tube collectors generally perform better,
roll bond collectors tend to be less expensive because they can be easily mass-produced.
Roll bond collectors made from aluminum or fiber are also widely available for small-scale
or domestic use. Bombarda et al. [57] tested two PVT systems with roll bond type collectors
in residential buildings compared to the more popular sheet and tube collectors in Milano,
Italy. They found that the roll bond design resulted in an 8% higher thermal efficiency than
sheet and tube collectors but with a slight difference in electrical efficiency of about 0.6%.
Also, Kim and Kim [58] observed that PVT with channeled collectors could deliver higher
efficiencies of 70% for thermal and 15% for electrical, or 4% and 1% higher than ST-PVT.

In contrast, Dubey and Tay [59] found that sheet and tube collectors performed slightly
better than a parallel-plates flow channel PVT with 40.7% thermal efficiency and 11.8%
electrical efficiency. Again, a study by Aste et al. [60] on roll bond thermal collectors made of
aluminum resulted in an electrical efficiency of 13.2%, slightly lower than the conventional
PV module electrical efficiency of 13.4%. They also observed that this PVT system could
produce a thermal efficiency of 28.8%. Therefore, ST-PVT is more recommended because it
could be superior in simplicity and installation cost for domestic usage.

3.2.2. Building-Integrated

A building-integrated photovoltaic thermal (BIPVT) system is designed and modified
to obtain the advantages of electrical and thermal energy without a separate installation for
the specific application of a PVT system on the building. The BIPVT system is a PVT system
that becomes a unit within the building structure, initially studied for building-integrated
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photovoltaics [61,62]. Most of the BIPVT system is a modification of the roof, while only about
one-third is a modification of a facade attached to the building walls [63]. BIPVT systems with
sheet and tube thermal collectors are show promise for a future renewable energy trend, but
face many challenges. Because of high installation costs, several early studies have focused on
applying BIPVT systems only for commercial buildings and only recently have studied their
application for family residences. Further, Maghrabie et al. [64] have reviewed the development
of BIPVT technology over the last decade with the conclusion that the complexity of the system
and the high investment cost are still significant challenges that limit its use only to commercial
buildings. The BIPVT application is also limited, and its performance depends on the weather
conditions and the thermal absorber design [35].

In terms of thermal collectors, several types of collectors have been studied in the
BIPVT system. Ibrahim et al. [65] tested the flat plate collector BIPVT system utilizing a
spiral flow absorber from a rectangular stainless steel pipe based on Malaysia’s meteorolog-
ical condition. They found that this system could produce an average electrical efficiency
of 10.8%, a thermal efficiency of 48%, and a combined PVT efficiency of 59%. Yin et al. [66]
propose a BIPVT design with the concept of a multifunctional roofing system, as shown
in Figure 3. This system consists of a transparent protective layer, a silicon PV module,
and a functionally graded material (FGM) layer containing heat-conducting aluminum,
high-density polyethylene insulation, and water tubes. This system was advantageous
because the PV modules operate at lower temperatures due to water cooling in summer. In
addition, the temperature in the house becomes cooler because heat is absorbed by water,
so that electricity consumption for cooling is reduced.

Integrated PV array
Integrated hot water generation

Water circulation system

Sun light

-l

- 2

I PCM heat storage system

Protective layer a ( f Or
PV layer \L,.j R ey

: E ; Fan coil heat dissipation unit
FGM layer : :@
C3 g

Structural substrate Pump
Radiant floor heating unit

(a) (b)

Figure 3. (a) The illustration of proposed BIPVT on roofing panel and (b) BIPVT cross-section.
Adapted with permission from ref. [66]. 2013. Yin et al.

Furthermore, a BIPVT system for roof installation could utilize existing roofing materi-
als like light steel or aluminum sheets. Anderson et al. [67] found that this system would
save costs because it uses the current roof sheets, so there is no double cost for roof and
PVT systems. The integration of PVT on the building also provides good insulation on the
back of the panel. Thus, heat loss can be prevented when the PVT is integrated with the
roof [51]. Additionally, facade BIPVT installation has also shown good prospects for ST-PVT
application. Piratheepan and Anderson [68] tested the BIPVT facade on a building wall in
the subtropical climate of Auckland with additional glazing and reflectors to increase the
amount of light entering the PV cell. Cooling tubes fed with cold water are installed in the
back of the PV panel layer attached to the absorber plate.

BIPVT technology offers many benefits that encourage its utilization in the future, but
more study is needed to enhance its performance while lowering the installation cost. The
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BIPVT system should have a similar abilities as stand-alone PVT systems while improving
the overall PV performance. BIPVT with sheet and tube collector could also effectively
provide hot water and integrate with the house ventilation system. This dual working
fluid BIPVT efficiency could increase with better thermal contact between the solar cell
and the absorber [68]. In addition to the water, the primary purpose of the airflow is to
cool down the PV further because increasing PV temperature could decrease electricity
production [8,69]. The most apparent trade-off for this system is improved PVT efficiency
versus increased investment. Hence, like other renewable energy issues, the role of the
government in supporting it with consistent regulations is very much needed for the future
of BIPVT technology.

3.2.3. Desalination

The potential of ST-PVT for desalination in remote areas outside electrical grid coverage,
such as remote islands, is enormous. The co-generation model to simultaneously produce
clean water and electricity has previously been studied utilizing PV panels. This model has
further advanced to tri-generation with the addition of hot water production. The desalination
technology powered by a PVT system could provide the electricity and heat needed. The
electricity generated by PVT provides power for pumps, electric heaters, and other supporting
equipment. Then, the hot water can be used to preheat saline water, heat brine to reduce its
viscosity, and heat water to be evaporated in a concentrator. Alqaed et al. [70] calculated that
the energy supplied by the PVT system is optimal at around 70%, with the remaining 30% from
the grid and battery to provide power continuously.

PVT integration is beneficial for any desalination process, with the two most promising
types being humidification-dehumidification (PVT-HDH) and reverse osmosis (PVT-RO)
systems. The PVT-HDH can produce more electricity even though the water capacity is
less and a more expensive investment [71]. To prove the PVT-HDH, Gabrielli et al. [72]
mathematically modeled PVT-HDH with the help of commercial software Aspen Plus® for
co-generation in electricity and clean water. They realized that PVT as an energy source
is the most cost-optimal solution applied to areas with high electricity prices. Ambient
conditions with good sunlight and the larger scale PVT-HDH construction could reduce
the cost of clean water produced.

On the other hand, the main focus of PVT-RO integration is the salinity level of the feed.
The PVT can reduce the feed density by raising its temperature so that the RO system works
efficiently and reduces the overall system cost to produce affordable clean water. Ammous
and Chaabene [73] modeled PVT-RO using LabVIEW software to determine the effect of
heating feed water for process efficiency. They learned that the performance of PVT, electrical
and thermal, was affected by the rate of water flow into the PVT system as this flow rate
affected the quality and quantity of output of the RO system. Alqaed et al. [70] found that a
PVT-RO desalination system could reduce costs up to 18% lower than conventional power
sources and significantly reduce CO, pollution. The flat-plate PVT collector rule in the RO
system mainly provides electricity for the pump. Still, they also provide heat to preheat the
feed water, reducing its viscosity and lowering the pump load.

3.3. Economic Aspect

Economic analysis for the PVT systems is still rarely found in the literature despite
this being a sensitive issue when PVT enters the market. Studies focusing on the financial
aspect of the PVT system are still limited, albeit this is very important to attract consumers,
investors, and decision-makers [42]. From the application point of view, BIPVT technology
offers an attractive solution for limited PVT installation areas with direct integration into
the building structure, promising space savings and investment costs [11]. However, a
techno-economic study for each design and specific location should also be carried out
independently to give better calculation results based on these variables.

Furthermore, additional costs must be considered with enhanced HTF or thermal
storage. The use of nanofluids and PCM in PVT systems might improve their performance
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but may not be economically satisfactory compared to the benefits gained. A study by
Hosseinzadeh et al. [74] for a cost analysis of a PVT system in Malaysian weather with
the addition of PCM found that in the long term, the PVT-PCM system provides benefits
of US$ 779.48 after the fourth year of use. Also, the cost of building a PVT-PCM system
requires almost three times the investment than PV-only, although it may be more economi-
cal in the long run. In agreement with this, Hossain et al. [75] learned that the cost-benefit
would be positive in four years. Hence, the PVT-PCM system should be planned for more
extended periods of use to get more benefits.

Several ways to make the PVT system more economically profitable are a more straight-
forward design of thermal collectors, cheaper materials, and mass production. However,
the stakeholders should support these approaches to ensure the consumer receives all
the benefits with low investment and a faster payback period. Lu et al. [45] found that
currently available PVT systems have a payback period of 2.4 to 3.03 years, depending
on the arrangement, better than the independent solar thermal collector system, with a
payback period of 3.7 years.

3.4. Existing Trends

The PVT system has been on the market for more than a decade despite not being
very significant compared to PV development. A survey of 36 PVT manufacturers and
suppliers from 14 countries by Weiss and Diir [76] in 2020 shows that the current PVT
capacity is around 944 MW, 712 MW for thermal, and 232 MW for electricity. More than
half of PVT systems are installed in Europe, with France being the most and 35% in Asia,
mainly installed in China. Of this amount, 60% of the installation area of 1,275,431 m? uses
a water collector without glazing, and 37% uses an air-collector PVT. About a third of the
existing PVT systems are used to supply electricity and hot water to households. Figure 4
shows the proportion of PVT applications.

1.63% L73% 1.77% = Swimming pool heating

2.22%

4.90% = Solar district heating systems

Solar heat for industrial applications

31.21% m Solar combi systems for SFH

m Large solar combi-systems

O,
12.18% = Domestic hot water systems SFH

Large domestic hot water systems
Solar air systems

Others

o,
39.42% SFH: Single Family Houses

Figure 4. PVT systems utilization worldwide based on application. Data from ref. [76]. 2019. Weiss & Diir.

Various PVT products are available as thermal collectors for PV panels or installation
packages. There is also the choice of a complete PVT module in one product or a separate
thermal collector to be attached to the PV module individually. Flat plate collectors with
sheet and tube configurations are still widely produced, with roll-bond collectors next
in line. Other designs such as concentrated PVT and evacuated tubes are also available,
although limited. Table 2 shows various PVT products available in markets with European
and Chinese dominance.
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Table 2. Various PVT products are available in the market.

Product Manufacturer I;III)sorl.)er Absorber Type Configuration PV Type Liquid Ref.
aterial
H-NRG Anaf Solar, Pavia, Italy Al Roll-bond Serpentine Poly Si Water [77]
(3 channels)
. ED.E. SOLAR SRL, . premix
FDE-Hybrid 300 Mono Verona, Italy Al/Cu Sheet and tube Harp Mono Si Glycol [78]
FT320As FOTOTHERM S rl., Al/Cu Sheet and tube Harp Mono Si Water [79]
Gonars, Italy
Dachziegelwerke Nelskamp . Complete . .
MS 5 2Power GmbH, Schermbeck, Germany Plastic surface Serpentine Mono Si Water [80]
HM 1000 Mono Black . PA-ID. Process, Plastic Complete Water channel Mono Si Water [81]
Kleinostheim, Germany surface
PIK® Combi Solar Collectors Poly Solar Solutions AG, Al Roll-bond Harp Mono Si Water 182]
Andwil, Switzerland
SPRING 400 Shingle Black DualSun, Marseille, France Steel Cs(frlfz 1Ceete Harp Mono Si Water [83]
solator® PV+THERM Solator GmbH, Complete . y
AUFDACH Dornbirn, Austria Steel surface Water channel Mono Si Water [84]
. WIOSUN For Renewable Complete .
PV-Therm 2.0 monocrystalline Energy Ltd., Aqaba, Jordan Steel surface Harp Mono Si Water [85]
Ecomesh Enczlef Solar Solut'lons, Al/Cu Sheet and tube Harp Mono Si Water [86]
aragoza, Spain
. Zhejiang Shentai Solar Energy . .
Solar Hybrid Panel Co., Ltd., Zhejiang, China Al/Cu Sheet and tube Serpentine Mono Si Water [87]
Abora aH72 SK Asbora Energy SIL" Al/Cu Sheet and tube Harp Mono Si Water [88]
aragossa, Spain
Solimpeks Solar Energy Corp., .
Volther Excell PVT K Al/Cu Sheet and tube Harp Mono Si Water [89]
onya, Turkey
TESZEUS® 300M Tlan;ﬁlﬁg eifgcyhisﬁ;/mg’ Al/Cu Sheet and tube Harp Mono Si Water [90]
. Kirloskar Solar Technologies . Serpentine .
Hybrid Thermal + PV Panel PVT. Ltd., Pune, India Plastic Roll-bond (dual flow) Mono Si Water [91]

4. Collector Design

The PVT system was developed to overcome two main problems: the limited space
for the simultaneous installation of PV panels and water heaters and to maintain the
PV cell’s efficiency so that it does not decrease because of the increase in temperature.
Researchers have conducted various experiments with different tube configurations in the
thermal collector to achieve these two goals without sacrificing economics. Aside from
external influences such as solar radiation, ST-PVT characteristics are influenced by internal
parameters such as tube materials and configuration [49].

ST-PVT has been developed for more than four decades, so many designs have been
studied and experimented with. Still, the design and fabrication of PVT thermal absorbers
are indispensable research in addition to materials and coatings [15]. The Sheet and tube
collector is the most common flat plate PVT collector in two configurations: harp and
serpentine. However, many techniques have also been introduced in the literature, such as
a double serpentine and spiral tube. Table 3 summarizes the research and experiments that
utilize sheet and tube collectors as heat traps for PVT systems.

As shown in Table 3, the three primary sheet and tube thermal collectors’ arrangements
for the PVT system studied are serpentine, harp, and spiral. Thus, this sub-chapter reveals
to what extent research on these three main configurations has conducted.
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Table 3. Research on PVT with sheet and tube collector.

Tubes . Electrical Thermal
Authors Design Location Method Efficiency (%) Efficiency (%) Remark
ST-PVT is easier to
Numerical & manufacture and design,
Zondag etal. [55] Harp Netherlands Experimental 7:6 24 but 2% less efficient than
water channel
System sizing reduces
Santbergen Serpentine Netherlands Numerical 9.53-10.34 14.6-34.5 both electrical and
et al. [48] -
thermal efficiency
Bhattarai et al. Numerical & PVT efficiency curves
[43] Harp South Korea Experimental 13.69 58.7 using EN 12975 standards
The unglazed PVT has
Kim and Kim [58] Harp South Korea Experimental 14 66 bfetter electrical
performance than a
PV only
- Numerical & Water as HTF in indoor
Lvetal. [92] Harp China Experimental 10.1-105 40-44.2 simulation experiment
PVT electrical efficiency is
Dubey and . Numerical & about 0.4% higher than
Tay [59] Harp Singapore Experimental 15 394 the conventional
PV module
N ical & Experiment using
Touafek et al. [49] Serpentine Algeria Exl}larc?r?gf;tal - 65 galvanized steel tubes
and plate
The electrical power
Alzaabia et al. Harp . output of PVT is 15% to
[93] (square pipe) UAE Experimental 115 58.4 20% higher than
traditional PV.
Rejeb et al. [44] Har Tunisia Numerical 12.0-16.0 56-58 The modeling software
) : P i used is FORTRAN 90
Glazed and unglazed PVT
Good et al. [94] Harp Norway Numerical 12.0-20.3 61.4-71.5 with a 45-degree tilt angle
are compared
Future PVT collectors
must consider
Lammle et al. [95] Harp Germany Numerical 15.0 58 architectural integration,
collector durability, and
economic aspect
Ammous and s . Water as HTF for RO
Chaabene [73] Harp Tunisia Numerical 13-15 50-65 desalination system
Adding PCM improves
Yang et al. [96] Harp China Experimental 10.29-11.08 73.7-87.72 overall efficiency
to 76.87%
. Serpentine . . The highest performance
Hossain et al. [75] (2 sides) Malaysia Experimental 11.08 87.72 is 87.72%
The water-based PVT
Abdullah et al. Serpentine . Numerical & system has a higher
[97] (2 pipes) Malaysia Experimental 115 58.64 efficiency than
other systems
Increasing mass flow rate
. . and lower inlet water
Ma et al. [98] Harp China Numerical 14.2 43.9 temperature Increase the
PVT performance
. The energy loss from
B f . . N 1& . N
Egtgf‘?gg? Spiral Algeria EXLI];I;}?II.III((:;’Ital 9.65 74.3 spiral collector PVT is 16%

lower than harp design

4.1. Serpentine

Sheet and tube thermal collectors with serpentine configurations make up the primary
subject of early research on PVT systems. This configuration offers many advantages, such
as simplicity, minimum pressure drops, and easy adjustment to the PV panel shape. Low-
pressure loss of the fluid passing through the collector tubes means reducing the need for
pump pressure and utilizing less power. Lari and Sahin [100] observed that the serpentine
collector design in a PVT system increases the electrical output by 8.5% compared to a PV
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system with no cooling. Shahsavar [101] studied a modified sinusoidal serpentine collector
to compare it with a standard serpentine design, as shown in Figure 5. He found this design
change to increase the thermal efficiency by up to 30.63% and electrical efficiency by up to
2.32% more than PVT with a plain serpentine collector. These findings show that serpentine
collectors produce high thermal performance but minor electrical efficiency enhancement,
in line with the results tabulated in Table 3.

Figure 5. Model design of serpentine and sinusoidal serpentine configuration. Reprinted with
permission from Ref. [101]. 2021. Shahsavar, A.

Another study on serpentine ST-PVT was carried out by Gupta et al. [102]. They
analyzed numerically a glazed PVT system combined with thermoelectric using weather
data from Pune, India. They found that the serpentine collectors could increase overall
electrical efficiency by 8.4% and overall thermal efficiency by 14.8%. Another modified
serpentine ST-PVT collector was also investigated by Hossain et al. [75], as shown in
Figure 6. A two-side serpentine tube collector for PVT is tested in outdoor Malaysian
peninsular weather. An 0.5-inch copper tube was designed to bend to fill the plate area with
a distance between tubes of not less than 10 cm, and the distance between the parallel two
sides is 17.78 cm. They observed that this configuration has an average electrical efficiency
of 11.08% and thermal efficiency of 87.72%.

——992cm ——

Inlet

PV module

PV module
back

Copper pipe
absorber

Aluminium
sheet absorber

163.685 cm

Pipe elbow:
connector

PV

Figure 6. PVT thermal absorber with two sides serpentine configuration. Reprinted with permission
from Ref. [75]. 2019. Hossain et al.
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The modified serpentine tube enhances the standard design’s performance, which
holds HTF longer in the collector by rerouting the tube path. However, the drawback of
standard configuration as uneven temperature distribution where the location near the
water inlet has a lower temperature is still exist. In contrast, modified designs require more
capital which might not be economical. Another drawback is that the area near the water
outlet has a higher temperature because of its smaller water flow and wider temperature
distribution [103]. Thus, this design is proposed to investigate further with an additional
inlet port. Also, standard serpentine design should be the main design developed for
ST-PVT in the future.

4.2. Harp

The harp design (parallel tubes) is the next most popular configuration in ST-PVT,
following the trend of its application in solar water heating systems. Sheet and tube thermal
collectors with this configuration are believed to have better temperature distribution due to
more water inlets. However, multiple tubes mean many bends or junctions in the collector,
so the pressure drop is also high. With a similar water flow rate, harp configurations make
PV cells lower in temperature and more uniform temperature distribution than serpentine
collectors [103].

An ST-PVT system with a harp design with natural circulation water was investigated
by He et al. [56], as shown in Figure 7a. The thermal absorber comprises seven parallel
copper tubes attached to an aluminum plate with two risers on the top and bottom of
the absorber for cooling water inlet and outlet. They found that this system produced an
average of 40% thermal efficiency, or about 75% of the performance of traditional solar
thermosiphon systems. It also delivers about 10% electrical efficiency, slightly lower than
PV modules without thermal absorbers. They suspect that the extra thermal resistance of
the extra aluminum absorber plate and an adhesive layer reduce the heat received by the
water in the copper tube.

S — Copper tube melded to the

bottom side of absorber plate

, Glass

Collector casing with glass
cover at the front and thermal PV panel

insulation attached to the

| side and back surfaces

Electrical output

PV plate above
absorber plate
Rock wool

« Copper water

Water in
(a) (b)

Figure 7. ST-PVT thermal collectors with harp design (a) Front view. Reprinted with permission from
Ref. [56]. 2011. He et al. (b) The configuration of collector. Reprinted with permission from Ref. [50].
2012. Akisawa et al.

Similarly, Nualboonrueng et al. [50] numerically investigated the ST-PVT system
with three types of PV panels—a-Si, mc-5Si, and c-Si-to meet the typical consumption of a
medium-sized house in Bangkok, Thailand, as shown in Figure 7b. The PV panels were
coated with glass on the top surface and a Tedlar layer on the back. The tedlar then glued to
the collector metal plate with thermal epoxy. Copper tubes with a harp design are attached
under the plate and then covered with rock wool insulation. This system was optimized
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at a cooling water rate of 20 kg/h with a maximum thermal efficiency of 46.8%. Thus,
this system could also be used in thermosiphon mode with the fastest payback period of
6.4 years.

The harp design provides lower performance than the serpentine collector. Although
the flow is predicted to be more even, the heat transferability is reduced by other factors,
such as difficulty in getting good contact with the absorber plate. As shown in Figure 8, a
modification of harp design was studied by El Hocine et al. [104] on three configurations:
parallel vertical (harp), absorber enclosure, and a combination of the two connected in
series,. They found that this configuration resulted in an electrical efficiency of 12.7% and a
thermal efficiency of 36.32%. The results of this modification are improving, while it is still
low compared to serpentine collectors. Therefore, future research on this design should
focus on maximizing the thermal contact with the PV cells.

FAbsorber in Parallel Vertical Tubes

—
l

Enclosure Absorber

Figure 8. A modification of harp ST-PVT with a combination of two thermal absorbers, redrawn from
El Hocine et al. [104].

4.3. Spiral

Like the serpentine, the spiral configuration relies on a low-pressure drop as an
advantage. The fluid input port is usually placed outside the collector, while the output
port is in the middle of the collector. Many studies have proven that this configuration
produces better performance than other configurations such as harp and serpentine. A
performance study of a PVT system with a spiral-shaped collector was also carried out
by Senthilraja et al. [105] in Chennai, India, as shown in Figure 9. They observed that this
configuration could reduce the PV module temperature by 20.01% and increase its electrical
efficiency by up to 8.5% at a water flow rate of 0.011 kg/s. In Algeria, Boumaaraf et al. [99]
learned that this configuration could increase the electrical efficiency from 7.93-9.65%, and
the thermal efficiency reaches 74.3%.
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Figure 9. A modified spiral configuration for PVT-assisted hydrogen production. Adapted with
permission from Ref. [105]. 2020. Senthilraja et al.
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An example of a spiral design application study is the PV cooling experiment by
Bhattacharjee et al. [106]. They experimented in Agartala, India on cooling back surface
PV panels with three heat pipe designs, as shown in Figure 10. These designs are semioval
serpentine, circular spiral, and circular spiral-shaped semi-flattened. These three types
of pipes are attached to the back surface with the help of pressing with bamboo sticks to
ensure the pipes stick tightly so that heat transfer can be maximized. They use an automatic
control valve to regulate the flow of cold water only when the saturation temperature
is reached. They concluded that the circular spiral-shaped semi-flattened copper pipe
provided the best cooling for PV. This design increases the PV efficiency, voltage, power,
and fill factor by 4.32%, 1.26%, 16.77%, and 19.8%, respectively.

Plasticpipe
DC output v —

Coldreservoir

P e § s § —
<——PV Pancl

Heat absober

| S S PO S M ) A - Hotreservoir

Hot water for further utilization

PV panel Plasticpipe

(b)

Figure 10. Experimental arrangement of PVT (a) semioval serpentine and (b) circular spiral.
Reprinted with permission from Ref. [106]. 2018. Bhattacharjee et al.

Furthermore, an experiment on a spiral rectangular tube absorber was conducted
by Razali et al. [107]. However, it was observed that the sharp-angle of this rectangular
tube creates a significant pressure loss so that the maximum increase in power is obtained
at a mass flow rate of 0.0255 kg/s. They also concluded that the addition of 0.1 wt%
nanofluids to this spiral PVT slightly increased the electrical efficiency of the PV module
but not significantly.

Although it has not been widely applied in PVT systems, the spiral design has been
tested on solar thermal collectors as a reference. For instance, Verma et al. [41] experimented
with a flat plate solar heat collector with a spiral design to compare it with the conventional
harp design, as shown in Figure 11. They found that this design increased the thermal
efficiency by up to 21.45% compared to the harp design at a mass flow rate of 0.026 kg/s.
They also learned this design has a lower pressure drop and uses up to 30% more efficient
materials, reducing manufacturing costs.

A spiral tube collector is not yet available on the market, so researchers usually modify
the PV module attached to the collector. The tube is generally made of copper pipe shaped
to spiral and then bonded to a copper plate using the brazing technique or laser welding.
The tubes usually utilize a 0.5 inch diameter copper pipe, while the plate commonly uses a
5 mm thick copper or aluminum plate. The performance improvement result of this design
encourages more experiments to be conducted in the future.

4.4. Other Design

In addition to the three popular configurations, many studies modify the tube diameter
and path to optimize heat absorption in the collector. The comparison of three thermal
absorber designs, namely web-flow, direct flow, and spiral flow, using stainless steel tubes,
was investigated by Fudholi et al. [8], as shown in Figure 12. In their laboratory testing with
artificial solar radiation, the spiral configuration produces the highest performance, namely
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13% electrical efficiency and 52% thermal efficiency at a mass flow rate of 0.041 kg/s and a
solar radiation level of 800 W/m?. As indicated in the previous research, the performance
of ST-PVT is influenced by the HTF flow rate. The HTF flow rate significantly affects the
overall performance of the PVT, but the maximum efficiency is achieved if the flow is
neither slow nor too fast [108].

Figure 11. Thermal collector with harp and spiral design. Reprinted with permission from Ref. [41].
2020. Verma et al.

Figure 12. Several designs on sheet and tube thermal collectors; (a) Web flow, (b) direct flow, and
(c) spiral flow. Reprinted with permission from Ref. [8]. 2014. Fudholi et al.

In an analysis of the sheet and tube design, Herrando et al. [52] observed that the pipe
diameter did not affect its thermal performance, but rather the number of tubes installed
in each unit area increased the efficiency by up to 20-25 pipes. Hissouf et al. [53], in their
research on the effect of tube design and HTF on PVT performance, also learned that more
tubes mean more heat exchange surface area, so that the heat extracted is also higher,
enhancing PVT thermal and electrical performance. Piratheepan and Anderson [68], in their
experiment on facade BIPVT, found that increasing the flow rate of water provided only
little benefit to collector efficiency. At the same time, the addition of cooling tubes has more
apparent benefits in increasing efficiency but at a higher cost. Still, this finding might contrast
with other studies that increasing HTF flowrate can enhance PVT performance [53,98]. Aside
from the number of tubes, PVT efficiency is also affected by the collector design that directs
the HTF flow evenly and minimizes pressure drop. Thus, these two factors of tube number
and flow rate should be assessed before designing a new thermal collector.
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5. Collector Development
5.1. Modelling

The development of research on PVT in the early 21st century carried out a lot of
mathematical modeling using software assistance with or without field experiments. Mod-
eling can tell researchers about possible experimental results with defined inputs so that
the more accurate the information, the closer the actual result to the output. The more
parameters entered, the more precise the outcome, but the more sophisticated the software
and the price. Mathematical modeling often gives different results from the results of field
experiments, primarily due to the lack of carefulness by researchers in selecting the vari-
ables that may be involved. In addition, uncontrollable factors can also affect the deviation
between experimental and theoretical values, such as wind speed changes, air temperature
fluctuations, and solar radiation blocked by dust or other impurities [104]. Another factor
that affects the experimental results is the change in the sunlight angle. Finally, the practical
effect might differ from the mathematical calculation because of the heat loss from the PVT
part exposed to air due to radiation or convection.

The modeling results are often in agreement with the experimental results, both in
a controlled environment such as a laboratory or in an open environment. Still, they
can also show quite striking differences. Fayaz et al. [109], in their numerical test with
COMSOL Multiphysics and an experimental PVT system with a novel thermal collector
design, observed differences in thermal efficiency results of 81.24% numerically and 79.1%
experimentally. Different results were also obtained for electrical efficiency improvement,
namely 10.72 numerically and 12.25% experimentally. Also, the numerical and experimental
results of overall efficiency are enhanced by 6.26% and 5.73%, respectively.

Some numerical studies have been carried out without field experiment confirmation.
For example, Baranwal and Singhal [108] have modeled a PVT system with a spiral-shaped
thermal collector with ANSYS 18.0 software utilizing a 25 mm diameter copper pipe. They
found that the overall efficiency of PVT increased to a maximum of 53.66% at 800 W/ m?
irradiation as the water flow rate increased. Another study by Nahar et al. [110] modeled
a pancake (spiral) collector in three dimensions to determine its performance on a PVT
system. They used COMSOL Multiphysics software for this numerical simulation with the
help of mathematical equations for the validation of thermal and electrical models. They
observed that the maximum electrical efficiency from this model was 12.9%, in perfect
agreement with the reference model of 12.7% by Gutierrez-Miravete and Fontenault [111].

However, these modeling results should be experimentally proven to confirm their
validity, because the assumption of a stable environment in the model can be misleading.
Usama Siddiqui et al. [112], in a three-dimensional modeling study for PV panels, found
that it is challenging to match variations in environmental temperature in actual experi-
ments with modeling because the cell temperature is unstable and increases if the ambient
temperature rises. They realized that in numerical modeling, temperature parameters
could be varied easily. As a result, the electrical performance of the outdoor investigation
decreases lower than the modeling, which assumes the cell temperature will be the same
as the ambient temperature. Moreover, the change in cell temperature was slower in
the experiment, so the overall efficiency tended to fall and did not match the numerical
predictions [110].

5.2. Materials

The choice of material for sheet and tube collectors is usually based on their heat
transfer performance, because the purpose of this collector is to absorb as much heat as
possible. Copper is the most widely used material for tubes due to its availability in various
shapes and sizes, and is easy to bend. As for sheets, aluminum plates are more commonly
referenced in the literature, followed by copper plates. The modern PVT currently utilizes
polymer as collector material because it is lighter and cheaper. However, although a thermal
absorber from polymer is cheaper, Simon Allué et al. [113] observed that PVT with an
aluminum absorber has a 62% efficiency. In comparison, PVT with a polymer absorber
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has an efficiency below 50%. Moreover, absorbers made of galvanized steel are lower in
manufacturing costs than those made of copper [49,104].

A comparison of various designs and materials of PVT systems has been studied
by Herrando et al. [52]. They designed 26 absorbers; 10 absorbers are sheet and tube
with different aluminum and chopper materials with 6-10 mm diameter. The rest of
the thermal collectors are flat box structures with variations in aluminum, copper, and
polymer materials. They found no significant difference between copper and aluminum
pipes in thermal performance, even though the latter had lower thermal conductivity. A
similar finding was also reported by Nahar et al. [110] in their modeling to measure the
performance of spiral collectors made of aluminum and copper with a variation of the inlet
velocity, irradiation level, inlet, and ambient temperature, while other parameters were
held constant. They noticed that these two materials gave almost the same performance, so
it was recommended to choose a cheaper and lighter aluminum for the PVT collector.

Further, the performance of a specially designed collector from a stainless steel material
was investigated by Al-Shamani et al. [114], as shown in Figure 13. They claimed that
the initial cost of the absorber is only 2.9% of the total cost in this PVT system, while
nanofluids take up 10.85% of the total cost. By testing SiO,, TiO,, and SiC nanofluids, they
found that this ST-PVT collector works optimally with SiC nanofluids, producing a thermal
efficiency of 81.73% and an electrical efficiency of 13.52% with a flow rate of 0.170 kg/s
and a solar radiation level of 1000 W/m?. The results of this experiment are excellent and
can be considered for future development. However, this experiment was conducted in an
artificial environment, so the outdoor performance might be different. Also, the weight of
the additional stainless steel may not be suitable for roof installation and will be challenging
to maintain.

1392.500

1135

s s s

Figure 13. Proposed stainless steel PVT collector design. Reprinted with permission from Ref. [114].
2016. Al-Shamani et al.

Additionally, with variations in the cooling fluid, the collector material must resist
problems that may arise, such as corrosion and other chemical reactions in the fluid
environment. This issue is essential to address for the long-term utilization of ST-PVT as
important as the issue of material degradation in PV panels. Unfortunately, very limited
research has focused on the effect of working fluid on the collector material, both in the
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PVT system and the solar water heater system. At the same time, there is still minimal
discussion of nanofluid’s impact on the flow media and the environment, even in the
general study of nanofluid utilization. Hence, further study on this issue is encouraged to
comprehensively consider material selection for ST-PVT thermal collectors.

5.3. Lamination and Insulation Technique

Many of the studied PVT systems are modifications of the PV panels with the addition
of thermal collectors. These studies often ignore the attachment technique between the PV
panel’s back layer and the thermal collector. The common assumption is that the Tedlar is
connected well to the collector, the heat is well conducted, and the heat loss is low so that it
can be neglected. Tedlar is the outermost layer of PV modules that does not change when
exposed to light because it is made of polyvinyl fluoride (PVF). Tedlar provides additional
insulation as the EVA coating, while protecting the PV cells from moisture [104]. Thus, heat
transfer from the PV cell to the absorber plate could be constrained by the presence of these
layers, primarily if no additional adhesive is provided to help absorb heat.

The effect of gluing PV panels and thermal collectors using adhesive tape compared
to a clamped collector without adhesive has been examined by Brotje et al. [115]. They
analyzed the impact of an air gap between the thermal collector and the PV panel on PVT
performance, especially using roll bond and sheet and tube collectors. They observed a
strong influence of the air gap, mainly on thermal performance. They also realized that
without using thermal paste or adhesives, the temperature of the PV cells tends to be higher,
resulting in lower electrical efficiency. In contrast, a study by Leonforte et al. [116] found
no need to use adhesive (thermo-conductive glue) with a direct lamination technique. The
adhesive is resistant when exposed to high temperatures from the PV cell or the thermal
absorber. Also, adhesive raises the risk of condensation between the two parts. There could
also be air trapped when applying adhesive, decreasing the thermal exchange coefficient
and causing uneven temperature distribution. In agreement with this, De Keizer et al. [51]
discovered that the thermal paste is not necessarily the most cost-effective system solution
in their research, comparing three types of PVT systems with and without adhesives. Thus,
a PVT system without glue might improve PVT performance at a lower manufacturing cost.

Despite the debate on the importance of adhesive, the quality of attachment affects the
overall PVT performance. If there is a medium to attach the two, it must be ensured that
the thermal conductivity is high enough for the complete heat transfer from the PV cell
to the absorber. Low-quality adhesives, air gaps, or non-adherence of the absorber evenly
will increase the conductive heat coefficient between the PV module and the absorber.
This poor contact will cause imperfect heat transfer and decrease the temperature gradient
between the PV module and the absorber. Rejeb et al. [117] found that PVT systems with
a simple adhesive (heat transfer coefficient 45 W/ m?2K) resulted in electrical and thermal
efficiencies of 14.25% and 67%, respectively. In contrast, laminated PVT systems with
advanced component encapsulation results in higher performance of 15.10% electrical and
71% thermal.

Additionally, heat insulation needs to be installed to prevent heat loss from the collector
due to direct contact with outside air. Better insulation can prevent heat loss to reduce
convective heat transfer, especially in windy environmental conditions [51]. Many kinds of
insulation are widely available and commonly work well in PVT systems. Several materials
that were used in the PVT research are asbestos [56], high-density polyethylene [66], rock
wool [50], and polyethylene foam [118]. Additionally, the back of the PVT system could
also be isolated using glass wool and then covered with an aluminum casing to minimize
heat loss from the thermal absorber [99].

5.4. Phase Change Materials

The prominent role of phase change materials (PCM) in a PVT system is to store
heat from the HTF long enough for night use or when there is not enough exposure to
sunlight. Attaching PCM directly to the PV panel back layer also allows it to maintain lower
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temperatures for a longer time when the panel is exposed to sunlight. At a low temperature,
the electrical efficiency of the PV cell will be maintained optimally. Hossain et al. [75]
investigated the performance of a PVT system with different materials of PCM. They
learned that PVI-PCM could produce a 14% higher maximum power and 4.72% higher
electrical efficiency than PV panels. Rajoria et al. [35], in their study on BIPVT, also
observed that the use of nanofluids and PCM can improve thermal performance, with
thermal efficiency reaching 72% and overall efficiency as high as 85.7%. However, the initial
cost for PVT-PCM was much higher, almost three times that of conventional PV systems [74].
Thus, the application of PCM in the ST-PVT system might not be economically feasible.

On the other hand, another study by Simon Allué et al. [113] found that PVT-PCM with
an aluminum absorber resulted in slightly higher overall efficiency at 63% than reference
PVT without PCM at 60%. They concluded that the addition of PCM did not directly impact
increasing the PVT performance but increased the heat generation capacity by up to 30%,
which can be used when sunlight is not available. In line with this finding, Fayaz et al. [119]
investigated the application of paraffin PCM in water-cooled ST-PVT systems with solar
irradiation variations with the average inlet water temperature at 32 °C and mass flow rate
at 0.5 L/min, as shown in Figure 14. Their field experiments revealed the highest measured
electrical efficiency differences were not significant between the PV, PVT, and PVIT-PCM
systems of 13.56%, 13.74%, and 13.87%, respectively. Surprisingly, the maximum thermal
efficiency obtained at 200 W/m? solar irradiation for PVT systems was 75.1%, higher than
PVT-PCM of 71.1%. Applying PCM might negatively impact ST-PVT systems instead of
leading to advancement.

Figure 14. The fabrication process and outdoor experimental setup of PVT and PVT-PCM systems.
Reprinted with permission from Ref. [119]. 2019. Fayaz et al.

6. Nanofluids in the PVT System

Research on improving PVT performance with nanoparticle-basedheat transfer fluids
has been carried out in the last decade. The addition of nanoparticles, which have high
thermal conductivity, increases the heat transfer coefficient and heat absorption of the HTF
in the collector, enhancing PVT thermal efficiency. With better heat absorption, temperature
build-up in PV cells can be prevented so that the average electrical efficiency is also expected
to be better. However, nanofluid studies to improve electrical and thermal performance as
a whole PVT system are still rare. Most of the studies on nanofluids in PV panels are aimed
at PV cooling [120].

On the other hand, ST-PVT systems mainly rely on water as their working fluid, so
their efficiency is limited by heat capacity and poor water absorption properties. Thus, the
addition of nanoparticles should increase the solar collector’s absorption efficiency due
to the improved radiative properties of the liquid [118]. Al-Waeli et al. [42] found that
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cooling PV panels with nanofluids increases the thermal efficiency by up to 89.75% and
lowers the temperature of PV modules by up to 28.1% compared to cooling with water
alone. However, nanofluids have disadvantages: poor stability, high cost, high viscosity,
and environmental issues.

6.1. Nanofluid Selection

The performance of PVT systems utilizing HTF fluid that contains nanoparticles, i.e.,
nanofluid, has been studied by many researchers. However, much research on the nanofluid
application in PVT systems has focused on thermal performance. The classification of
commonly used nanoparticles is shown in Figure 15. With the main application of PVT
technology for residential and small-scale industries, the researchers should also consider
economic and environmental factors in the selection.
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Figure 15. Nanoparticle classification [121].

6.1.1. Nanofluids Types

Various nanoparticles, especially carbon-based, metal-based, and polymeric nanoparti-
cles, were tested numerically and experimentally to compare PVT systems with pure water
cooling or PV panels. Sheikholeslami et al. [34] have reviewed nanomaterials to improve PVT
systems’ performance over the last ten years. They found that alumina (Al,O3) is the most
popular nanoparticle used in conjunction with a flat plate PVT thermal collector, followed by
multi-walled carbon nanotubes (MWCNT) and copper (Cu), as shown in Figure 16. These
three most popular nanofluids have been investigated further to determine their performance
in the PVT system.

An experiment on ST-PVT using 0.2 wt% alumina/water (Al,O3/H,O) nanofluid has
been carried out by Yousefi et al. [122]. They learned that nanofluids increased collector
efficiency by 28.3% compared to HTF water. This finding is similar to Sheikholeslami et al. [34],
who found that Al,O3z/water can improve PVT thermal performance by up to 29%. In
agreement with this, Zamen et al. [123] tested various Al,O3/water nanofluid concentrations
as the HTF on the ST-PVT system with a half-tube serpentine collector. They found that the
optimal concentration was achieved at 0.5 wt%, where PVT experienced an increase in thermal
efficiency of 126.71% and electrical performance increased by 7.38% compared to water only.
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Figure 16. Research on nanoparticles in PVT systems. Reproduced with permission from ref. [34].
2021. Sheikholeslami et al.
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However, slightly different results were shown by Sardarabadi and Passandideh-
Fard [124], who tested the performance of 0.2 wt% of TiO,, ZnO, and Al,O3 nanoparticles
in deionized water, numerically and experimentally. They observed that, compared to
PV only, PVT system that utilizing TiO, /water and ZnO/water nanofluids had slightly
better performance in terms of electrical efficiency by 6.54% and 6.46%, respectively, while
the use of Al,O3/water nanofluids increased its performance by 6.36%. Also, ZnO/water
had the highest system thermal performance compared to Al,O3;/water nanofluids and
deionized water only. Likewise, Alsalame et al. [125] tested experimentally and carried out
CFD analysis to evaluate the efficiency of the ST-PVT system using pure water, CuO/water,
and Al,O3/water nanofluids. They found that the use of Al,O3/water nanofluids only
slightly increased the performance of ST-PVT compared to water, namely 8.19% for thermal
efficiency and 0.08% for electrical efficiency. On the other hand, CuO/water nanofluid
showed better performance by increasing the thermal efficiency by 11.75% and improving
the electrical efficiency by 0.11%, compared to pure water.

Furthermore, the second most studied type of nanofluid is multi-walled carbon nan-
otubes (MWCNT) nanofluid. Carbon-based nanometer-sized particles have several advan-
tages over metal-based nanomaterials, i.e., low density, high intrinsic thermal conductivity,
superior strength, and high aspect ratio [126]. Nasrin et al. [118] modeled and tested a
water-based MWNCT nanofluid in a closed circuit indoor experiment to determine its
effect on increasing the performance of the PVT system. They set a mass flow rate of
0.5 L/min and then varied the irradiation level from 200 to 1000 W/m? and the weight
fraction of MWCNT /water nanofluid from 0-1%. They learned that the most favorable
MWCNT /water weight fraction for PVT systems was less than 1%. Unfortunately, only a
slight increase in overall PVT performance is required, about 4.11% higher than PVT /water
from experimental results. This result might occur due to poor blending between nanopar-
ticles and water as the base fluid. The mixing process of carbon nanoparticles with a base
fluid requires extra treatment to increase the effectiveness of carbon-based nanofluid [127].

On the other hand, another study by Fayaz et al. [109] found that with an optimal flow
rate of 120 L/h, MWCNT nanofluid in the ST-PVT system increases electrical efficiency by
10.72% experimentally and 12.25% numerically, compared to PV without cooling. Also, the
utilization of the 0.75% weight fraction of MWCNT nanofluid improved overall ST-PVT
efficiency by up to 5.73% compared to water-cooled with the same flow rate. A similar
result was discovered by Alous et al. [128] in their investigation of the effect of 0.5 wt%
concentration of water-based graphene nanoplatelets and MWCNT nanofluids on the
performance of ST-PVT with the serpentine configuration at a mass rate of 0.5 L/min in
Turkey. They noticed that MWCNT /water and graphene nanoplatelets—water nanofluids
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increased electrical efficiency by 10.6% and 9.0% and thermal efficiency by 8.6% and 22.1%,
respectively, compared to distilled water.

Further, another most experimented metal-based nanofluid in sheet and tube collectors
is copper oxide/water (CuO/H,0). Hussain and Kim [129] observed that ST-PVT’s average
total efficiency using CuO nanofluids performs best at 78.4%, compared to pure water and
Al,O3 nanofluids at 67% and 75.7%, respectively. In agreement with this, Faizal et al. [130]
also observed that CuO produces the highest thermal efficiency compared to SiO,, TiO,,
and Al,O3; due to lower specific heat and higher density of nanoparticles. Sahota and
Tiwari [131] also discovered that the hybrid system of PVT and solar still enhanced its
thermal energy and exergy performance by utilizing CuO/water nanofluids. However,
Al-Shamani et al. [132] argue that the SiO; nanofluid had better performance than CuO
and ZnO nanofluid. They realized that the ST-PVT system with SiO, nanofluid increases
the electric efficiency by 12.7% and the thermal efficiency to 64.4%.

Additionally, several metal-based nanofluids also promise comparable performance,
although they are not as popular as alumina and copper oxide. Lari and Sahin [100]
found that PVT collectors with silver/water (Ag/H,0O) nanofluid can increase thermal
output by 18% compared to water-cooled PV systems. Nasrin et al. [133] also discovered
that silver /water nanofluids enhanced thermal PVT efficiency by 7.49% greater than pure
water. In comparison, copper/water (Cu/H,0O) and aluminum/water (Al/H,O) nanofluids
increased PVT thermal performance by 7.08% and 4.97%, respectively. Moreover, Al-
Waeli et al. [134] experimented on SiC/water nanofluid for cooling the ST-PVT system.
They observed that the 3 wt% SiC/water nanofluid increased the overall efficiency by
88.9%, with a breakdown of the electrical efficiency of 24.1% and the thermal efficiency of
100.19% compared to the separate PV systems. Also, Ghadiri et al. [135] learned that iron
oxide nanofluids (ferrofluids) are the prospective HTF for PVT because their rheological
characteristics, viscosity, and conductivity can be changed under an external magnetic field.

6.1.2. Economic Views on Nanofluid

The use of nanofluids has been proven to improve PVT performance. However,
other factors must be considered for economic reasons, such as the additional costs for
nanoparticles, mixing process, more power for pumps, safety measure related cost, and
cost for minimizing hazard to the environment. Al-Waeli et al. [42] studied a 3% nanofluid
of silicon carbide/water (5iC/H,0O) mixture as HTF in an ST-PVT with rectangular pipes
as the thermal absorber. They discovered that this system could generate electricity with
an average efficiency of 14.25% and a payback period of seven to eight years, with the
selling price of electricity reaching 0.196 USD/kWh. A study by Al-Shamani et al. [132]
also found that the payback period for silica/water (5iO, /H,0O) nanofluid was eight years,
or three years faster than water PVT. However, a study in India by Khan et al. [136]
discovered that using 0.6% zinc/water (Zn/H;O) nanofluids in the PVT system mitigates
about 23.142 tons of CO; in twenty years and gives an energy payback period of 2.82 years.
Lari and Sahin [100], in their research in Saudi Arabia, found that the cost of energy from
PVT systems with silver /water (Ag/H,0O) nanofluid is 82% cheaper than the domestic price
of electricity, while the payback period is about two years. Hassani et al. [137] learned that
optimized nanofluid-based PVT configuration could produce the lowest exergy payback of
2 years compared to 3.48 years for standard PV and 2.55 years for PVT systems.

The finding on the economic value of PVT systems with nanofluid is quite reassur-
ing, especially with the relatively short payback period. However, there may be some
factors that were not adequately considered in the calculations. Modeling by Hussain and
Kim [129] found that the energy payback period of parallel tube PVT with CuO nanofluid
is eight years, half a year faster than the Al,O3 nanofluid and one year faster than water
cooling alone. However, if the solar radiation becomes 1100 W/m?, the energy payback
period is three to four years faster. Abadeh et al. [138] observed that the payback period
for PVT systems with a government subsidy scheme of 75% for pure water, TiO, /water,
ZnO/water, and Al,O3/water nanofluids was 2.56, 2.54, 2.5, and 2.58 years, respectively.
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However, without government subsidies, the payback period for the PVT system is about
eight years.

6.1.3. Environmental Aspect

Nanoparticles as additional chemicals in PVT working fluids certainly have environ-
mental impacts that must be considered. Nevertheless, only a limited amount of research on
PVT has focused on environmental impact and life cycle assessments, as shown in Table 4.
Studies on the effects of nanofluids in PVT systems on the environment are still few. Most
of this research discusses the advantages of using nanofluids for the environment. A model
of a modified PV module with dual thermal units to assess environmental aspects has been
developed by Hassani et al. [137]. They used one layer of CNTs/water nanofluids in the
rear PV panel as a thermal absorber, and one layer of Ag/water nanofluids in the front as
an optical filter. They discovered that this configuration of PV /T system produces more
pollutants than other configurations during the manufacturing process. Still, its pollution
prevention outperformed the rest by about 448 kg CO, equivalent per square meter per
year in the operational phase. Also, Abadeh et al. [138] found that nanofluids in a PVT
system can reduce carbon dioxide emissions by 17% more than PV units without cooling.

Table 4. Research on the environmental effect of nanofluid utilization in sheet and tube thermal collectors.

Author

Nanoparticle Volume Fraction Application Environmental Analysis

Hassani et al. [137]

PVT with CNTs/water as a thermal
absorber and Ag/water as an optical
CNT, Ag 0.0104 & 0.21 wt% PVT system filter emits about 885 kg of CO, during
the manufacturing phase for every
cubic meter

Lari and Sahin [100]

The proposed PVT system can prevent
o nearly 17 kilo tons of CO, following
Ag 0-50% PVT system the emission factor of 0.654 tCO, /kW
in Saudi Arabia

Sahota and Tiwari [131]

The hybrid system of PVT and solar

Al,O3, TiO,, CuO 0.04-0.13% PVT system still mitigates 24.61 tons per annum of

CO, with the help of nanofluids

Hussain and Kim [129]

the maximum net CO, mitigation of
Al,O3, CuO 0-0.8 wt% PVT system 20 years for the CuO/water PVT
system was 4.2 tons

Abadeh et al. [138]

PVT/ZnO saves the highest annual

Zn0, Al,O3, TiO, 0.2 wt% PVT system emission cost of about 28% and 20%

from energy and exergy points of view.

Faizal et al. [130]

Nanofluid-based give lower

Al O3, TiO;, SiO;, CuO 2-3% Flat plate solar collector environmental damage costs and about

170 kg less CO, emissions

The health risk from nanoparticles are
minimized because they are dispersed

Faizal et al. [139] SiO, 0.2-0.4% Flat plate solar collector .
in water and runs on a
closed-loop cycle
Cerium oxide/water (CeO, /H,0)
Michael Joseph Stalin o nanofluid prevents the emission of
etal. [140] CeO, 0.01-0.1% Flat plate solar collector CO,, 175 kg less than a traditional

solar water collector

On the other hand, research that focuses on discussing the impact of nanofluids on
the environment, in general, is relatively adjacent. For example, Schrand et al. [141] found
that some metal-based nanoparticles, including Ag, Au, and Cu, are toxic to human health
and increase their toxicity when the particle size is reduced. Moreover, some nanoparticles,
such as copper and copper oxide, are toxic to some aquatic species and possibly harmful
to humans [142]. The use of nanofluids for ST-PVT systems must pay attention to the
threat of environmental pollution due to leaks or post-use management. With the best
stability reported in the literature for only several months, the control of the residual
nanofluid waste needs to be carefully planned. The addition of chemicals in the nanofluids
manufacture is likely to affect the environment [42]. Also, the addition of nanofluid to HTF
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causes this liquid not to be used directly for domestic needs. One way to utilize this PVT
system with nanofluid is to use the nanofluid in a separate loop with the water used for
domestic heating [41].

6.2. Nanofluid Properties
6.2.1. Base Fluid

Water has many advantages as a heat transfer fluid in a PVT system. This fluid is
non-toxic, has a high thermal conductivity value, is easy to find, and is easy to use without
any other heat exchangers. The use of water as a heat transfer medium has also been
proven to be effective in ST-PVT and different liquid PVT configurations. Research on
ST-PVT commonly uses water, but concentrated PVT is more experimentally varied, such
as silicone oil-based nanofluids with MXene (Ti3C,) [143], various vegetable oils [144], and
Jatropha curcas crude oil [145]. Huang and Marefati [146] found that of all solar collectors
studied, water as HTF provided better energy performance than Thermia Oil B, either with
or without the addition of nanoparticles. Another study by Khan et al. [136] on the effect of
additional 25% propylene glycol and 25% ethylene glycol on 0.6% Zn/water discovered
higher electrical performance gains of 21.89% and 26.57%, respectively. This additional
quarter of propylene glycol and ethylene glycol also increased the thermal efficiency by
60.39% and 75.82%, respectively, compared to pure water HTF.

An example of an experiment on olein palm oil with MXene nanoparticles (MXene-
OPO) nanofluids was carried out by Samylingam et al. [147] on a PVT sheet and tube
with concentration variations of 0.01-0.2 wt%. From experimental and numerical analysis,
they noticed that the thermal conductivity of OPO increased linearly with increasing
concentration, with a maximum of 68.5% at 0.2 wt% at 25 °C. They also found that MXene-
OPO increased heat removal by 8.5%, electrical efficiency by 13.8%, and thermal efficiency
by 11.2% from the PV /T thermal system compared to alumina/water nanofluid. Similarly,
Rubbi et al. [148] studied the performance of the ST-PVT serpentine collector design
with MXene/Soybean oil (Ti3Cp/SO) 0.125 wt% heat transfer fluid. They discovered that
compared to soybean oil, the thermal conductivity of TizC,/SO was 60.82% higher at
55 °C for a weight fraction of 0.125 wt%. They also compared the performance of ST-
PVT numerically with water, alumina/water nanofluid, and MXene/Palm Oil. Ti3C, /SO
produces 84.25% better thermal efficiency and a lower surface temperature of 14 °C than
water, giving 15.44% higher electrical output than alumina/nanofluid water at 0.07 kg/s
discharge.

6.2.2. Concentration and Viscosity

Various nanofluids used to improve a PVT sheet and tube work optimally at specific
concentrations. As a rule of thumb, the more nanoparticles, the higher the thermal conduc-
tivity and the greater the PVT performance. However, the higher the concentration, the
weaker the stability of the mixture so that it is prone to precipitation in a relatively short
time. Likewise, nanoparticles tend to agglomerate when in a higher concentration solution,
and the stability of a homogeneous solution will be reduced [149]. Faizal et al. [139] found
that high concentrations of SiO; /water nanofluid increase pumping power up to 33% for
0.2 wt% and up to 67% for 0.4 wt% compared to water. Al-Waeli et al. [42] found that
adding the mass fraction of nanofluids is only optimal to a certain extent. For example,
they discovered that the addition of SiC nanoparticles above 0.3% in a SiC/water nanofluid
only slightly increases the thermal conductivity, but can significantly increase the power
consumed by the pump.

Another study on low concentration variations was conducted by Khan et al. [136]
on the PVT system using water-based nanofluid as HTF with zinc/water (Zn/H,0O). They
found that a 0.6% zinc nanoparticles mixture gave the best performance enhancer with
18.11% electrical efficiency and 54.71% better thermal efficiency than pure water HTFE.
Likewise, in their experiment, Abdallah et al. [120] tested the performance of a PVT system
using a water-based MWCNT nanofluid in a low concentration between 0-0.3% at a
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constant flow of 1.2 L/min. They learned that the most favorable dilution was 0.075%
by volume of the MWCNT, where the PV temperature could drop to 12 °C at maximum
incident radiation. The average overall efficiency obtained at this concentration is 61.23%,
and a maximum of 83.26%. Hader and Al-Kouz [150] numerically tested Al,Os/water
nanofluids in PVT with finned collectors. They observed that the overall PVT efficiency is
increased with increasing volume fraction of nano-sized solid particles, but this also raises
the coefficient of friction.

Furthermore, nanofluid was also examined at a higher concentration. Nasrin et al. [133]
performed three-dimensional numerical modeling to simulate the effect of three types of
water-based nanofluid concentrations on the PVT system thermal performance. They
found that the optimum nanofluid concentration was 2% by weight of water. Also, Ghadiri
et al. [135] experimented with iron oxide/water (Fe304/H;0O) nanofluid or ferrofluid for
PVT with various weights fractions. They discovered that ferrofluid with a concentration
of 1% by weight increased the system’s thermal efficiency up to 65.96%, while for 3% by
weight, the efficiency increased by 68.88%. These values are 41% and 45%, higher than PVT
using distilled water as HTF. However, metal-based nanofluid tends to overload the pump
if the concentration is high, while carbon-based nanofluid reduces thermal performance if
the concentration increases. Thus, the concentration of nanoparticles may vary in providing
the best performance for the PVT system, mainly depending on the type and medium [151].

Researchers usually use small nanofluid concentrations in the PVT system with a sheet
and tube thermal collector applications. Hussain and Kim [129] learned that increasing
the weight fraction from 0-0.8% of nanofluids increased the viscosity of the Al,O3/water
nanofluid by 9.9% and the CuO/water nanofluid by 10.8%. Next, Al-Waeli et al. [152] also
noticed that the fluid’s viscosity increased with increasing nanofluid concentration from
0-4% by 0.0076% for Al,O3, 0.0039% for CuO, and 0.0088% for SiC. Additionally, Al-Waeli
et al. [134] found that the addition of 3 wt% SiC nanoparticles at a test temperature of
25-60°C slightly increased the nanofluid density by 0.0082%, increased the viscosity by
1.8%, and increased the thermal conductivity by 8.2%.

Nanofluid viscosity is essential in improving PVT performance and overall system
economy. The effect of adding nanoparticles to fluid viscosity varies depending on several
factors such as nanoparticle shape and size, liquid base, temperature, pH, surface tension,
nanoparticle chemistry, and the dispersion method [44,152,153]. The thermal conductivity
of nanofluids increases with increasing concentration and temperature [154]. The heat
transfer from PV cells to nanofluid is enhanced with more nanoparticle concentration, so
the thermal performance is higher. However, viscosity and pump power also rise with
increasing nanofluid concentration.

6.2.3. Other Properties

Enhancing ST-PVT performance using nanofluid should also consider other significant
nanofluid properties such as deposition, boiling point, thermal conductivity, the Nusselt
number, and the Reynolds number. The addition of nanoparticles, especially metal-based,
needs to be watched for deposits in tubes and water storage tanks. Deposits of nanoparticles
will cause a decrease in thermal performance and might clog the tubes. The deposition
rate is also affected by the boiling point of the nanofluid. Lee and Mudawar [155], in a
1% Al,O3/water nanofluid flow-boiling experiment, found that the initial onset of the
vaporization boiling of the liquid led to rapid and severe nanoparticle deposition. Thus,
nanofluid boiling in a PVT system can cause a catastrophic effect.

Regarding thermal conductivity, Hussain and Kim [129] observed increasing the
weight fraction of Al,O3 and CuO nanofluids from 0-0.8% in thermal conductivity in-
creased by 10.7% and 14.1%, respectively. Al-Waeli et al. [152] also discovered that water-
based nanofluids with a volume fraction of 4% increased the thermal conductivity by 1.96%
for Al,O3, 3.42% for CuO, and 4.8% for SiC. However, improving the thermal conductivity
is not only done by increasing the concentration of nanoparticles. In nanofluid solutions
exposed to high temperatures, the molecules move faster so that the collisions between
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nanoparticles and liquid molecules are more heightened, ultimately increasing the thermal
conductivity [122].

Lastly, although mostly found in the numerical study, a nanofluid’s Nusselt and
Reynolds number increment can also enhance its heat transfer and thermal efficiency.
Faizal et al. [130] tested the use of a 0.2% silica/water (510, /H,O) nanofluid in flat plate
solar collectors. They found an increase in the Nusselt and Reynolds number to increase
thermal efficiency to 23.5%. Hader and Al-Kouz [150] tested a PVT system numerically
with a finned thermal collector and an Al,O3/water nanofluid working fluid. They noticed
that the overall PVT efficiency increased with an increasing Reynolds number due to better
heat transfer. Nevertheless, the rise in the Reynold number means that the increased friction
coefficient risks an increasing deposition rate and mineral scaling.

6.3. Nanofluid Parameters

Various parameters such as velocity and flow rate should be investigated closely
to measure the effectiveness of nanofluid in enhancing ST-PVT performance. Khanjari
et al. [151], in their numerical simulation for harp-designed ST-PVT using pure water,
Ag/water, and Al,O3;/water nanofluid, found that higher fluid velocities increased elec-
trical energy efficiency but not thermal energy efficiency. By increasing the velocity from
0.05-0.23 m/s, the thermal efficiency of the ST-PVT system decreased by 10%, 13%, and
13.7% for Ag/water nanofluids, Al,O3 /water nanofluids, and pure water, respectively. This
relatively low optimal flow rate also agreed with the study by Al-Shamani et al. [132]. Their
investigation of CuQO, SiO,, and ZnO water-based nanofluids with 1% weight concentration
discovered that the most optimal mass flow rate was 0.03 kg/s. Sardarabadi et al. [156]
noticed that different fluids have different optimal flow rates. Their investigation of the
effects of 1-3 wt% silica nanoparticles on serpentine ST-PVT found that the highest system
efficiency was 30 L/h silica/water nanofluid, or lower than the optimum flow of pure
water at 40 L/h.

Furthermore, another parameter that affects nanofluid performance is the nanoparticle
size. In general, the smaller the size of the nanoparticles, the better, because the smaller are
more soluble in water and increase the thermal conductivity. Ambreen and Kim [157],in a
review of the effect of particle size on the effective thermal conductivity of nanofluids, show
optimized thermophysical properties for particle sizes below 100 nm. Thus, nanofluids
limiting nanoparticle size to more than 100 nm did not provide a significant increase in
thermal conductivity [158]. In agreement with this, Goshayeshi et al. [159] studied the
effect of particle size and type on the increase of Ferro-nanofluid heat transfer, showing
the optimal size of nanoparticle to be 20 nm. In addition, Maheshwary et al. [154], in their
research on the effect of particle size and shape on the thermal conductivity of titania/water
nanofluids, found that the nanofluid viscosity and pump ability decreased with decreasing
nanoparticle size but increasing thermal conductivity.

Lastly, the nanofluid mixture stability is one parameter that is an issue in its imple-
mentation. Nanofluid improves ST-PVT’s thermal and electrical performance as long as
the mixed conditions do not change. The stability of nanoparticles in base liquids, in which
their thermophysical properties are retained, dispersed uniformly, and suspended stably
for an extended period, is still a challenge in nanofluid applications. The rule of thumb is
the higher the concentration of nanoparticles, the lower the stability. However, this stability
may change depending on the temperature, circulation speed, and the tube material used
for the nanofluid’s circulating medium. Al-Waeli et al. [42] discovered that stability deter-
mines whether these nanofluids are suitable for use as HTF in PVT systems because, for
long periods, they will experience many cycles of heating and cooling processes. Settlement
and concentration gradients in nanofluids can cause component blockage and fluctuating
heat loads, reducing long-term thermal performance in the cooling system reservoir [155].

On the other hand, most stability measurements in previous studies were in stationary
tubes, so they may not be very accurate in PVT applications where the temperature fluctuates.
In a laboratory setting, Al-Waeli et al. [152] learned that Al,O3 nanofluid with a volume fraction
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of 4% started to precipitate in 162 days, CuO in 144 days, and SiC in 186 days. Still, with a
volume fraction of 1%, the Al,O3, CuO, and SiC nanofluids start to precipitate in 208, 189, and
212 days, respectively. However, in another setting, Al-Waeli et al. [134] give different results
on 14 wt% SiC/water nanofluid stability with 0.1 mL of cetyl trimethyl ammonium bromide.
They learned that the nanofluid was stable under examination for three months, although the
thermal conductivity was reduced to 0.003 W/m K after six months.

7. Discussion and Further Research

Researchers have considered many aspects of developing a PVT system using sheet
and tube collectors. Performance improvement is the main focus, both electricity as a
product of PV cells and thermal as a product of thermal collectors. Unfortunately, thermal
efficiency gets more attention than electrical efficiency because of its significant increase.
The addition of glazing to increase thermal performance is a dominant focus in the literature,
followed by nanofluid applications and collector modification. On the other hand, a vital
issue in PV active cooling systems such as ST-PVT is the rate and amount of heat dissipation
and utilization of the extracted heat, mainly if it is applied on a large scale such as a solar
power plant [3]. Furthermore, in increasing the electrical efficiency of PV, the main factors
found are the improvement of thermal contact and heat removal of the PV cell. In this
case, glazing installation is counter-productive to increasing the PVT system’s electrical
performance. Hence, researchers need to look for alternatives to maximize ST-PVT overall
performance by improving the thermal contact, enhancing the laminating process, and
selecting the correct absorber type [160].

Furthermore, the ST-PVT design is also evolving. Researchers have examined the
three main sheet and tube configurations: harp, serpentine, and spiral. A full report on
PVT performance is easily found using these configurations and becomes the primary
reference for new innovative designs. Some designs still retain the advantages of the
original design, such as a minimum pressure drop for the serpentine and a more even
temperature gradient for the harp design, while minimizing the drawbacks. For instance,
an innovation to eliminate the plate for the absorber in the ST-PVT system has been claimed
to provide equivalent performance at a lower cost when the tube is directly attached to the
PV panel [161]. Another novel design of square metal tubes also promises increased contact
heat transfer. Thus, the choice of material becomes a particular challenge regarding avail-
ability, effectiveness, and economic aspects. Metal-based materials, including aluminum
and copper, are still excellent because of their proven performance [162]. Cheaper and
lighter materials such as polymers, plastics, or carbon fiber are also tested as alternatives
but are more known for roll bonds collectors.

In addition to performance, PVT application is also an aspect of research on PVT
systems, with the mainstream being residential, building-integrated, and desalination.
Other applications, such as heat pumps, large-scale power generation, trigeneration, etc.,
are still little discussed in the literature. Furthermore, the economic aspect is also widely
studied as a consideration for PVT users and manufacturing companies. Product reliability
and cost are still obstacles in commercial PVT applications [15]. From several product
samples presented, sheet and tube collectors for PVT systems are still the most offered
products either independently or as a PVT package. Therefore, future economic studies
on PVT based on the manufacturer and an industrial point of view are expected to be
appearing more to stimulate more production and utilization of the PVT system.

Other promising research niches also lie in nanofluid and PCM integration to enhance
PVT performance and store thermal energy for use when needed. Nanofluids were initially
studied in heat exchangers to improve heat transfer due to the increased thermal conduc-
tivity of the base fluid. Along with this trend, much research is conducted on nanofluids
application as HTF in PVT systems, especially for concentrated collectors. Meanwhile, there
is not much research on nanofluids in sheet and tube collectors, but they can give an idea
of their potential in the future. Metal-based nanofluid is still the main study focus as the
most effective heat dissipator from the thermal collector, while research on carbon-based
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nanofluids is limited, especially in PVT systems. Hence, studying the impact of MWCNT
nanofluids on PVT system performance in different climates and working conditions is still
needed [128].

However, some issues still need to be resolved regarding absorber design, nanofluid
application, and PCM integration in the ST-PVT. First, developing the sheet and tube
collector is a long process and must be validated at every stage. Many designs have been
validated, but field experiments have not yet been carried out to confirm them [42]. On the
other hand, modeling is also important to anticipate, and the expectations obtained from
the experiment become more accurate so that not a lot of costs are wasted. Second, the
utilization of heat from PVT systems is still very little discussed in the literature. Water with
medium to low temperature may not be very adequate for use other than for household pur-
poses, so future studies should address this problem on a large scale. Third, the nanofluids’
issues of mixture stability, effect on absorber material, and environmental impact, especially
regarding PVT systems, are rarely examined, although they are crucial for commercial
purposes. Lastly, some studies have shown that PCM has less impact on PVT systems, espe-
cially electrical performance. Therefore, future PVT-PCM research efforts should consider
the economical use of PCM with more practically oriented experiments [163].

8. Conclusions

This study explores the development of sheet and tube thermal collectors in PVT
systems from their first development to new features being researched to indicate that the
collector is still the main factor influencing PVT performance. This paper also investigates
the extent of applying nanofluids in ST-PVT. Although still new in ST-PVT, the widespread
use of nanofluids promises even more excellent service in the future. Some conclusions
that can be drawn are as follows:

e  ST-PVT without glazing produces the most satisfactory electrical performance with
the lowest investment. However, single glazing PVT with a 20 mm air gap should be
considered for more balanced thermal and electrical efficiency.

e  The serpentine collector promises the highest thermal efficiency due to longer tubes
absorbing heat from the panel. At the same time, the harp design proved to give better
electrical performance because of a more even temperature.

e  Aluminum and copper are found to have the highest quality for use as ST-PVT collec-
tors” materials, with aluminum preferred because it is the lightest and most affordable.

e  Metal-based nanofluid offers a more satisfactory performance than carbon-based
nanofluid, with copper oxide being preferred due to its superior performance. Other
promising nanofluids such as alumina and silicon dioxide also ensure a good result in
the ST-PVT system.

e A low concentration of nanofluid is preferred to provide good performance and a low
risk of precipitation. Higher concentration might offer higher thermal efficiency but
overload the pump with high pressure, and it is not easy to maintain its stability. It has
been learned that 0.4 wt% SiO, /water requires 67% more pumping power compared
to water.

The use of a PVT system is still commercially limited, even though the PVT system is
advantageous for long-term use. Several challenges have been identified, such as many
studies have been carried out using only numerical modeling. Also, nanofluids in the
PVT system might be unsuitable for residential use or small-scale industry due to their
complicated preparation, additional equipment required, and waste management concerns.
Thus, further research is proposed to focus more on the applicable ST-PVT system rather
than focusing only on its performance, which may be challenging to implement. Like-
wise, researchers still need to look for other alternatives and prove that PVT system is
economically and environmentally beneficial.
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