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A B S T R A C T
The purpose of this article is to present the methods for the development and testing of polymeric

hybrid Photovoltaic Thermal (PVT) collectors for indoor experiments. Polymeric material has been used in
hybrid PVT collectors and even longer used on flat plate collectors. We have developed a method to make
a hybrid PVT collector with an absorber made of a polymethyl-methacrylate (PMMA) and combined with a
copper sheet. To understand the details of the thermal and electrical performance, we have developed a
method to test this PVT collector by conducting a series of experiments by varying the mass flow rate,
irradiance, and inlet water temperature. The results showed that PMMA as a thermal absorber with a
copper sheet can provide a beneficial cooling effect of around 80% thermal efficiency and a 0.03 %/oC
decrease in electrical efficiency.

� [136_TD$DIFF]This method makes PVT collector hybrids easily and cheaply using simple equipment.

� This method provides simple technical testing of hybrid PVT collectors

� This method can be applied to make a larger hybrid PVT collector with modular.
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Specification Table

Subject Area:
 Energy

[137_TD$DIFF]More specific subject area:
 Polymeric Material for Solar Energy Application

Method name:
 Lab-made polymeric PVT collector.

Name and reference of
original method:
[138_TD$DIFF]Development and experiment on the performance of polymeric hybrid Photovoltaic
Thermal (PVT) collector with halogen solar simulator: https://www.sciencedirect.com/
science/article/pii/S0927024819303952
Resource availability:
 The data are available in this article.
Method details

Solar energy can be converted into heat energy and electrical energy which can be carried out by a
hybrid Photovoltaic (PV) and Thermal (T) collector, or PVT collector. PVT collector is very interesting
because, with the same aperture area as a flat plate solar collector (FPSC), it can convert more solar
energy. PVT collector is a combination of two different solar energy conversion devices, such as PV
panels to produce electrical energy and thermal collectors to produce thermal energy. Because the PV
panel performance decreases with increasing surface temperature [1], the thermal collector part
functions as a heat absorber from solar energy radiation that hits the PV panel surface. This heat
retrieval can reduce the surface temperature of the PV panel. As a result, the electrical output becomes
more optimal and the heat energy collected can be utilized in other forms.

PVT collector can be applied in residential and industry [2,3]. Since the publication of the first PVT
model in 1978 by Florschuetz [4], research on PVT collectors have been carried out intensively. PVT
collector has been studied from various aspects with many review papers, such as; historical
development and improvement [5–9], general and technological applications [10–14], method of
fabrication and integration [15,16], performance analysis with simulations and experiments [17],
economical assessment [18], environmental issues [19], and etc. As seen for the PVT collector
fabrication and integration method, there are only 2 review papers available online. Wu J. et al. [16]
conducted a critical review of thermal absorbers and their integration methods into currently-
available PV modules for the purpose of developing combined PVT modules. Abdelrazik AS, et al. [15]
conducted a critical review on the construction of PVT collector to the absorber plate with the
mechanical and chemical attachment method.

Aste et al. [20] developed the hybrid PVT collector as an “upgrade’’ of a conventional solar air
collector, i.e. a front cover direct flow PVT collector, organized in a modular structure. Kumar and
Tiwari [21] fabricated a single slope photovoltaic/thermal (PVT) active solar still and tested at solar
energy park, IIT New Delhi (India) for the composite climate. Zang et al. [22] designed and fabricated a
novel solar photovoltaic/loop heat pipe (PV/LHP)module-based heat pump system for both electricity
and hot water generation. Chen and Yin [23] developed and constructed a building integrated
photovoltaic-thermal (BIPVT) multifunctional roofing to harvest solar energy in the form of PV
electricity as well as heat energy through the collection of warmwater. Michael et al. [24] developed
the PVT module without any mechanical welding and tested in outdoor conditions that the electrical
efficiency of the PV module and PVT module showed similar performance. The details of the
fabrication and integration method for the PVT collector are summarized in Table 1 below.

To further promote and increase the competitiveness of PVT collectors, various efforts have been
made for economic affordability, such as lowering material cost [25], parameter optimization [26]. In
this case, the use of plastic or polymer materials is very important. Material experts assigned by the
International Energy Agency in Task-39 on SH-TCP, have completed the task of studying polymer
materials for solar energy applications [27]. Herrando et al. [28] proposed to improve PVT collectors
with an optimal balance of energy efficiency, weight/strength, cost and ease of manufacture, while
maximising heat transfer and the overall efficiency of the collectors.

The polymeric material has been used in hybrid PVT and FPSC, generally for solar energy
applications [29]. Many polymers are transparent and can replace the glass. However, polymers
normally degrade more easily than glass and hence have fewer applications [30]. Sandness and

https://www.sciencedirect.com/science/article/pii/S0927024819303952
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able 1
ummary studies of using non-polymeric material for hybrid PVT collector (more focus on a method for PVT collector).

Items Aste et al. [20] Kumar and
Tiwari [21]

Zang
et al. [22]

Chen
and Yin [23]

Michael
et al. [24]

PVT type PVT PVT/Still PV/LHP BIPVT PVT

PV-part Type of PV p-Si 1.2 – m-Si p-Si
Area (m2) 1.03 – 0.612 0.26 �0.51

T-part Type – – – Sheet-pipe Sheet-pipe
Area (m2) 2.4 2� 2 – 0.37 0.51
Absorber used – Aluminum Aluminum/HDPE Copper
Working Fluid Air Water R1341a Water Water
System Active Active Active/HP Active Active

Methods Process Design/Preparation – –
p p

–

Integration – –
p p

–

Testing / simulation
p p p p p

ype of PV: m-Si (mon-silicon), p-Si(poli-silicon)PVT/LHP: Photovoltaic thermal / loop heat pipeBIPV: Building integrated
hotovoltaic.
he symbol “- “means the data / information is not available on paper, both written and unwritten.
he symbol “

p
“means the data / information is not available on paper, both written and unwritten.
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Rekstadt [31] combined a polymer solar heat collector with single-crystal silicon PV cells in a hybrid
energy-generating unit, that simultaneously produced low-temperature heat and electricity and
tested experimentally to determine its thermal and photovoltaic performance. Erdil et al. [32]
constructed a hybrid PVT system from a photovoltaic (PV) module and a solar thermal collector and
tested for energy collection at a geographic location of Cyprus. Christofari et al. [33] studied the
thermal behaviour of a solarwater heating systemusing a hybrid PVTcollector, based on the polymeric
absorber. Ango et al. [34] numerically investigated the thermal behaviour of a polymeric flat plate
solar collector (FPSC), to evaluate the influence of various operating and design parameters on the
polymer FPSC’s performance. Peña et al. [35] designed and manufactured a polymeric solar water
heater with satisfying necessary technical requirements for Mexican homes. Reiter et al. [36]
developed a dynamic flat-plate collector model for parametric sensitivity studies on polymeric
collector design and showed satisfying results especially regarding the calculation of individual part
temperatures of a collector validation. Kroiß et al. [37], developed a seawaterproof hybrid PVT system
with the aim of low cost and high electrical/thermal performance. The low-cost was achieved by the
adoption of standard components combining a polypropylene thermal absorberwith a commercial PV
system. It was highlighted that polypropylene shows certain advantages in comparison to established
absorber materials (e.g. copper or aluminum). Chen et al. [38,39] studied the environmental influence
between traditional and polymeric solar collectors using the methodology of Life Cycle Assessment,
found that the environmental influence for the polymeric collector was smaller than that for a
traditional solar collector. Afzanizam et al. [40] investigated the integration of low thermal
conductivity into a polymeric PVT collector and showed that the polymeric collector is capable of
replacing conventional copper and aluminium, with an acceptable range of performances and the
additional advantages of ease of handling, manufacturability, lightweight, etc. Asmussen S V, Vallo CI
[41] studied the synthesis of polymeric absorber for low-temperature solar collectors (�100 �C)which
consists of a plate to absorb solar radiation and tubes containing a heat-transport fluid to remove heat
from the absorber. For a more detailed review, see Table 2 below.

As summarized in Tables 1 and 2, it seems that there is no literature specifies the methodological
process of making a hybrid polymeric PVT collector ranging from design/preparation, fabrication and
testing. In addition, we have to agree that there are some challenges that must be faced by hybrid
polymeric PVTcollectors in the future, such as; easy in themanufacturing process, cheap in production
costs, and the least impact on the environment, but provides high performance. For that reason, we
have developed a polymeric hybrid PVT collector, made of polymethyl-methacrylate (PMMA) and
combined with a copper sheet as an absorber [42]. The copper sheet with high thermal conductivity
was utilised to simplify the manufacturing process. In addition, the copper sheet can also slow down
the degradation process of polymeric material due to direct light exposure continuously [43]. This
PMMA PVT collector is as a complement to our indoor PVT experiments with a compact halogen solar



Table 2
Summary studies of using polymeric material for hybrid PVT collector (more focus on polymeric material).

Items Sandness and

Rekstadt [31]

Erdil

et al.

[32]

Christofari

et al. [33]

Ango et al.

[34]

Peña

et al.

[35]

Reiter

et al. [36]

Kroiß et al.,

[37]

Chen et al.

[38,39]

Afzanizam

et al. [40]

Collector type PVT PVT PVT FPSC FPSC FPSC FPSC FPSC PVT

PV-part Type of PV m-Si – p-Si – – – p-Si – p-Si

Area (m2) 0.32 1.2 0.37 – – – 1.46 – –

T-part Type Solarnor – Honeycomb Honeycomb – Sheet-

pipe

Honeycomb Honeycomb Sheet-pipe

Area (m2) 0.48 2.0 0.91 1.86 16 & 24 1.38 4,6,8.10 2.97

Polymer

used

PPO Tedlar PC PC PP Polymeric PP PC Polymeric

Working

Fluid

Water Water Water Water Water Sheet-

pipe

Sea Water Water Water

System Active Active Active Active Passive Passive Active Active Active

Methods

Process

Design/

Preparation

– – – – – – – – –

Integration – – – – – – – – –

Testing /

simulation

p p p p p p p p p

Type of PV: m-Si (mon-silicon), p-Si(poly-silicon).
Polymer used: PPO (Polyphenylen Oxie), PC (Polycarbonate), PP (Polypropylene).
The symbol “- “means the data / information is not available on paper, both written and unwritten.
The symbol “

p
“means the data / information is not available on paper, both written and unwritten.
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simulator [44]. As recommended by the IEA [27], PMMA as a polymeric material, has excellent
characteristics as an important component of solar energy technology.

The current work is part of our project to analyse the Joule heating effect of the PVTcollector during
electricity generation [45]. The experiments have been done in the Solar Energy Laboratory, Kanagawa
Institute of Technology, Atsugi, Japan. Therefore, the aim of our paper is to detail themethod of design,
fabrication/integration and testing performance of polymeric hybrid PVT collectors for indoor
experiments. The method of fabricating a polymeric PVT collector needs to be explained
systematically, making it easy to duplicate and further develop.

Methodology

Development method

Preparation PV-part
The purpose of this process is to prepare the PV-part as the basic construction frame of the PVT-

collector. Fig. 1 shows the PV-part of the polymeric PVT collector. As shown in Fig. 1(a), we used the
mono-crystalline type PV module (GT434 type, KIS Solar Japan), with outer dimensions of
380mm� 350mm and frame thickness of 35mm. The specification of the PV module can be seen
in Fig. 1(b). There are 17 PV cell segments and its dimension as shown in Fig. 1(c). The effective area of
PV-part Apv [139_TD$DIFF]is 0.115m2, which is calculated from:
Apv ¼
Xn
1

Apv;1 þ :::::þ ::::Apv;n ð1Þ
where, n is the number of segments in a PVmodule. As a result,Apv [139_TD$DIFF]is 0.091m2. According to Chowet al.
[46], the PV packing factor expressed as:
j ¼ Apv=Apvt ð2Þ

Based on the previous data, j = 0.791



ig. 1. PV module, a) PV module dimension, b). PV module specification, c). The dimension of a segment of the PV module.
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[(Fig._1)TD$FIG]
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Preparing T-part
The purpose of this process is to prepare the T-part that will be inserted into the PV-part to become

a PVTcollector. Fig. 2 shows the preparation process of T-part. Fig. 2(a) shows the 3-dimensional layer-
by-layer polymeric hybrid PVT collector and Fig. 2(b) shows the layered structure of the PVT collector
in a cross-sectional view. The frame of PV-part was used as the basic construction, to become a PVT
collector with the complete layers; PV cell, copper sheet, adhesive/ethylene vinyl acetate (EVA),
PMMA absorber, and rubber sheet insulation. The frame of the PV module facing the wiring box must
be opened in preparation for the inserting direction of the T-part. The frame is opened by carefully
scraping the sealing and opening the screw. Since the beginning of the design, it must be carefully
calculated between the channel flow to provide the optimal and uniform cooling effect.

Due to our limitations in T-part fabrication, we have covered the open channel with a d3mm thick
copper sheet. Consequently, the use of this copper sheet can create additional resistance that reduces
thermal efficiency [31]. Then, from the surface of the copper sheet, somemetal bolts are inserted a few
mm into the PMMA plate to prevent leakage. The copper sheet of the absorber as the reference
collector has a low emission coefficient (e = 0.019) in comparison to the emission coefficient of the
polymeric absorber (e = 0.95). Previously, we had tried a copper plate with a thickness of 0.3mm
which was bonded with EVA, but often leaked. For connection with the external hose, the channel
inlet-outlet sections are fitted with a copper pipe Øi4 mm. To simplify the manufacturing process, the
serpentine type channel adjusted the shape and size of the PV module for more heat absorption and
increase the thermal performance [47–49].

Fig. 2(c) shows the serpentine type channel dimensions of the T-part, the polymeric plate of
355mmx 330mm has a thickness of 10mm. To adjust the construction, dimensions, and function of
the PV-part, the total length of the one-way channel is 2795mm. The distance between the two outer
walls of the channel is 30mm. Thus, it is expected that each PV cellwill get the optimumcooling effect.
Along with the channel sealing, rubber strings of Ø3mmwere installed to be impermeable and leak-
proof. In order for the sealing rubber to function optimally, the installation must be done carefully. Do
not get too pulled because it will reduce the flatness of the surface that can cause leakage. A silicon
adhesive ethylene vinyl acetate (EVA) with a thickness of d3mm was used sufficiently to absorb the
difference in thermal expansion between the PMMA absorber and the copper sheet, ensuring the
acceptable thermal contact and improving the transmittance of the absorber [50]. Between the copper
sheet of the T-part and the plastic sheet of PV-part, there is direct contact without using EVA. To
withstand heat losses, the back part of collector PVTwas isolatedwith a d10mm rubber sheet. Fig. 2(d)



[(Fig._2)TD$FIG]

Fig. 2. Preparing T-part: a). 3D layers, b). Cross-section view, c). The dimension of T-part, d). Machining of T-part.
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shows an open channel of 5mm in width and 5mm in depth was machined. The width of the
serpentine channel is made uniform from the inlet to the outlet to reduce the resistance experienced
bywater as aworking fluid. It is important to note that there is no sanding process on the PMMA sheet
surface. PMMA is considered flat to be attached to a copper sheet and then tightened with bolts: refer
to Fig. 2(c).

Integration PV-part and T-part
The purpose of this process is to combine PV-parts with T-parts to become PVT-collector. Fig. 3

shows the assembly process of a polymeric hybrid PVTcollector. As shown in Fig. 3(a) is the front side.
There is no modification for the front-side of the PV-part. Fig. 3(b) is the rear side of the PV-part. In
preparation for the T-part to be easily inserted into the PV-part, the rear frame facing the wiring box
must be removed and reinstalled. The adhesive rubber frames are peeled off little by little until they
run out. Finally, the locking bolt is opened. The sealing rubber is installed to the polymeric T-part, as
shown in Fig. 3(c). Fig. 3(d) shows the assembly process of the polymeric part with copper sheet
absorber. The installation of bolts from the copper sheet to the polymeric absorber plate must be
gradual and balanced, to reduce the risk of leakage. To keep the surface of the sealing rubber flat, the
installation is done without pulling tightly. The T-part inserted into PV-part without giving silicon
adhesive, before being insulated in Fig. 3(e) and rear side insulationwith the thick rubber materials as
shown in Fig. 3(f). Furthermore, the PVT collector was installed and tested with a solar simulator [44].

Fig. 4 shows a more detailed of the sealing and channeling of the T-part. In Fig. 4(a), it is clear that
the difference between the rubber sealing channel and thewater flow channel in terms of dimensions
and position. As shown in the figure, the position of both channels are made closer to optimize the
function of the channels in order to minimize the thermal energy losses. Fig. 4(b) shows the proper
position of sealing rubber for the leak resistance. The process of mounting the rubber sealing into the



ig. 3. The assembly process of a polymeric PVTcollector; a). The front side of PV-part, b). The rear side of PV-part, c). The sealed
olymeric T-part, d). Assembly polymeric part with copper sheet absorber, e). T absorber inserted into PV-part before insulated,
. Rear side insulation of the polymeric PVT collector with thick rubber materials.
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[(Fig._3)TD$FIG]

F
p
f)
sealing channel was done without pulling and without using glue. To hold the sealing rubber position
during the installation process, a thin clear tape can be used. It is expected that the rubber packingwill
function optimally against leakage during thermal expansion. Fig. 4(c) shows themounting position of
the external copper pipe to be connected to the water hose (inlet and outlet). To anticipate the
possibility of leakage, especially in the important part connection between the external copper pipe
and the inlet and outlet of the PVTcollector, the silicon gluewas applied. Then, because these pipes are
prone to be broken and loose, their position needs to be secured to avoid water leakage. As soon as the
silicon glue dries, the hybrid polymeric PVT collector is ready to be installed into the solar simulator.
The experiment can be started.

Testing method

Set up of experiment
The purpose of this process is to prepare an experiment for PVT collector testing. For the

experiment to run smoothly, some things need to be considered. All matters relating to the
experiment must be prepared before the experiment is carried out, including calibration, reading of
equipment, water conditions, and so on. If needed, we have to make a special checklist before the
Fig. 4. Sealing and channeling, a). Sealing rubber position, b). Installing sealing rubber, c). Exit pipe connection.
[(Fig._4)TD$FIG]



[(Fig._5)TD$FIG]

Fig. 5. Experimental setup, a). Complete setup, b). Measurement position for Tpv and.
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experiment, so that everything must be confirmed before experimenting.
Fig. 5 shows the complete setup and measurement of the experiments. As shown in Fig. 5(a), the

irradiance could be changed by adjusting the voltage input Vi to the halogen simulator using a sliding
manual voltage regulator (Matsunaga Mfg, Co. Ltd, Type SD-1310) [44]. Here, we used tap water as a
working fluid to absorb the heat from the PVT system that was stored in the water supply tank (WST).
The water was not circulated in the simulator (open system). The water level in the WST has been
controlled to maintain the stability of the water flowing into the PVT collector. The flow rate was
measured by a floating ball type flowmeter (111122-313, Kofloc) before and after the experiment and
was also confirmed manually using a glass volume and stopwatch. The water temperature in the tank
adjusts the tap water and room temperature. The temperature of inlet water Ti, outlet water To and
ambient air Ta weremeasured by T-type thermocouples. The ambient air temperature Ta [140_TD$DIFF]was taken in
the middle of the room. The PV module operating temperature here indicated by Tpv, plays a central
role in the photovoltaic conversion process, where the power output of a PV module depends linearly
on the operating temperature Tpv [1]. In this case, considering the proper position and installation of
the thermocouple is very important. This has a direct effect on the accuracy of the data to be collected.
Before experimenting, all preparations had to be carefully examined and confirmed by the previous
experiments. Then, the water hose must be protected so that it is not exposed directly to the light
source from the simulator. The electric data of the PV, such as voltage (V), ampere (A), and power (W),
were collected byan analogue to digital converter (WE1C, Fuji electric), sent to the data-logger (GL220,
Graphtec), and then connected to a personal computer. The sampling time was set to 30 s.

As shown in Fig. 5(b), the surface temperature of PV, Tpv was measured at the middle point on the
rear side of the PV-part and the PVT back temperature, Tb, was measured at the middle point on the
rear side of the T-part. The reason is to avoid the cable obstructing the light beam from the solar
simulator. Before starting the experiment, the irradiance was measured using a pyranometer (MS-42,
Eko). The distance between the PV surface and the pyranometer to the surface of light sources was set
to 32 cm [44]. The PV output has been set at the maximum power point (MPP) by setting the sliding
variable resistor. The input voltage of the voltage regulator is fixed. For the PV-part not to be exposed
to halogen rays for too long, the experiment was carried out for 60min and then the light source was
turned off for cooling. After completely coolingðTpv � TaÞ, we started another experiment. It is
important to ensure that the installation of Tpv [141_TD$DIFF]and Tb thermocouple is correct, especially for Tpv. For
both the PV-part and T-part surfaces to touch evenly, the Tpv installation needs to be a little tricky. The
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trick, at the end of the Tpv is made a little hollow and the cable is pulled up straight and continues to
penetrate through the T-part. The position of Tb is not far from the direction of the outgoing cable of
Tpv. More details about the PV surface temperature distribution with electricity generation (PV-On)
and without electricity generation (PV-Off), have been explained in [51].

Fig. 6 shows the experimental support equipment used. Fig. 6(a) shows awater supply tank (WST),
made of steel and has a heater andmixer. To keep thewater condition normal without turbulence, the
heater and mixer are not used. Fig. 6(b) shows a manual glass to measure the water volume used
before experimenting, to ensure the flow rate is as expected. The method is simple, by pouring the
water hose from the WST into the manual glass volume for a certain amount of time, assisted by a
stopwatch. The mass flow rate is regulated using a water tap at WST. Fig. 6(c) shows the data
acquisition and supporting equipment, both automatically and manually, such as data logger, digital
multi-meters, pyranometer, sliding variable resistors, etc. The pyranometer is used before and after
conducting experiments to ensure the expected irradiation stability of the solar simulator.

Theoretical thermal and electrical efficiency - calculation method
For more detail the thermal and electrical performance, we have conducted a series of

experiments. The purpose of these experiments was to discover the effect of cooling on PV surface
temperature Tpv and also to electrical efficiencyhe, with fixed irradiance (I = 1000W/m2), and variation
of mass flow rate ( _mw = 200, 250, 300 g/min). In practical terms, the instantaneous thermal efficiency
ht is defined as;
ht ¼
Qu

Qs
ð3Þ
where, the useful energy output, Qu [W], is given as _mwcp;wDTw [142_TD$DIFF]and the solar energy input, Qs [W] is
given as ApvtI . Here, _mw[g/min], cp;w [J/g.C], and DTw [oC], are the mass flow rate, the specific heat of
water, the temperature difference of water flowing in and out PVTcollector, respectively. Then, Eq. (3)
is rewritten as;
ht ¼
_mwcp;wDTw

ApvtI
ð4Þ
Theoretically, the thermal efficiency of the solar collector, ht , during steady-state can be expressed
as [52]:
ht ¼ FRðtaÞ � FRUL
ðTi � TaÞ

I
ð5Þ
where, FR [143_TD$DIFF]is the heat removal factor,t [143_TD$DIFF]is the transmittance,a [143_TD$DIFF]is the absorptance, the product of ta is the
optical efficiency ho [144_TD$DIFF]UL is the collector overall loss coefficient [W/m2.�K], Ti [143_TD$DIFF]is water inlet temperature
[�C], Ta is the ambient air temperature [�C], and I [145_TD$DIFF]represents the irradiation [W/m2]. From Eq. (1), high
ta and lowUL [146_TD$DIFF]indicates that the collector systemhas high performance. To plot the graph in Eq.(5), we
[(Fig._6)TD$FIG]
Fig. 6. Experimental support, a). Water supply tank (WST), b). Manual glass volume, c). Data acquisition.
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varied the irradiance I = 1000, 700, 400W/m2. The heat removal factorFR is depend on the 3
dimensionless parameters, such as number of heat transfer unit N, collector efficiency factor F 0, and
collector conduction factor K 0 [53]. Here, collector efficiency factor F0 [50_TD$DIFF]is strongly influenced by the
distance between the tube or water channel and the thickness of absorber plate [54]. The collector
overall loss coefficient UL [143_TD$DIFF]is more influenced by the operational parameters, such as water mass flow
rate _mw [142_TD$DIFF]and inlet water temperatureTi [55]. In practical terms, the electrical efficiency he [143_TD$DIFF]is also given
by [31,56];
he ¼
VpvIpv
ApvI

ð6Þ
where, VpvIpv and Apv [147_TD$DIFF]represent as the voltage [V], the current [A] of PV with a particular load applied
and PV module area [m2], respectively. Theoretically, he [148_TD$DIFF]can be expressed [1];
he ¼ hrð1� bðTS � TrÞÞ ð7Þ

where b [143_TD$DIFF]is the temperature coefficient of the efficiency of a crystalline PV module and is equal to
0.0045, hr [143_TD$DIFF]is the reference efficiency of the PV cell at the reference temperature, Tr [149_TD$DIFF](usually 25 �C) [57].
The overall efficiency of the PVT collector hpvt [150_TD$DIFF]can be expressed as.
hpvt ¼ ht þ he ð8Þ

Then, the PVT collector efficiency hpvt becomes optimal if T-part provides maximum thermal
efficiencyht, which from the cooling effect increases the electrical efficiency he [151_TD$DIFF]of PV-part.

Statistical calculation method
The standard deviation [152_TD$DIFF]SD for the number of population samples n during the steady-state can be

expressed [58]; [153_TD$DIFF]
SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðht;i � htÞ

n

s
ð9Þ
To find out the accuracy of thermal efficiency data, the Standard Error SE [154_TD$DIFF]can be performed using
the following formula:
SE ¼ SDffiffiffi
n

p ð10Þ
where; ht;i is the actual thermal efficiency value at a certain point during the steady-state and ht is the
average value of the actual thermal efficiencies ht;i [155_TD$DIFF]during the steady-state.

Result and discussion

Fig. 7 shows the cooling effect of different mass flow rates _mw to the electrical and thermal
performance of the hybrid polymeric PVT collector against the time. As shown in Fig. 7(a), the cooling
effects of the differentmass flow rates _mw [156_TD$DIFF]provide the different electrical efficiency he. With the larger
mass flow rates _mw, the cooling effect is also larger. As a result, the decrease in electrical efficiency he

becomes smaller. At the beginning of the experiment, the electrical efficiencies he were started at the
same point; 7.92%. After 60min, they were at the different points, namely; 7.4%, 7.3%, 7.2% for mass
flow rates _mw [151_TD$DIFF]of 300, 250, 200 g/min, respectively. For Fig. 7(b), the cooling effect by a different mass
flow rate _mw [157_TD$DIFF]gives a different effect to the thermal efficiency ht. Larger mass flow rates _mw [156_TD$DIFF]provide a
higher thermal efficiency ht compared to the smaller mass flow rates _mw. Besides, the graph also
shows that the steady-state is reached in about 30min for all three mass flow rates _mw. At the
beginning of the experiment, the thermal efficiencies ht were at the same point; 0%. After 60min, they
were at different points, around 80%, the higher mass flow rate provide a little higher thermal
efficiency.



Fig. 7. Electrical and thermal performance, a) Electrical efficiency he vs Time, 2). Thermal efficiency htvs Time.
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[(Fig._7)TD$FIG]
Fig. 8 shows the cooling effect of different mass flow rates _mw [158_TD$DIFF]to the electrical and thermal
performance of the hybrid polymeric PVT collector against the PV surface temperature Tpv. Fig. 8(a)
shows the cooling effects of different mass flow rates _mw [159_TD$DIFF]to the electrical efficiency he against the PV
surface temperature Tpv. As shown,with largermass flow rates _mw, the cooling effect is also larger. As a
result, with the same PV surface temperature Tpv, the decrease in electrical efficiency he becomes
smaller. At the beginning of the experiment, electrical efficiency he [160_TD$DIFF]for the three mass flow rates _mw [161_TD$DIFF]

were started at the same point; 7.92%. After 60min, they were at different points of PV surface
temperatures Tpv, namely; 50, 45, 40 0C for mass flow rates _mw [151_TD$DIFF]of 200, 250, 300 g/min, respectively.
Fig. 8(b) shows the cooling effects of different mass flow rates [162_TD$DIFF] _mw to the thermal efficiency ht [163_TD$DIFF]against
the PV surface temperature Tpv. As shown, larger mass flow rates _mw [156_TD$DIFF]provide a higher thermal
efficiency ht compared to the smaller mass flow rates _mw. Besides, the graph also shows that thermal
efficiency ht [143_TD$DIFF]is still the same for all mass flow rates _mw [164_TD$DIFF]before the steady-state around 30min. After
that, a larger mass flow rate _mw [165_TD$DIFF]also shows larger thermal efficiency [166_TD$DIFF]ht . At the beginning of the
experiment, the thermal efficiency ht [160_TD$DIFF]for the threemass flow rates _mw [140_TD$DIFF]was at the same point; 0%. After
60min, they were at different points, around 80%, with the different PV surface temperature; 50, 45,
40 0C for mass flow rates _mw [151_TD$DIFF]of 200, 250, 300 g/min, respectively.

Fig. 9 shows the cooling effect of differentmass flow rates _mw [158_TD$DIFF]to the PV surface temperature Tpv [141_TD$DIFF]and
the PVT back temperatureTb. Fig. 9(a) shows the cooling effects of different mass flow rates to the PV
surface temperature Tpv [141_TD$DIFF]and the PVT back temperature Tb [163_TD$DIFF]against time. As shown, with larger mass
Fig. 8. Electrical and thermal performance, a) Electrical efficiency h vs Tpv, 2). Thermal efficiency h vs.
[(Fig._8)TD$FIG]
e t



[(Fig._9)TD$FIG]

Fig. 9. PV surface and PVT back temperature, a) Tpvand Tbvs Time, b). Tpvvs.

[(Fig._10)TD$FIG]

E. Yandri /MethodsX 6 (2019) 2620–2635 2631
flow rates _mw, the cooling effect is also larger. As a result, with the same period, the PV surface
temperature Tpv [141_TD$DIFF]and PVT back temperature Tb [167_TD$DIFF]become smaller. After steady-state, both Tpv and Tb [167_TD$DIFF]

become flattered for a larger mass flow rate. Fig. 9(b) shows the cooling effect of different mass flow
rate _mw [168_TD$DIFF]in the correlation between the PV surface temperature Tpv [141_TD$DIFF]and the PVT back temperature Tb.
As shown, larger mass flow rates _mw [156_TD$DIFF]provide a higher cooling effect thermal efficiency ht with lower
Tpv and Tb.

Fig. 10 illustrates the thermal efficiency ht against the reduced temperature ðTi � TaÞ=I, based on
experiments with variations in mass flow rates ð _m ¼ 300;250; 200 g=mÞand irradiances
ðI ¼ 1000;700; 400 W=m2Þ. Referring to Eq. (5), Fig. 5 shows that the FRðtaÞ is 0.813, while the
FRUL is 39.35. Assuming ta = 0.9 [59], then FR and UL can be roughly estimated to be 0.9 and 43.7W/
m2.K, respectively. At the zero reduced temperature ðTi � TaÞ=I ¼ 0, or when the inlet and outlet
temperatures are the same, Ti ¼ Ta, the thermal efficiency ht is the same as FRta, or 0.813. The
standard deviation values SD [169_TD$DIFF]based on Eq. (9) and the standard error SE [169_TD$DIFF]based on Eq. (10) are 6.8% and
0.30, respectively. Both SD and SE [170_TD$DIFF][134_TD$DIFF]values are quite large due to the sharp gradient of the thermal
efficiency ðFRUL ¼ 39:35Þ. For this reason, we replaced the average value of actual thermal efficiency
with the regression value of thermal efficiency. As a result, SD and SE become 0.30 and 0.11. Fig.10 also
illustrates that the thermal efficiency will be higher if the inlet water temperature approaches the
ambient air temperature, or getting closer to the zero reduced temperature ðTi � TaÞ=I � 0.

Based onwhatwe have explained about themethod development and testing of the polymeric PVT
collector, at least there are two interesting things to discuss.

First, regarding the development method of the polymeric PVT collector. The polymeric PVT
collector can bemade easily, using simple tools with just average skills. However, some things need to
be considered. In the initial stages of design, things like functions, applications, costs, complexity, etc.
Fig. 10. Thermal efficiencyht vs Reduced temperature.
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of the collector PVT must be clear. Following its function for indoor experiments with low cost, we
made it manually, without welding and pressing process, between PV-part and T-part can be
separated to experiment with/without cooling, etc.

Second, regarding the testing method of the polymeric PVT collector. The testing process is very
important to understand and implement carefully so that the PVT collector functions properly with
optimal performance. For this reason, the important parameters such as the mass flow rate and inlet
water temperature must be anticipated from the beginning, as expressed theoretically in [52]
(Eq.6.17.5). In theoretical terms, the electrical efficiency of the PV module, which is dependent on the
PV temperature Tpv, can be expressed in [60,61]. The failures to anticipate those parameters will cause
ineffective cooling effects given by the working fluids, as can be seen from the increase in PV surface
temperature that is too large or too small.

Third, regarding the overall performance of the polymeric PVT collector. With the thermal
efficiency reaching more than 81%, which has a positive impact on electrical efficiency through its
cooling effect, the hybrid polymeric PVT collector is quite promising. Then, referring to the high heat
removal factor FR based on the estimated values for optical efficiency, it can be assumed that the
current polymeric hybrid PVT collector is quite appropriate for its geometrical design.

The practical contribution of this method is how a hybrid PVT collector can be made easily and
simply for an indoor scale, even for a household scale. Besides, this method can be applied not only to
water as working fluid, but also to air as a working fluid for hybrid polymeric PVT collector, as long as
the size of the collector is still possible to be made manually with those simple tools. For larger
collectors, it can still be made modularity connected in series to be a larger one. Then, each module
must be tested for performance with the same standard and certain quality tolerances. For the future
direction, it is necessary to consider how to reduce the thermal resistance from PV-part to T-part, for
example; to eliminate the copper plate by connecting the PV-part directly to the T-part, reducing the
mass of the T-part with a thinner one, etc.

Conclusion

We have explained the method development and testing of the polymeric PVT collector from the
design, fabrication/integration to the performance testing. The main results are summarized as
follows:
�
 The polymeric hybrid PVT collector can be made with simple methods, tools, and materials for the
indoor experiment purposes.
�
 PMMA as a polymer material can be used as a thermal absorber or T-part for a hybrid PVT collector
with a machining process without any welding process.
�
 The performance of the polymeric hybrid PVT collector can provide optimal cooling effects to PV
surface temperature, thus providing optimum electrical and thermal efficiency.
�
 With a high value of heat removal factor FR, indicating that the geometrical design of this hybrid
polymeric PVT collector is quite appropriate.
�
 This manual method can still be applied to make polymeric hybrid PVT collectors with water as the
working fluid but also for air, even for the larger ones with modular systems.
�
 For the future direction, it is necessary to consider how to reduce thermal resistance fromPV-part to
T-part, by connecting PV-part directly to the T-part, reducing the mass of the T-part with a thinner
one, etc.

Declaration of Competing Interest

The author declares that there is no conflict of interest regarding the publication of this article.



E. Yandri /MethodsX 6 (2019) 2620–2635 2633
Acknowledgements

A part of this work was done and supported by the “High-Tech Research Center” Project for Private
Universities through amatching fund subsidy from the Ministry of Education, Culture, Sports, Science
and Technology, Japan with the grant number 07H018. Thanks to: Dr. Mika Yoshinaga from Meijo
University, Nagoya, Japan, Prof. Takeshi Kawashima, Prof. Kazutaka Itako and Dr. Naoto Hagino from
Kanagawa Institute of Technology in the research opportunity and discussion, to Prof. Kamaruddin
Abdullah, Dr. Aep S. Uyun and Dr. Syukri M. Nur from Darma Persada University for their valuable
support, and also to Mr. Dave Blackwell and Ms. Einsteine Veliyanka for proofreading assistance. We
also thank Dr. Ivan Gordon and Dr. Ignacio Rey-Stolle, as Editor in chief and Editor of the Journal of
Solar Energy Materials and Solar Cells who has given recommendations for publication in MethodsX,
as well as the reviewers for their input, suggestions, and corrections to our paper.

References

[1] D.L. Evans, Simplified method for predicting photovoltaic array output, Sol. Energy 27 (1981) 555–560, doi:http://dx.doi.
org/10.1016/0038-092X(81)90051-7.

[2] P.J. Axaopoulos, E.D. Fylladitakis, Performance and economic evaluation of a hybrid photovoltaic/thermal solar system for
residential applications, Energy Build. 65 (2013) 488–496, doi:http://dx.doi.org/10.1016/j.enbuild.2013.06.027.

[3] S.A. Kalogirou, Y. Tripanagnostopoulos, Industrial application of PV/T solar energy systems, Appl. Therm. Eng. 27 (2007)
1259–1270, doi:http://dx.doi.org/10.1016/j.applthermaleng.2006.11.003.

[4] L.W. Florschuetz, Extension of the Hottel-Whillier model to the analysis of combined photovoltaic/thermal flat plate
collectors, Sol. Energy 22 (1979) 361–366, doi:http://dx.doi.org/10.1016/0038-092X(79)90190-7.

[5] A. Kumar, P. Baredar, U. Qureshi, Historical and recent development of photovoltaic thermal (PVT) technologies, Renew.
Sustain. Energy Rev. 42 (2015) 1428–1436, doi:http://dx.doi.org/10.1016/j.rser.2014.11.044.

[6] A.H. Besheer, M. Smyth, A. Zacharopoulos, J. Mondol, A. Pugsley, Review on recent approaches for hybrid PV/T solar
technology, Int. J. Energy Res. (2016), doi:http://dx.doi.org/10.1002/er.

[7] D. Das, P. Kalita, O. Roy, Flat plate hybrid photovoltaic- thermal (PV/T) system: a reviewon design and development, Renew.
Sustain. Energy Rev. 84 (2018) 111–130, doi:http://dx.doi.org/10.1016/j.rser.2018.01.002.

[8] A. Kumar, P. Baredar, U. Qureshi, Historical and recent development of photovoltaic thermal (PVT) technologies, Renew.
Sustain. Energy Rev. 42 (2015) 1428–1436, doi:http://dx.doi.org/10.1016/j.rser.2014.11.044.

[9] Y. Tripanagnostopoulos, Aspects and improvements of hybrid photovoltaic/thermal solar energy systems, Sol. Energy 81
(2007) 1117–1131, doi:http://dx.doi.org/10.1016/j.solener.2007.04.002.

[10] S.M. Sultan, M.N.E. Efzan, Review on recent Photovoltaic / Thermal (PV/T) technology advances and applications, Sol.
Energy 173 (2018) 939–954, doi:http://dx.doi.org/10.1016/j.solener.2018.08.032.

[11] H.A. Zondag, Flat-plate PV-Thermal collectors and systems: a review, Renew. Sustain. Energy Rev. 12 (2008) 891–959, doi:
http://dx.doi.org/10.1016/j.rser.2005.12.012.

[12] P.G. Charalambous, G.G. Maidment, S.A. Kalogirou, K. Yiakoumetti, Photovoltaic thermal (PV/T) collectors: a review, Appl.
Therm. Eng. 27 (2006) 275–286, doi:http://dx.doi.org/10.1016/j.applthermaleng.2006.06.007.

[13] T.T. Chow, G.N. Tiwari, C.Menezo, Hybrid solar: a reviewonphotovoltaic and thermal power integration, Int. J. Photoenergy
2012 (2012), doi:http://dx.doi.org/10.1155/2012/307287.

[14] C. Pero, F. Leonforte,Water flat plate PV-Thermal collectors: a review, Sol. Energy 102 (2014) 98–115, doi:http://dx.doi.org/
10.1016/j.solener.2014.01.025.

[15] A.S. Abdelrazik, F.A. Al-Sulaiman, R. Saidur, R. Ben-Mansour, A review on recent development for the design and packaging
of hybrid photovoltaic/thermal (PV/T) solar systems, Renew. Sustain. Energy Rev. 95 (2018) 110–129, doi:http://dx.doi.org/
10.1016/j.rser.2018.07.013.

[16] J.Wu, X. Zhan, J. Shen, Y.Wu, K. Connelly, T. Yang, et al., A reviewof thermal absorbers and their integrationmethods for the
combined solar photovoltaic/thermal (PV/T) modules, Renew. Sustain. Energy Rev. 75 (2017) 839–854, doi:http://dx.doi.
org/10.1016/j.rser.2016.11.063.

[17] M.A. Hasan, K. Sumathy, Photovoltaic thermal module concepts and their performance analysis: a review, Renew. Sustain.
Energy Rev. 14 (2010) 1845–1859, doi:http://dx.doi.org/10.1016/j.rser.2010.03.011.

[18] T. Brahim, A. Jemni, Economical assessment and applications of photovoltaic/thermal hybrid solar technology: a review,
Sol. Energy 153 (2017) 540–561, doi:http://dx.doi.org/10.1016/j.solener.2017.05.081.

[19] C. Lamnatou, D. Chemisana, Photovoltaic/thermal (PVT) systems: a reviewwith emphasis on environmental issues, Renew.
Energy (2016), doi:http://dx.doi.org/10.1016/j.renene.2016.12.009.

[20] N. Aste, G. Chiesa, F. Verri, Design, development and performancemonitoring of a photovoltaic-thermal (PVT) air collector,
Renew. Energy 33 (2008) 914–927, doi:http://dx.doi.org/10.1016/j.renene.2007.06.022.

[21] S. Kumar, A. Tiwari, Design, fabrication and performance of a hybrid photovoltaic/thermal (PV/T) active solar still, Energy
Convers. Manage. 51 (2010) 1219–1229, doi:http://dx.doi.org/10.1016/j.enconman.2009.12.033.

[22] X. Zhang, X. Zhao, J. Shen, X. Hu, X. Liu, J. Xu, Design, fabrication and experimental study of a solar photovoltaic/loop-heat-
pipe based heat pump system, Sol. Energy 97 (2013) 551–568, doi:http://dx.doi.org/10.1016/j.solener.2013.09.022.

[23] F. Chen, H. Yin, Fabrication and laboratory-based performance testing of a building-integrated photovoltaic-thermal
roofing panel, Appl. Energy 177 (2016) 271–284, doi:http://dx.doi.org/10.1016/j.apenergy.2016.05.112.

[24] J.J. Michael, I. Selvarasan, R. Goic, Fabrication, experimental study and testing of a novel photovoltaic module for
photovoltaic thermal applications, Renew. Energy 90 (2016) 95–104, doi:http://dx.doi.org/10.1016/j.renene.2015.12.064.

http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0005
http://dx.doi.org/10.1016/0038-092X(81)90051-7
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0010
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0010
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0015
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0015
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0020
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0020
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0025
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0025
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0030
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0030
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0035
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0035
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0040
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0040
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0045
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0045
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0050
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0050
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0055
http://dx.doi.org/10.1016/j.rser.2005.12.012
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0060
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0060
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0065
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0065
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0070
http://dx.doi.org/10.1016/j.solener.2014.01.025
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0075
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0075
http://dx.doi.org/10.1016/j.rser.2018.07.013
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0080
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0080
http://dx.doi.org/10.1016/j.rser.2016.11.063
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0085
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0085
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0090
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0090
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0095
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0095
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0100
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0100
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0105
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0105
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0110
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0110
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0115
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0115
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0120
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0120


2634 E. Yandri /MethodsX 6 (2019) 2620–2635
[25] G. Barone, A. Buonomano, C. Forzano, A. Palombo, O. Panagopoulos, Photovoltaic thermal collectors: experimental analysis
and simulation model of an innovative low-cost water-based prototype, Energy (2019), doi:http://dx.doi.org/10.1016/j.
energy.2019.04.140.

[26] C.J. Kuo, J. Liu, M. Lazuardi, W. Lan, The photovoltaic-thermal system parameter optimization design and practical
verification, Energy Convers. Manage. 180 (2019) 358–371, doi:http://dx.doi.org/10.1016/j.enconman.2018.10.080.

[27] M. Köhl, M.G. Meir, P. Papillon, G.M. Wallner, S. Saile, Polymeric Materials for Solar Thermal Applications, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, 2012.

[28] M. Herrando, A. Ramos, I. Zabalza, C.N. Markides, A comprehensive assessment of alternative absorber-exchanger designs
for hybrid PVT-water collectors, Appl. Energy 235 (2019), doi:http://dx.doi.org/10.1016/j.apenergy.2018.11.024 xxx–xxx.

[29] A. Blaga, Use of plastics in solar energy applications, Sol. Energy 21 (1978) 331–338, doi:http://dx.doi.org/10.1016/0038-
092X(78)90010-5.

[30] A. Olivares, J. Rekstad, M.Meir, S. Kahlen, G.Wallner, Degradationmodel for an extruded polymeric solar thermal absorber,
Sol. Energy Mater. Sol. Cells 94 (2010) 1031–1037, doi:http://dx.doi.org/10.1016/j.solmat.2010.02.001.

[31] B. Sandnes, J. Rekstad, A photovoltaic/thermal (PV/T) collector with a polymer absorber plate. Experimental study and
analytical model, Sol. Energy 72 (2002) 63–73, doi:http://dx.doi.org/10.1016/S0038-092X(01)00091-3.

[32] E. Erdil, M. Ilkan, F. Egelioglu, An experimental study on energy generation with a photovoltaic (PV)-solar thermal hybrid
system, Energy 33 (2008) 1241–1245, doi:http://dx.doi.org/10.1016/j.energy.2008.03.005.

[33] C. Cristofari, G. Notton, J.L. Canaletti, Thermal behavior of a copolymer PV/Th solar system in low flow rate conditions, Sol.
Energy 83 (2009) 1123–1138, doi:http://dx.doi.org/10.1016/j.solener.2009.01.008.

[34] A.C.M.Do Ango, M. Medale, C. Abid, Optimization of the design of a polymer flat plate solar collector, Sol. Energy 87 (2013)
64–75, doi:http://dx.doi.org/10.1016/j.solener.2012.10.006.

[35] Jdela Peña, R. Aguilar, Polymer solar collectors. A better alternative to heat water in mexican, Energy Procedia 57 (2014)
2205–2210, doi:http://dx.doi.org/10.1016/j.egypro.2014.10.187.

[36] C. Reiter, S. Brandmayr, C. Trinkl, W. Zörner, V.I. Hanby, Performance optimisation of polymeric collectors by means of
dynamic simulation and sensitivity analysis, Energy Procedia 48 (2014) 181–191, doi:http://dx.doi.org/10.1016/j.
egypro.2014.02.023.

[37] A. Kroiß, A. Pröbst, S. Hamberger, M. Spinnler, Y. Tripanagnostopoulos, T. Sattelmayer, Development of a seawater-proof
hybrid photovoltaic/thermal (PV/T) solar collector, Energy Procedia 52 (2014) 93–103, doi:http://dx.doi.org/10.1016/j.
egypro.2014.07.058.

[38] G. Chen, K. Shestopalov, A. Doroshenko, P. Koltun, Polymeric materials for solar energy utilization: a comparative
experimental study and environmental aspects, Polym. Technol. Eng. (2015) 796–805, doi:http://dx.doi.org/10.1080/
03602559.2014.974185.

[39] G. Chen, A. Doroshenko, P. Koltun, K. Shestopalov, Comparative field experimental investigations of differentflat plate solar
collectors, Sol. Energy 115 (2015) 577–588, doi:http://dx.doi.org/10.1016/j.solener.2015.03.021.

[40] M. Afzanizam, M. Rosli, S. Misha, K. Sopian, S. Mat, M.Y. Sulaiman, et al., Thermal modeling of photovoltaic thermal system
with polymer sheet in tube absorber collector, Appl. Mech. Mater. Vol. 699 (2015) 468–473, doi:http://dx.doi.org/10.4028/
www.scientific.net/AMM.699.468.

[41] S.V. Asmussen, C.I. Vallo, Absorber materials based on polymer nanocomposites containing silver nanoparticles for solar
thermal collectors, Sol. Energy 174 (2018) 640–647, doi:http://dx.doi.org/10.1016/j.solener.2018.09.062.

[42] E. Yandri, Development and experiment on the performance of polymeric hybrid Photovoltaic Thermal (PVT) collector
with halogen solar simulator, Sol. Energy Mater. Sol. Cells 201 (2019)110066, doi:http://dx.doi.org/10.1016/j.
solmat.2019.110066.

[43] A.F. Mansour, M.G. El-Shaarawy, S.M. El-Bashir, M.K. El-Mansy, M. Hammam, Optical study of perylene dye doped poly
(methyl methacrylate) as fluorescent solar collector, Polym. Int. 51 (2002) 393–397, doi:http://dx.doi.org/10.1002/pi.857.

[44] E. Yandri, Uniformity characteristic and calibration of simple low cost compact halogen solar simulator for indoor
experiments, Int. J. Low-Carbon Technol. (2018) 1–13, doi:http://dx.doi.org/10.1093/ijlct/cty018.

[45] E. Yandri, The effect of joule heating to thermal performance of hybrid PVT collector during electricity generation, Renew.
Energy 111 (2017) 344–352, doi:http://dx.doi.org/10.1016/j.renene.2017.03.094.

[46] T.T. Chow, G. Pei, K.F. Fong, Z. Lin, A.L.S. Chan, J. Ji, Energy and exergy analysis of photovoltaic-thermal collector with and
without glass cover, Appl. Energy 86 (2009) 310–316, doi:http://dx.doi.org/10.1016/j.apenergy.2008.04.016.

[47] S.I. Abdel-Khalik, Heat removal factor for a flat-plate solar collector with a serpentine tube, Sol. Energy 18 (1976) 59–64,
doi:http://dx.doi.org/10.1016/0038-092X(76)90036-0.

[48] M.A. Akgün, Heat removal factor for a serpentine absorber plate, Sol. Energy 41 (1988) 109–111.
[49] M.A.M. Rosli, S. Misha, K. Sopian, S. Mat, M. Yusof Sulaiman, E. Salleh, Parametric analysis on heat removal factor for a flat

plate solar collector of serpentine tube, World Appl. Sci. J. 29 (2014) 184–187, doi:http://dx.doi.org/10.5829/idosi.
wasj.2014.29.02.1357.

[50] A.C. Gladen, J.H. Davidson, S.C. Mantell, Selection of thermotropic materials for overheat protection of polymer absorbers,
Sol. Energy 104 (2014) 42–51, doi:http://dx.doi.org/10.1016/j.solener.2013.10.026.

[51] E. Yandri, Dataset of the PV Surface Temperature Distribution When Generating Electricity (PV-On) and Without
Generating Electricity (PV-Off) Using Halogen Solar Simulator Data Br, (2019), pp. 104578, doi:http://dx.doi.org/10.1016/j.
dib.2019.104578.

[52] J.A. Duffie, W.A. Beckman, Solar Energy of Thermal Processes Solar Engineering, fourth edition, John Wiley & Sons,
Madison, 2013.

[53] W.F. Phillips, The effect of axial conduction on collector Heat Removal Factor, Sol. Energy 23 (1979) 187–191.
[54] W. Eisenmann, K. Vajen, H. Ackermann, On the correlations between collector efficiency factor and material content of

parallel flow flat-plate solar collectors, Sol. Energy 76 (2004) 381–387, doi:http://dx.doi.org/10.1016/j.solener.2003.10.005.
[55] M. Hamed, A. Fellah, A. Ben Brahim, Parametric sensitivity studies on the performance of a flat plate solar collector in

transient behavior, Energy Convers. Manage. 78 (2014) 938–947, doi:http://dx.doi.org/10.1016/j.enconman.2013.09.044.
[56] P. Singh, N.M. Ravindra, Temperature dependence of solar cell performance - an analysis, Sol. Energy Mater. Sol. Cells 101

(2012) 36–45, doi:http://dx.doi.org/10.1016/j.solmat.2012.02.019.

http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0125
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0125
http://dx.doi.org/10.1016/j.energy.2019.04.140
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0130
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0130
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0135
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0135
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0140
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0140
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0145
http://dx.doi.org/10.1016/0038-092X(78)90010-5
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0150
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0150
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0155
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0155
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0160
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0160
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0165
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0165
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0170
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0170
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0175
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0175
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0180
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0180
http://dx.doi.org/10.1016/j.egypro.2014.02.023
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0185
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0185
http://dx.doi.org/10.1016/j.egypro.2014.07.058
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0190
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0190
http://dx.doi.org/10.1080/03602559.2014.974185
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0195
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0195
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0200
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0200
http://dx.doi.org/10.4028/www.scientific.net/AMM.699.468
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0205
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0205
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0210
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0210
http://dx.doi.org/10.1016/j.solmat.2019.110066
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0215
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0215
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0220
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0220
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0225
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0225
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0230
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0230
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0235
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0235
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0240
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0245
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0245
http://dx.doi.org/10.5829/idosi.wasj.2014.29.02.1357
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0250
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0250
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0255
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0255
http://dx.doi.org/10.1016/j.dib.2019.104578
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0260
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0260
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0265
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0270
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0270
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0275
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0275
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0280
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0280


E. Yandri /MethodsX 6 (2019) 2620–2635 2635
[57] H.A. Zondag, D.W. de Vries,W.G.J. van Helden, R.J.C. van Zolingen, A.A. van Steenhoven, The yield of different combined PV-
thermal collector designs, Sol. Energy 74 (2003) 253–269, doi:http://dx.doi.org/10.1016/S0038-092X(03)00121-X.

[58] M.R. Spiegel, L.J. Stepehens, Theory and Problems of Statistics, vol. 12(1972), doi:http://dx.doi.org/10.1016/0022-2860(72)
85079-8.

[59] O. Sotehi, A. Chaker, C. Maalouf, Hybrid PV/T water solar collector for net zero energy building and freshwater production:
a theoretical approach, Desalination 385 (2016) 1–11, doi:http://dx.doi.org/10.1016/j.desal.2016.01.034.

[60] E. Skoplaki, J.A. Palyvos, On the temperature dependence of photovoltaic module electrical performance: a review of
efficiency/power correlations, Sol. Energy 83 (2009) 614–624, doi:http://dx.doi.org/10.1016/j.solener.2008.10.008.

[61] E. Skoplaki, A.G. Boudouvis, J.A. Palyvos, A simple correlation for the operating temperature of photovoltaic modules of
arbitrarymounting, Sol. EnergyMater. Sol. Cells 92 (2008) 1393–1402, doi:http://dx.doi.org/10.1016/j.solmat.2008.05.016.

http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0285
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0285
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0290
http://dx.doi.org/10.1016/0022-2860(72)85079-8
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0295
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0295
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0300
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0300
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0305
http://refhub.elsevier.com/S2215-0161(19)30286-9/sbref0305

	Methods for the development and testing of polymeric hybrid photovoltaic thermal (PVT) collector for indoor experiments
	Method details
	Methodology
	Development method
	Preparation PV-part
	Preparing T-part
	Integration PV-part and T-part

	Testing method
	Set up of experiment
	Theoretical thermal and electrical efficiency - calculation method
	Statistical calculation method

	Result and discussion

	Conclusion
	Declaration of Competing Interest
	Acknowledgements
	References


