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Abstract

A novel building integrated photovoltaic thermal (BIPVT) roofing panel has been designed
considering both solar energy harvesting efficiency and thermal performance. The thermal system
reduces the operating temperature of the cells by means of a hydronic loop integrated into
the backside of the panel, thus resulting in maintaining the efficiency of the solar panels at their
feasible peak while also harvesting the generated heat for use in the building. The performance of

the proposed system has been evaluated using physical experiments by conducting case studies . A
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to investigate the energy harvesting efficiency, thermal performance of the panel, and temperature
differences of inlet/outlet working liquid with various liquid flow rates. The physical experiments
have been simulated by coupling the finite element method (FEM) and finite volume method (FVM)
for heat and mass transfer in the operation. Results show that the thermal system successfully
reduced the surface temperature of the solar module from 88 °C to as low as 55 °C. Accordingly,
the output power that has been decreased from 14.89 W to 10.69 W can be restored by 30.2% to
achieve 13.92 W. On the other hand, the outlet water from this hydronic system reaches 45.4 °C

© Tsinghua University Press 2023

which can be used to partially heat domestic water use. Overall, this system provides a versatile
framework for the design and optimization of the BIPVT systems.

1 Introduction et al. 2006; Ushasree and Bora 2019), while the weak photons

turn into heat and increase the surface temperature of

The increasing energy demand and the depleting fossil fuel
reserves have urged governments to look for more renewable
and eco-friendly energy resource alternatives. Solar energy
is an abundant source of energy, and with newer technologies
in the semiconductor industry, applications of silicon solar
cells have grown substantially since their invention in 1954
at Bell Labs (Fraas 2014; Ghosh 2017). Among different
solar cell technologies, polycrystalline silicon accounts for
more than 91% of the market share (Ananthachar 2008).
In silicon solar cells, the high energy photons excite the
electrons and form a current inside the cell (De la Torre

the cell up to 80 °C (De la Torre et al. 2006). Increased
temperature has an adverse effect on the efficiency of the
solar panel. Mainly, the open-circuit voltage of the cell
decreases with the temperature increase (Figure 1) (Fthenakis
and Lynn 2018). This results in less output power and thus,
decreases the efficiency of the panel. Under Standard Test
Conditions (STC), for every degree of rise in temperature,
the efficiency decreases by about 0.40%-0.50% (Natarajan
et al. 2011). In addition, the absorbed heat accelerates the
aging of the solar cells and shortens their lifespan. Therefore,
efforts to address this issue and lower the surface temperature
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List of symbols

diameter of the tube
characteristic length of the tube
quantum of the flow meter
Reynolds number

Nl

time (min)
flow speed

kinematic viscosity

of the operating solar panels are important to achieve the
maximum gain from the solar cells.

Researchers have found that it is possible to reduce the
surface temperature of a solar panel and thus, maintain its
efficiency at the optimal level (Chen and Yin 2016). On the
other hand, this extracted heat can be put into use for other
applications such as domestic water heating or partial air
conditioning in cold climates. The idea of combining these
two has been a motivation for many researchers. Yet, the
limiting factor is to find a method or material to benefit from
the wide range of the solar spectrum. However, considering
the fact that silicon photovoltaic solar cells, which are more
common and available in the market, absorb the infrared
wavelength of the sunshine, a less complex way to combine
both solar photovoltaic (PV) and thermal is to indirectly
harness the heat that is generated in the modules.

Yang and Yin (2011) introduced a novel idea by using a
thermoelectric (TE) module for thermal energy harvesting.
In this multilayer design, a semiconductor material, bismuth
telluride (Bi,TE3), is used as a TE generator layer underneath
the PV cells, and then a back layer of functionally graded
material (FGM) with cast water tubes made of copper is
implemented. The novelty of the design was the application
of the FGM layer, in which the thermal resistance gradually
changes with depth (Zhang et al. 2020). The heat from the
solar panels is first transferred to the thermoelectric layer to
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Fig. 1 Effect of temperature on the I-V Curve (Fthenakis and Lynn
2018; reprinted with permission ©2018 John Wiley & Sons)

generate electricity and then dissipated to the water that
flows in the copper tubes embedded in the FGM material.

In a similar work from the same group, experiments on
the hybrid solar panel with PV cells and FGM layer with
water tubes showed that the system can lower the temperature
of the solar panel from 55 °C to 32 °C at 1100 W/m?
irradiation (Yang et al. 2012). The authors used a finite
element model (FEM) simulation for the thermal performance
of their panel. However, the temperature distribution of
the working fluid was simplified as a linear function of the
path and the forced convection as a Nusselt number related
quantity obtained by Bejan (2013). The improved version of
the panel included the highly thermal conductive aluminum
layer on the top with the thermally insulated high-density
polyethylene (HDPE) at the bottom of the FGM (Yin et al.
2013). The designed panel can be used as an integrated
part of the roof in the building envelope and thus, can bear
structural load due to its rigidity and strength.

One factor to consider in such composite materials is
the thermal stress and deformation of each layer due to
the thermal mismatch of the layers under environmental
conditions, which could affect the physical integrity and
therefore, the longevity of the material (Zhang et al. 2021).
Examples could be laminated photovoltaic silicon solar
panels and novel sun-powered solar blinds (Zhang et al.
2019; Lin et al. 2020). Finally, Chen et al. (2018) further
matured this building integrated photovoltaic and thermal
(BIPVT) design by performing more tests and showing that
at a water flow rate of 150 ml/min and under 1000 W/m? solar
irradiation, the efficiency is enhanced by 24% compared
with the panel with no cooling system.

In another work, Yang et al. (2012) applied the finite
element method to study the building integrated photovoltaic
(BIPV) system with a substrate of functionally graded
materials. To simplify the simulation process of flowing liquid,
the authors assumed a linear temperature distribution along
the direction of the water tubes, which compromises the
accuracy of solutions and can seldom be extended for our
current model. Nasrin et al. (2018) applied a FEM model
with commercial software COMSOL to investigate a PV
system with high irradiation and fluid cooling system,
where the liquid is entirely simulated by FEM. The
authors comprehensively illustrated the advantage of the
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implementation of the cooling system through comparison
with a conventional system, and they emphasized the overall
efficiency. In addition, other computer software has been
used, such as TRANS (Lamnatou et al. 2015) and an artificial
neural network (ANN) (Ghani et al. 2012). Salameh et al.
(2021) proposed a novel three-dimensional model to simulate
a PV/T system in the United Arab Emirates, where only
one channel flow is considered. Misha et al. (2020) investigated
the thermal performance of the PVT system in Malaysia.
Their work combined FEM and the finite volume method
(FVM) in ANSYS, where FEM and FVM handle the solids
and fluid parts, respectively.

Here in this paper, a new design for the thermal
management of photovoltaics (PV) is presented using a
hydronic loop system on the backside of the panel. In
this design, aluminum tubes that are cast inside a foamed
aluminum layer are integrated into the backside of the
solar panel, and water circulates inside tubes in a closed
loop. Due to the high conductivity of foamed aluminum, the
heat generated during the collection of solar energy can be
quickly transferred to the substrate and thus captured by
the water in the embedded tubes. The water absorbs the
heat when it meets the panel and thus, reduces the surface
temperature of the cells and makes them cooler. Therefore,
the water acts as both a heat sink and a heat collector. The
heated water is then transferred to the facility room of
the building via a pump and through contact with a heat
exchanger, the heat is transferred to a water tank indirectly.
As a result, the temperature of the panel is regulated during
the operation time, and the harvested heat could be used
for partially warming the water for applications in the
building. This system not only maintains the efficiency of
the solar panels at their feasible peak but also harvests heat
and reduces the total energy consumption of the building.
In addition, the strong foamed aluminum layer can be a
supporting substrate, thus, making this BIPVT system to be
used in the roof structure directly instead of being placed
on the roof, which is the common practice for solar panels.
To investigate the thermal performance of this solar energy
harvesting system, several case studies have been conducted
based on trending numerical methods. By doing both
simulations and experiments, the hypothesis of a temperature
regulation system that can effectively improve the efficiency
of the solar panel while also harvesting heat is examined.
However, the mechanical testing related to the strength
of the building integrated panel is outside the scope of
this paper.

2 Concept and design outline

The novel model aims to lower the temperature and improve

the efficiency of energy harvesting in a silicon solar module.
And this paper is an improvement of the design concept
and method of recent work by Chen et al. (2018). The
components of this design are shown in Figure 2. A protective
layer, which is glass, is placed on top, and an EVA (ethylene
vinyl acetate) film is used to sandwich the photovoltaic
layer. A foamed aluminum layer with tubes cast inside
the layer is integrated into the backside of the solar panel.
The tubes are made of aluminum and thus, are highly
conductive.

An absorbing fluid with high heat capacity which could
be water (in this experiment) or a mixture of water and
glycol (for anti-freeze properties) is circulated inside the
tubes in a closed loop, while being in contact with a heat
exchanger to transfer the heat out of the tubes, resulting in
the reduction of the surface temperature of the cells. The
heated fluid could then be transferred to the facility room
of the building via a pump to indirectly heat a water tank,
which could be used for indoor heated water usage. Therefore,
the water is acted as both a heat sink and a heat collector.
Providing a large surface area for heat exchange while being
lightweight, having a relatively high thermal conductivity,
resistance to thermal shocks, high pressures, and high
temperatures resistance, and the recyclability of the aluminum
make it the right choice as the back support to embed this
system. The lightweight concrete layer or an alternative
foamed aluminum layer (Zadshir and Wu 2019), which
encloses the tubes, has open pores that can be filled in the
future with phase change materials to absorb and release
heat with a time latency. Therefore, the daily temperature
fluctuation of the building will significantly be lowered,
which per se has a role in the total energy consumption.
The foamed aluminum layer is assumed to be homogenous,
with a consistent thermal conductivity. A finished prototype
of this BIPVT panel is shown in Figure 3.

Protective glass with
reflective coating

/ s PV layer
Lightweight concrete

Water circulating system or foamed aluminum

Fig. 2 Schematic illustration of the hydronic system
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Silicon solar module

3 Performance testing

3.1 Experiment setup

In order to simulate the sunlight on the panel, a solar lamp
tester was used, in which the irradiation of the light can be
adjusted to mimic the sunlight intensity at different weather
conditions and locations.

In general, there are two testing conditions in the
solar industry: Photovoltaics for Utility Scale Applications
(PVUSA) Test Conditions or more commonly known as
PTC, and Standard Test Conditions (STC). Here, the STC
test conditions were used with a cell temperature of 25 °C, an
irradiance of 1000 W/m?, and an air mass of 1.5 (AM 1.5).

Considering the reverse correlation between the panel’s
surface temperature and its output power (efficiency), the
experiment was designed in such a way the temperature
change over time and the corresponding effect on the
power. The procedure for the experiments is shown in
Figure 4. First, the data acquisition (DAQ) system is started
to make sure the data will be collected before the solar lamp
is turned on. After 5 minutes of collecting data when the
panel is at room temperature and only exposed to the
ambient conditions, we turn on the solar lamp.

Under the STC, different water flow rates of 100, 200,
300, 400, 500, and 600 ml/min were examined and the
changes in the I-V curves of the BIPVT panel are measured.
Also, the effect of the hydronic system will be compared

5 mins 30 mins

Start DAQ ———| Turnonlamp ———| QOpen Water

60 mins

30 mins
«——— Turn off Lamp

30 mins

Stop DAQ | «————— Close Water

Fig. 4 Flowchart of the procedure for performance testing of the
BIPVT panel

Foamed aluminum
layer and tubing

Fig. 3 Assembled BIPVT panel in the lab for testing

with a regular panel without this cooling technology. Another
panel with the same cell specifications (I =52 A, Voc =3.7 V,
and Pp.,=14 W) and geometry of 40 cm (15.7") by 30 cm
(11.8") but without the thermal management system is
chosen and the short-circuit current, open-circuit voltage,
and power at different temperatures will be measured. The
results of the BIPVT system are compared with this regular
panel to see how much improvement in the parameters
and ultimately in power is yielded. The maximum power
point (MPP), which is a point on the I-V curve at which the
maximum power output is achieved, is measured using an
in-house I-V curve tracer. The corresponding voltage and
current to this point, Vipp and Iypp, respectively, are also
determined.

In Figure 5(a), the designed solar panel with the
temperature regulation system is shown. Nine thermocouples
are used to collect the data during different times with and
without the introduction of the water, as shown in Figure 5(b).
Then, the results are mapped for almost 160 minutes showing
how the panel’s temperature changes over time before the
hydronic system is on and after the cooling hydronic system
is activated. The position of the thermocouples was chosen
in a way to cover the whole area of the panel, but also to
make sure the distribution of the double serpentine tubes
is covered. In this way, the temperature profile of the panel
can show how evenly the temperature is distributed after the
flow of the water in the tubes begin. This is of significant
importance since if there is a high-temperature difference
between various points in the panel, not only the panel will
not efficiently be cooled uniformly, but also the resulting
thermal stress mismatch at different points will accumulate
and cause microcracks over time. In addition to the nine
thermocouples (T1 to T9) on the BIPVT panel, there are
four more thermocouples to measure temperature associated
with various aspects of the module. One is right at the
outlet tube on the table to measure the temperature of the
outlet water (T10). Since this thermocouple is exposed to
the beams of the solar lamp as well and the output data



Zadshir et al. / Building Simulation / Vol. 16, No. 10

1867

may be affected by the generated heat due to the lamp,
another thermocouple is placed on the bottom shelf of the
table to measure the outlet water temperature (T11).

The next thermocouple is exposed to the air and measures
the ambient temperature (T12). This thermocouple is also
placed on the bottom shelf to avoid any temperature biases
from the light. Finally, the inlet water temperature from the
building is measured by a thermocouple (T13) that is in the
same room located on the bottom shelf before the water
enters the particle filter. The average tap water temperature
in New York City varies based on location and the season.

system

Solar lamp

BIPVT

Outlet water

Needle valve

This test was performed in the late springtime and the
assumption was that the building’s water temperature is
about 25 °C. The test setup is shown in Figure 6. The BIPVT
has been fully insulated from the sides and the bottom to
avoid any heat loss while the system is running with and
without water. This has been achieved by using Styrofoam
insulator layers as well as soft sponges that are used for
packing.

In order to capture data from the thermocouples, a data
acquisition system (DAQ) from National Instruments was
used (Figure 7). This DAQ has 16 channels which means it

2

- inlet

(e}
-

Inlet water

Flowmeter

Particle filter

Fig. 6 Testing the solar panel under the simulated light with an intensity of 1000 W/m?
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can simultaneously be connected to 16 different sensors
and support the generated data. The DAQ measures the
output voltage signal and converts it into temperature.
Then the software provided by the system called LabVIEW
transforms the collected data into the .csv format. The data
collection rate for this test was selected at 10 Hz to make
sure the temperature variations are accurately recorded.

In order to measure the I-V curve, an in-house I-V
curve tracer was used. Due to the small size of the solar
module, it was not possible to use the available solar tracer

IV Swinger 2| ¢

==JELEGOD

UNO R3

i

in the lab. Thus, an accurate tracer for smaller modules was
developed using the available design online, IV Swinger 2,
which is a do-it-yourself (DIY) solar tracer for photovoltaic
solar modules (Figure 8). Thanks to the open-source license,
all the design components, and the software were provided
online on the website (Satterlee 2019).

Just like any electronic instrument, the IV Swinger 2
has its own limitation. The main point of the design is the
R1 and R2 resistors which limit the range of the measure
open-circuit voltage (Voc). For our application, we chose

= e i / el
Fig. 8 (a) Printed circuit board (PCB) of IV Swinger 2; (b) assembled electrical components on the circuit board; (c) Arduino UNO R3
microcontroller; (d) finished product of the I-V tracer
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RI as 1 Q (equivalent to the theoretical value of 0 Q) and
for R2, the resistance is 10 kQ). The other limitation of the
design is the short circuit current (Isc) that it can measure.
Due to the internal resistance of the components, under 1
sun irradiation and by using Ohm’s law, the first measured
point of the current would be at 0.51 V, which is still
fine for our application, since with temperature change,
mainly the Voc changes over time, The Isc before the
0.51 V would be extrapolated by the provided software to
calculate the output power. The data collection rate for
the IV Swinger 2 can be looped so that the software can
collect data automatically at a certain frequency. Here, the
selected frequency rate is 1 Hz to make sure the changes
in the I-V curve and the subsequent power are recorded
accurately.

3.2 Numerical model setup

This paper conducts numerical simulation to evaluate the
overall thermal performance of the system, which includes
temperatures of the panel as well as inlet/outlet liquid. The
model is primarily applied to examine the performance
of the BIPVT system, and the results are later compared
with the experiments. The results from the model are only
applicable to the steady state condition that is achieved after
t = 65 min following the test procedure flowchart (Figure 4).
This is when the surface temperature of the panel and the
outlet water stabilize while the water keeps circulating in
the tubes. The steady state continues until the solar lamp is
turned off (f = 95 min).

The numerical model was built based on the commercial
software ANSYS 19.0. The governing equations for steady-
state conjugate transfer can be found in reference (Nasrin
et al. 2018; Misha et al. 2020; Salameh et al. 2021), which
are not repeated here. To conduct the conjugate heat
analysis, we employed the system-coupling mode that, (i) the
steady-state thermal module uses the finite element method
(FEM) to handle heat transfer of solids part; and (ii) the
FLUENT module applies the finite volume method (FVM)
to deal with heat transfer of liquid part. Since the numerical
model uses two approaches to simulate the solid and liquid
parts, the transferring data at the fluid-solid interface are
coupled by the near-wall temperature, the temperature of
the solids, and the heat transfer coefficient. During the
simulation, ANSYS implements the average scheme to
match the data transfer areas within a certain tolerance
range. The iteration limiters can be adjusted according to
accuracy, and we select O(1072) as the iteration target.

3.2.1 Simulation geometry and material properties

The simulation geometry includes working fluid, water

tube, foamed aluminum substance, silicon PV cells, and the
EVA (Figure9).

The dimensions of the foamed aluminum box, water
tube, and layers are shown below in Table 1.

The inner radius of the water tube is 1.6 mm, and the
outer radius is 2.5 mm. The material of the water tube is
aluminum with thermal conductivity of 237 W/(m-K). The
cross-section of the working fluid is the same as the inner
section of the water tube. For convenience in the experiments,
water is selected for the working fluid, and its properties
are listed below in Table 2.

3.2.2 Boundary conditions

As indicated in Figure 5(a) and Figure 6, the four side
surfaces and the bottom surface of the aluminum box are
covered with foams, and therefore they are considered

Fig. 9 Dimensions of simulation

Table 1 Dimensions and thermal conductivity of the different
layers

Thickness Thermal conductivity
Name of the layer (mm) (W/(m-K))
Silicon PV cells (6 pieces) 02 148 (silicon PV cells) & 0.35

and EVA layer ’ (EVA)
Thermal paste 0.4 1.3
Glass 2.0 1.8
Foamed aluminum box 30 3.75
Aluminum water tube 0.9 237

Table 2 Material properties of the water

Material Density Dynamic viscosity ~ Thermal conductivity
(kg/m?) (Pa-s) (W/(m-K))
‘Water 1000 89x10™* 0.59
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Fig. 10 Interaction definition area of the foamed aluminum box and water tubes

insulated boundary conditions in numerical simulation.
The top surface of the box, specifically the glass layer, is
subjected to the prescribed heat flux (light at the intensity
of 1000 W/m?) and air convection with the heat transfer
coefficient h = 1.5 W/m? and reference ambient temperature
308.15 K. Due to the complexity of directly simulating foamed
structures, an effective thermal conductivity (Paek et al. 20005
Dyga and Witczak 2012) has been used. Since the foamed
aluminum box has been treated as one homogeneous matrix,
an imperfect thermal contact between the water tubes and the
foamed aluminum box is assumed. As indicated in Figure 10,
the interaction area are defined in FEM, and the thermal
contact conductance (TCC) is selected as 250 W/(m?K).

Following the experiment setup, the liquid is subjected
to the following three initial/boundary conditions, (i) velocity inlet
with the temperature at 295.45 K. (ii) zero pressure outlet.
(iii) non-slip between the boundary layer and inner wall of
the water tube. Given the flow rate of 100 and 200 ml/min,
the Reynolds numbers (Re) are 372 and 744, respectively,
which are below the turbulence range of 2000. Hence, in
this work, the discussion is limited to the laminar flow.

3.2.3 Domain discretization of solids and liquid

Since both the FEM and FVM require domain discretization,
it is natural to consider the employment of a close or similar
element size to avoid high potential numerical errors during
data transfer of system coupling. Compared to FEM, for

At
guaranteed numerical stability, the CFL condition v = o
X

(LeVeque 2002) is suggested to be controlled at less than
0.5 for transient analysis. However, this paper followed the
ANSYS guide and adopts the density-based explicit solver
for steady-state flow (Lynn 1995). The liquid domain is
discretized through the sweeping method with an element

size of 0.001 m, and the number of nodes and elements are
315,406 and 277,200, respectively.

As for the FEM part, two global element sizes are used
to mitigate possible numerical errors in data transfer that,
(i) all edges of the upper parts, including the aluminum box,
solar modulus are applied with element size 0.002 m; and
(ii) the water tubes are meshed with element size 0.001 m,
which is the exact same one as the liquid. The number of
nodes and elements is 2,684,201 and 772,381, respectively.
Figure 11 shows the side view of the domain discretization
of FEM mesh, which includes mesh on water tubes, layers of
materials, and the aluminum box. The details of the iterative
target and mesh irrelevance are elaborated in the Electronic
Supplementary Material of the online version of this paper.

Fig. 11 Schematic plot of FEM mesh of the solid parts including
water tubes, layers of materials, and the aluminum box

4 Results and discussion
The tested results from the thermocouples for the different

water flow rates are shown in Figures 12(a)-(f). In the
beginning, before starting the solar lamp, the panel is at room
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Fig. 12 Monitored temperature of the thermocouples at: (a) 100, (b) 200, (c) 300, (d) 400, (e) 500, and (f) 600 ml/min flow rates before

and after the introduction of the water
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temperature. Shortly after the lamp starts illuminating, the
open-circuit voltage (Voc) reaches 3.60 V, and the short
circuit current (Isc) 6.57 A. At this point, the maximum
power point (MPP) is read at 14.89 W, which is somewhat
similar to the original value that the manufacturer provided
(14 W), and the Viypp = 2.38 V and Iypp = 6.26 A (Figure 13).

As time passes, the surface temperature of the panel
increases reaching the highest point of almost 88 °C after
30 minutes. While there is a slight difference between the
values read at different thermocouples placed on the panel
(T1-T9), the peak is almost always recorded by T8 at 88 °C,
which is near the outlet of the tube. At this point, the MPP
voltage value has decreased to 1.85 V while the MPP current
is at 5.79 A. We can see that the MPP power has significantly
decreased from 14.89 W to 10.69 W due to the temperature
increase. This is an almost 28.2% decrease in power.

When the water is introduced to the system, a sudden
decay is observed in the temperature of the panel. We can
see in Figure 12(a) that for a water flow of 100 ml/min,
after about 30 min of water running in the system, the
temperature of the panel stabilizes. Here, again T8 has the
highest value of all the nine thermocouples being at 71 °C,
while the other ones vary between 61 °C (T1 and T2) and
67 °C (T5). The temperatures stay stable until the solar
lamp is turned off at = 95 min, where we see a huge jump
in the temperatures’ values decreasing until they reach a
stable point again at ¢ = 135 min. It should be noted that
following the defined procedure at the beginning of the
experiment, at t = 125 min, the water inlet has been closed
and since the panel’s absorbing heat flux and the extracting
heat had reached equilibrium at this point, it would be
redundant to keep the water running any longer. After t =
135 min, all the nine thermocouples on the panel reach a
steady temperature of 27 °C, and after t+ = 170 min, the
DAQ system is turned off and the data acquisition stops.
It should be noted that had we kept collecting the data after
t = 170 min, we could see the temperature of the panel
eventually reaching the starting point of 23 °C. However,
due to the extensive amount of data that is generated by the
sensors at a refresh rate of 10 Hz, it was decided to end the
test after a stable temperature is observed on the panel.

As for the power output after the introduction of the
water into the system, we can see that the power gradually
starts to increase, and at the highest point, it reaches about
12.78 W, at which the Viypp = 1.96 V and Iupp = 6.52 A. This
means that the hydronic system was able to revive the
power by 19.5% from 10.69 W to 12.78 W. The MPP voltage
and current have also accordingly improved from 1.85 V to
1.96 V and from 5.79 A to 6.52 A, respectively.

As for the temperature distribution of the double
serpentine hydronic system, it can be seen that the readings
from the thermocouples are all within an acceptable deviation

of 8 °C difference after the water is introduced to the system.
The values are in accordance with expectation, especially
for T8 since this is where the heat is carried away to the
outlet and the water should be at its highest point after
circulating and collecting heat from the surface of the
panel. It is speculated that with a different design, i.e.,
single serpentine or zig-zag, different values of temperature
difference will be observed, which requires more design
parametric analysis.

The other four thermocouples that are not located on the
panel measure various properties related to this hydronic
BIPVT panel. T10 located on the exit tube near the panel
(Figure 6) and T11 (outlet water) underneath the table
show the temperature of the exiting water from the panel.
Before the water is circulated inside the tubes, T10 may be
just showing the temperature of the tube exposed to the
light and T11 the ambient temperature. When the water is
opened at ¢ = 35 min, a sharp spike is seen which is because
the water starts running in the tubes and absorbing the heat
to become warm. During the next 1 hour that the water
keeps running in tubes, there is a temperature difference
between the two thermocouples at a flow rate of 100 ml/min,
while this is not observed at the other five flow rates, which
could be because of the slow water flow.

For the other five flow rates, we see a similar trend in
terms of the hydronic system effectively cooling the surface
temperature of the BIPVT panel. However, there are
differences in the intensity of temperature reduction as well
as the outlet water temperature. In general, as expected,
when the water flow is higher, the panel gets cooler and
reaches a lower temperature. For example, at 100 ml/min,
all nine thermocouples on the panel show a temperature
above 60 °C, whereas when the flow rate is increased to
500 ml/min, the surface temperature of the panel reaches
below 60 °C at all points.

As discussed, there is a correlation between the water
flow rate and the cooling effect. One compromise here
would be the outlet water temperature. Since a BIPVT
panel can have a bifold purpose of cooling the solar panel
and providing partially heated water for improving the
efficiency of the hot water system for domestic building use.
Therefore, if the flow rate of the inlet water is high, while
the surface temperature of the panel gets cool sooner and
the efficiency of the solar panel increases in addition to
providing a larger volume of heated water per minute, the
outlet water temperature would be lower and thus, resulting
in the lower efficiency of the hot water system. Thus, in
order to achieve the optimal flow rate of the system at
which the highest power is achieved, and the temperature
of the panel is efficiently reduced, several other analyses are
needed. First, T4 is selected as the representative of the nine
thermocouples. T4 data show to be somewhere in between
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Fig. 13 Current vs. voltage and the output power in the BIPVT at (a) starting point (25 °C) without the water system; (b) after 30 min
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the highest and the lowest thresholds of the surface
temperatures recorded. Also, T4 is not located on a corner
of the panel and thus, can be a good selection.

We can see in Figure 14 that while at 100 ml/min, the
largest difference is observed for T4, the data rest of the five
flow rates are within a 5 °C difference. At t = 65 min, the
highest value for T4 is read at 65.4 °C for a 100 ml/min flow
rate. This value is 60.8 °C, 58.7 °C, 60.0 °C, 56.4 °C, and
57.6 °C for flow rates of 200, 300, 400, 500, and 600 ml/min,
respectively. Despite the expectation, the higher flow rate
does not necessarily result in a lower temperature. The
extent to which cooling happens also depends on the
time required for the aluminum tubes, water, and solar
cells to exchange heat with each other and the surrounding
environment to reach a steady state. Another noticeable

observation is the fluctuation of temperature during the 1 h
steady-state condition that the water is circulating, especially
for a flow rate of 600 ml/min. It seems that the surface
temperature has not reached a stable point.

In order to have a better judgment, the outlet water
temperature has also been analyzed and shown in Figure 15.
Here, the first thing that we notice is the large gap between
the outlet water temperature at a flow rate of 100 ml/min
versus the other five. We see that at = 65 min, the exiting
water temperature stabilizes at 45.4 °C for the flow rate of
100 ml/min. This value is much lower for the other flow
rates being 36.3 °C, 34.1 °C, 33.8 °C, 29.9 °C, and 29.1 °C
for 200, 300, 400, 500, and 600 ml/min, respectively.

The other notable observation is the temperature
fluctuations for flow rates of 300, 400, 500, and 600 ml/min.
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Fig. 14 T4 temperature vs. time for different flow rates
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Fig. 15 Outlet water temperature (T11) vs. time for different water flow rates
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One speculation could be that at flow rates higher than 200,
the flow becomes turbulent and thus, causes fluctuations in
the output temperature reading. To examine this guess, we
can calculate the Reynolds number using Eq. (1):

Re = ub (1)
v

where u is the flow speed, L is the dimension of the tube,

and vis the kinematic viscosity of the liquid. Based on the

flowmeter unit (ml/min), we need to convert the unit to the

form of mm?/s in Eq. (2):

1 1
lml/min:—mI/SZEmmWs (2)
60 60
Since we have:
L=D=32mm, u:Q/A:Qx—IOOO/6O[mm/s]:
n(1.6)*

2.07233Q [mm/ s], and the kinematic viscosity v =1.787 x
107° m*/s . Here, Q is the quantum as in the flowmeter.

Thus, the Reynolds number is obtained as shown in Eq. (3):

Re(Q) = ulL  2.07233xQx107*x3.2x10°°
Ty 1.787 X 10

=3.7109Q
()

When the Reynolds number is larger than 2100, it will
be considered as a transition status from laminar to turbulent
flow. Therefore, when the flow quantum Q < 565 or to be
safe Q < 500, we can still consider it laminar.

Having the turbulent hypothesis is voided and by looking
closer at the inlet water temperature at each flow rate, we see
a fluctuation in the inlet temperature in Q > 300 ml/min.
Especially since the patterns of hills and valleys for increases

and decreases of the inlet and outlet temperature match
each other while considering the temperature shift due to the
BIPVT system. Therefore, the reason we see such fluctuations
in the outlet water temperature could be the instability of
the building’s tap water temperature.

The other factor determining the optimal flow rate is
the harvesting power from the solar module and the efficiency
of each flow compared with the other ones in reviving the
lost power due to the heat. The output power versus time is
shown in Figure 16. Here, we can clearly see the decay in
power as the module’s surface temperature increases over
time. At ¢ = 35 min, the water valve is opened and the
hydronic system is activated. We can see the increase in the
power as the water keeps circulating in the tubes until
about f = 65 min. When the solar light is turned off at =
95 min, the data collection is stopped automatically.

By comparing the initial power values with the point at
which maximum power loss has occurred, we see a reduction
of power from about 14.89 W to 10.69 W due to the
temperature increase. This is an almost 28.2% decrease in
power. However, once, the hydronic system reaches a stable
steady point, we can see that the power is increased to 12.68 W,
13.32 W, 13.05 W, 13.66 W, 13.54 W, and 13.92 W for flow
rates of 100, 200, 300, 400, 500, and 600 ml/min, respectively,
which means an increase of 18.6%, 24.6%, 22.07%, 27.7%,
21.0% and 30.2% of the power values.

By and large, considering the cooling effect of the surface
temperature of the solar module, the outlet water temperature,
and the resulting power output increase due to the hydronic
system, it seems that choosing the flow rate of 200 ml/min
would result in an overall effective BIPVT panel with the
optimum power and hot water generated. Of course, this
value is selected based on the current design and regarding
the limited accessible measurement that was performed.
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Fig. 16 Power vs. time for different water flow rates
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5 Comparison between experiments and steady-state
simulation

Here, two cases have been studied following the experimental
section. One with a water flow rate of 100 ml/min and the
other with a water flow rate of 200 ml/min. In the performance
testing, Q = 100 ml/min showed to have the highest water
output temperature, whereas Q = 200 ml/min overall showed
to be the optimal flow to achieve a high cooling effect and
subsequent increase in the outlet power while also reaching
a partially warm water output.

The results for the flow rate of 100 ml/min are shown in
Figure 17 and Figure 18. In Figure 17 only the temperature
of the top surface of the panel is shown. The inlet is marked
with a green arrow and the outlet with a red arrow. We can
see that for T1, the temperature is at 60.27 °C when the
panel reaches a steady-state condition. This is quite similar
to the recorded temperature for T1 during the experiment
as it showed to be 61.92 °C at t = 65 min when the panel

-

Fig. 17 Temperature distribution of the top surface at the steady
state with a flow rate of 100 ml/min

° 010 0200 (m)

— —
0050 0150

Fig. 18 Temperature distribution of the water path at the steady
state with flow rate at 100 ml/min

reached temperature equilibrium. As the water is exposed
to the collected heat from the solar cells transferred by the
conductive carbon adhesive tape between the solar module
and the aluminum foamed layer, the temperature of the
water increases.

Let us look at another example in the corner of the panel,
for example, the location of T3. The experiment showed a
temperature of 63.82 °C for T3 at t = 65 min, whereas here
in the simulation result, we see a temperature of 65.32 °C.
This slight discrepancy could be due to the simulation design
and the incorporated parameters for the different layers of
the panel. However, by looking at the experimental data of
T3 at t = 95 min, shortly before the solar lamp is turned off,
we see that the temperature reaches 64.70 °C which is much
closer to what the simulation data showed. Finally, looking
at the T9 which is located at the exit of the tubing system,
we see that the data from the simulation shows a temperature
of 65.69 °C at the equilibrium, while from the experiment,
this reading is 64.86 °C at t = 65 min. Once again, the results
from the experiment and the simulation quite match and
show the accuracy of the simulation prediction. As for the
water temperature, we can see the outlet water temperature
reaches 43.35 °C when exiting the panel, close to what was
measured in the experiment with the value of 45.4 °C.

As for the case with Q = 200 ml/min, the results are
shown in Figure 19 and Figure 20. For the location of T1 at
the entrance of the hydronic tubing system, the simulation
result shows a reading of 57.07 °C, and the experiments
showed 56.88 °C. For T3, we can see in Figure 19 that it
shows a temperature of 60.86 °C, whereas the experimental
reading is 59.46 °C at t = 65 min (steady state condition)
and 60.49 °C for t = 95 min. Finally, for T9 located at
the outlet point, the simulation shows 60.42 °C while
the experimental temperature is 58.76 °C, a slightly larger
difference compared with the other cases, but still within
the acceptable range.

Fig. 19 Temperature distribution of the top surface at the steady
state with a flow rate of 200 ml/min
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Fig. 20 Temperature distribution of the water path at the steady
state with a flow rate of 200 ml/min

Overall, the results quite well fall within the acquired
data from the experiment, validating that the model can be
used to predict future cases and more complicated designs.
For example, one downside of the current double serpentine
hydronic design is the thermal mismatch between the
center and sides of the panel, as confirmed by both the
experimental and the simulation results. This in the long
run could result in stress accumulation and accelerate the
degradation or even cracking of the solar cells. Therefore, it
is important to modify the design in future iterations.

6 Conclusions

In this work, a novel design for a building integrated
photovoltaic thermal (BIPVT) system was introduced
and its performance was tested using experiments and
computer simulations. For experiments, six flow rates of
100 to 600 ml/min with an increment of 100 were selected
and the experiments were run for over 160 minutes in total
so that the system reaches a stable point for readings of
temperatures and power. An I-V tracing system was developed
to capture the changes in current and voltage and the
subsequent power due to the implementation of the cooling
system. For simulations, the finite element method and finite
volume method were used to simulate the temperature
of the panel and the output liquid after the steady state
condition is achieved after t = 65 min. The results show
that the hydronic system effectively reduced the surface
temperature of the panel from almost 88 °C to as low as
55 °C. Although there was a difference in the measured
temperatures by the nine thermocouples, the deviation was
within 8 °C. The hydronic design revived the lost power by
30.2% while varying for different flow rates. The temperature
of the outlet water depends on the incoming water flow

rate with the highest temperature of 45.4 °C achieved at a
flow rate of 100 ml/min, and the lowest temperature of
29.1 °C at 600 ml/min. The results from the simulations at
the steady-state conditions are in good agreement with the
experiment as well with a discrepancy of less than +3.0%
for the surface temperature readings. Overall, the flow rate
of 200 ml/min could be selected as the optimal flow rate
to achieve both the balance of the cooling effect and the
acceptable output water temperature, although further analysis
can be done to find the optimum rate considering the
collected heat per area and the amount of energy saving.

Electronic Supplementary Material (ESM): the supplementary
material is available in the online version of this article at
https://doi.org/lO.1007/812273-023- 1027-z.
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