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In this research, a pilot study and analysis of an innovative multi-channel photovoltaic/thermal
(MCPVI/T) system in a geographic location (35° 44' 35" N, 50° 57' 25" E) has been carried out. This
system consists of integrating a photovoltaic panel and two PV/T heat-sink converters. The total
electrical, exergy and energy efficiencies of the system at air flow rate of 0.005 kg/s and radiation
intensity of 926 w/m? were 9.73%, 10.72%, and 47.24%, respectively. An air flow rate of 0.011 kg/s and
the radiation intensity of 927 w/m? were also achieved to be 9.35%, 10.40% and 65.10%, respectively.
Based on simulation results considering experiments validations, as the air flow rate increases, the
overall energy efficiency increases to the maximal amount of 80%. However, the maximum exergy
efficiency value has a local optimal point of 13.46% at a fluid flow rate of 0.024 kg/s. Similarly, with
increasing channel heights, the total energy efficiency decreased to 70%, and the maximum exergy
efficiency has a local optimal point of 13.64% at channel height of 0.011 m. As an overall achievement,

the system has higher energy quality (exergy efficiency) in laminar flow regime and has higher energy
efficiency under turbulent flow conditions.
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NOMENCLATURE

a Ideality factor (eV) p Density (kg/m®)

Anod PV module area (m?) Greek Symbols

b The width of MCPV/T (m) a Absorptivity, Current temperature Coefficient (mA/°C)
Cs The conversion factor of a thermal power plant (-) B Packing factor, Voltage temperature coefficient (V/°C)
Cr Specific heat capacity of air (J/kg.K) (a7 )gst The product of effective absorptivity and transmissivity (-)
dx Elemental Length of flow duct (m) € Emissivity (-)

dy Elemental Length of fin (m) n Efficiency (%)

Eq Exergy rate (W) o Stefan-Boltzmann's constant (W/m?2.K*)

Exq Heat transfer Exergy rate (W) T Transmittivity (-)

Exw Work Exergy rate (W) A Difference in temperature, pressure (-)

Error Error rate of reply convergence (-) Subscripts

F' Collector efficiency coefficient (-) A Air

F- Heat removal factor (-) Al Aluminum

G Solar radiation intensity (W/m?) Amb ambient

h Convective heat transfer coefficient (W/m2.K) Bs Back surface of tedlar

ho Penalty factor (-) Cell, ¢ Solar Cell
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H Duct depth (m)

Irreversibility Rate (W)

| Circuit Current (A)

k conductive heat transfer coefficient (W/m.K)
| Length of flow duct (m), Thickness (m)

Lc Corrected length of fin (m)
L1 Length of PV module (m)
L2 Width of PV module (m)
m Aluminum fin parameter (m?)

m Fluid flow rate (kg/s)
n Number of experiment (-)
Nec Number of channels per heat exchanger (-)
N . Number of heat exchangers (-)
NU, Nusselt number (-)
p Pressure (N/m?), Power (w)
pr Prandtl number (-)

0 Heat transfer rate (w)
R Resistance (Q), Gas constant (kj/kg.K)
Re. Reynolds number (-)
t, Thickness of duct (m)
T Temperature (K)
U. Total heat loss coefficient from Cell to Ambient (W/m2.K)
U Total heat transfer coefficient from cell to tedlar (W/m?2.K)
\Y Circuit Voltage (V), Wind Velocity (m/s)
W Width of flow duct (m)
X Experimental or simulated value of parameter (-)
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Conductive
Convective
Diode
Electrical
Exergy
Experimental
Working Fluid
Duct Fan
Glass
Inlet
Light Current
Maximum power point
Reverse saturation
Open-circuit
Outlet
Overall
Radiative
Reference
series
Short-circuit
Shunt
Silicon
Simulated
Tedlar
Thermal
useful

1. INTRODUCTION

It is well-known that photovoltaic (PV) module
efficiency decreases by 0.45% for every degree increase
in solar cells temperature [1, 2]. This fact is due to a huge
amount of solar radiation on PV module that are not
converted to electricity, while the PV module
temperatures can raise to 80 °C especially in the summer
[3]. Regarding this issue, hybrid PV/thermal collectors
(PVIT) is introduced which is capable of generating
thermal and electrical energy simultaneously [4]. In other
words, a heat carrier fluid removes the additional excess
heat of photovoltaic cells. Consequently, cells face-up
operate at downgrade temperature and lead the system to
achieve higher performance regards to more generating
in electrical power [5, 6].

Kern and Russell were the first to present the basic
concept of photovoltaic heat collectors operated by two-
fluid mediums with  laboratory  results [7].
Tripanagnostopoulos [8] states that when the fluid
medium of air is used in the PV/T system, the type of
contact of the air with the back surface of Tedlar PVF
Film is direct and in the case where water fluid is used,

the contact is indirect due to the lower heat capacity of
air compared to water. De Soto et al. [9] have worked to
model and simulate the current-voltage behavior of the
solar cell in real experimental situations. Zondag et al.
[10] numerically modeled the PV/T system with the fluid
medium of the water using the finite difference method
and concluded that a simple one-dimensional static
model has a desirable accuracy to check the performance
of the system during a day. Tiwari et al. [11] contributed
to the analytical solution of the PV/T collector with the
fluid medium of air which had an appropriate agreement
with the laboratory test results. Joshi et al. in a similar
study to Joshi et al. [12] investigated two types of
photovoltaic modules, including photovoltaic modules
for Glass-Glass and Glass-Tedlar. The electrical
efficiency of the two systems was equal, but the higher
total efficiency of the first system was reported. Sarhaddi
et al. [13] provided an analytical solution in a steady and
one-dimensional state of single-channel PV/T system
with air-fluid medium. They used an improved electric
model to analyze the electrical part of the system. In
addition, using the appropriate heat transfer coefficients,
the thermal modeling of the system was in good
agreement with the laboratory values of other papers.
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Amori and Tagi Al-Najjar [14] in a similar activity with
Sarhaddi et al., developing a better thermal and electrical
modeling, they tested a laboratory PV/T system with an
air-fluid medium in the summer and winter seasons and
they reported better system performance in the winter
than summer. Tonui and Tripanagnostopoulos [15]
experimentally investigated three different PV/T systems
with air-fluid medium including a single-channel PV/T
system, PV/T system with a thin metal plate as an
adsorbent and a PV/T system with a finned absorber The
thermal efficiency of the three systems was 25, 28 and
30%, respectively.

In order to increase the thermal and electrical
efficiency of the PV/T system, the researchers have
investigated the exergy efficiency of the PV/T system
using analytical and numerical solution methods. In fact,
exergy is a way to find the quality of energy produced by
the system. Petela [16] has given a new expression of the
amount of exergy received from solar energy He
compared the relationship reported in his study with
previous relationships and presented Bijan's view [17] on
the various views of the solar exergy. Chow et al.
provided numerical modeling and laboratory testing of
two PV/T system samples with a water fluid medium
coated with glass and without glass coating. Based on
their results, if the design goal is total or quantitative
energy, the case with glass coating has higher efficiency,
and if the design objective is exergy or quality, then the
glass-free mode has higher efficiency.

Sarhaddi et al. [18] modeled the exergy efficiency of
the PV/T collector with air-fluid medium. They used the
concept of exergy degradation as well as the pure exergy
input to find exergy efficiency. Sobhnamayan et al. [19]
examined the energy and exergy of the PV/T system with
air-fluid medium. They used a new model to calculate the
exergy efficiency and compared the simulation results
with the experimental results that were in appropriate
confirmations. Joshi and Tiwari investigated the
efficiency of PV/T collectors in terms of energy and
exergy which showed the energy efficiency of about
55~56% and exergy efficiency of about 12~15% [20].

In recent years, the studies are focused on the
different geometries of channels to investigate their
effects on the efficiency of PV/T systems. Robles et al.
[21] investigated a solar water heater system, a heat
converter which consists of parallel rectangular channels
with a small hydraulic diameter and had a 13% more
efficiency compared to the flat panel solar collector [21].
Jin et al. [22] experimentally investigated two PV/T
systems including a heat converter with parallel
rectangular channels and with a flat panel air collector
using air-fluid medium They reported in different flow
rates, the optimal flow rate was 0.0287 kg/s to achieve
maximum efficiency. Tabet et al. [23] used a heat
converter similar to reported data [21, 22], out of 5, 10,
and 15 flow channels to analyzed a PV/T system with air-
fluid medium. In this study, 15 channels were described

as optimal for receiving the maximal amount of energy
efficiency. Fan et al. [24] investigated the dynamics and
solving of governing equations using the Crank—
Nicolson method for a PV/T system similar to reported
data [22, 23], which are connected to a solar-powered air
heater in series mode. They finally compared the
response of modeling the system stable state and
dynamical mode-modeling and reported that a stable
state response could well predict the behavior of the
system. Srinivas and Jayaraj [25] studied experimentally
a new design of double pass hybrid (PV/T) solar air
heater with slats (DPHSAH). The average values for
electrical, thermal and overall efficiencies achieved 3.9,
18 and 28%, respectively while the mass flow rate had
been considered equal to 0.0123 kg/s. In the research
done by Teo et al. [26] both experimental and numerical
analysis was applied to study the effects of active and
passive cooling by air. Based on their research outcomes,
the uniformity of the temperature distribution increase in
order to the new designed manifold. Furthermore, by
analyzing the effects of mass flow rate on both electrical
and thermal efficiency, it was concluded that the
maximum possible value for both efficiencies can be
obtained in the flow rate of 0.08 kg/s.

By the reviewed references, it is found that the PV/T
system can be considered as the best response to
consumer thermal and electrical energy compared to
individual systems. In the case of the PV/T system with
air-fluid medium, one of the challenges is to increase the
overall system efficiency by taking into account the
quantity of energy. Further researchers have long been
investigating the factors affecting the thermal and
electrical behavior of the PV/T system without precise
considering the increase in overall efficiency. Just in few
cases, the response of these variables has been analyzed
on overall energy efficiency and exergy.

To overcome the mentioned shortages, in this
research the development of static modeling and a novel
accurate solution of a MCPV/T system with multi-flow
channels as well as validation of the equations obtained
with experimental results have been considered which is
completely different from the numerical method stated in
literature [22—24]. The contact of air to the back surface
of Tedlar PVF Film is direct and a novel fan positioning
is considered in the middle of the system. A
comprehensive study regarding parametric analysis has
been conducted and the effect of fan positioning, fluid
flow rate and flow channel height on energy and exergy
efficiency of the system have been also investigated. In
other words, in addition to studying the effect of variables
affecting the behavior of the PV/T system with the air-
fluid-medium, in this study an innovative thermal
converter sample was used to increase the overall
efficiency of the system with the energy quantity view. A
novel accurate solution of a MCPV/T system has been
used to investigate the thermal response of the system
which leads to the production of an equation that
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researchers can easily use to predict the behavior of the

system. In a short viewpoint, this research project is

implemented in the following steps:

+ Coding and simulation to find a differential solution,

* A novel multi-channel heat-sink design & produce as
sub-systems and assembling,

* Monitoring, measurement and final validation,

* Parametric analysis to achieve system variation
behavior.

2. SYSTEM DESIGN AND MEASUREMENT
CONDITIONS

In this step, steady-state differential scale simulation is
done to achieve the analytical solution. A novel accurate
solution and finding system profiles are a major strength
of this study simulation section. A different element of
the PV/T is demonstrated in Figure 1. The components of
the multichannel thermal photovoltaic system made in
this study include photovoltaic panels, heat-sink
convertor, fans, input and output entries for fluid flow.
Under the photovoltaic panel, there are two multichannel
heat-sink convertors in direct contact with the back
surface of Tedlar PVF Film. There is a gap of 4
centimeters between the two heat-sink converters and in
the longitudinal center of the system. The entry of the
airflow is for installing the suction fans. Three fans with
4x4 c¢m dimensions and technical specifications of 0.16
amps and 12 volts have been installed in this location, as
shown in the schematic diagram. Each PV/T heat-sink
converter includes 16 airflow aluminum channels. The
heat transfer mechanism of the airflow and the aluminum
channel with Tedlar back surface are convection and
conduction, respectively. In fact, due to the low thermal
air capacity of the air, it is in direct contact with the
Tedlar back surface to increase the amount of heat
transfer fluid in the air.

Within the second step, a novel heat sink is designed
and produced as sub-systems and further assembling of
system parts are demonstrated in Figure 2. Figure 2, a
workshop-sample-product of aluminum flow channels,
an assemblage of aluminum channels beneath the
photovoltaic panel, fans installation in the fluid flow
outlet or middle positions and a completed system sample
under sunlight test conditions are observed. As you can
be seen in Figure 2, heat converters have been assembled
directly beneath the Tedlar. Then, a PVC insulation layer
was used for heat insulation behind the aluminum
channels. The designed system has been installed in a
geographic location with coordinates (35° 44' 35" N, 50°
57' 25" E) and has an angle of 35 degrees from the
horizon and facing the south. The performance of the
system has been measured and analyzed for two different
modes of flow rate during the consecutive days of July to
October 2017 under clear sunlight sky conditions. In
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Solar Radiation
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; 1 ---p- Insulation Material

-p Aluminum Channel
i__p Flow Duct
L-p Tedlar

i t---p Solar cell and EVA
-~ Glass

(b)

PVC thermal insulation

(©)
Figure 1. A schematic of a designed MCPV/T system. (a):
Side view, (b): Cross-section view and (c): Sub-systems

order to monitor the system's operation in a uniform flow
mode, the Urban Electricity Grid has been used to set up
and control system fans instead of directly using the
photovoltaic panel output power. In the equations of
electrical  efficiency, the fans power system
consumptions are also included. The used instruments in
the experimental measurement are introduced in Table 1.

3. COMPUTATIONAL MODELING

3. 1. Thermal Modeling Schematic Figure 3-a
magnifies the dashed line part in Figure 2. This figure
represents the different layers of the system for a flow
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channel. The temperature of the various layers is shown
beside an equivalent thermal resistance configuration
plotted for the flow channel in Figure 3-b.

‘ &5 Rheostat
q L 5 ¥ ;

40 channel
thermocouple

Two channel
multi-meter

Anemometer

Figure 2. Assembled MCPV/T system at environmental test
conditions

TABLE 1. Used instruments in the experimental measurement
and their resolution

Instrument Accuracy of measurement
ST-8891E contact thermometer 0.1 °C
DT-8863B Infra Red Thermometer 0.1 °C
Hot-Wire Anemometer TES-1341 0.1 °C
CFM/CMM Thermo Anemometer 0.1 mls
Model DT-619 '
0.1% DC voltage basic
Digital Multi-Meter PROVA 803 accuracy and 0.2% AC
voltage basic accuracy
Solar Power Meter TES-1333R 0.1 W/m?

Based on Figure 3, an analytic solution develops. The
results are shown in Table 2. Based on the extracted
equation in Table 2 an open-source-code simulation of
the system is developed in MATLAB software. By
developing the energy balance equations for the multi-
channel PV/T system, the temperature of the different
points, the thermal efficiency of the system and the
dependent and independent coefficients will be according
to Tables 2 and 3. For more details, extensive discussion
reported in literature [11-14, 27, 28].

3. 2. Electrical Analysis It is necessary to explain
the electric analysis model for the simulation process. In
this study, a five-parameter model is applied to introduce
the 1-V characteristic curve of a solar cell which is
presented in Table 4. The equivalent electrical circuit of
the five-parameter model is demonstrated in Figure 4.

To solve the nonlinear equation of solar cell behavior
(Equation (20), the following five constraints according
to Equations (21) to (25) shown in Table 4 are required
to be considered. By replacing the constraints in Equation
(20), all governing equations will be transformed into the
nonlinear system of five independent variables equations
using the Newton-Raphson algorithm to solve nonlinear
equations system. In new functional conditions
(Gnew, Tcennew), according to literature [8, 11, 15] a series
of transport equations are applied. The electrical
efficiency of the MCPV/T system is defined as the
maximum useful electric power produced (output) by the
photovoltaic panel divided by the irradiation energy
received by the surface of the collector cells according to
Equation (26).

- Reona
T
(b)
Figure 3. (a): The different layers of a flow channel and (b):
The equivalent thermal resistance circuit
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TABLE 2. The system temperatures governing equations, the useful heat energy rate and the system thermal efficiency [11-14]

Title Equation No.
UrTps+UtTamp+(@D)efrG
Solar Cell Temperature Teen = W (1)
_ [UtT(Tamb_Tf)+hp(af)effG]W
Back Surface Temperature of Tedlar Ty =Tr + - aW—2tq) Zearmta tank(mLe)+ Uerw 2
Outlet Air Temperature T out = [Tamb + hP(‘”)effG] [1 exp ( Yer L)] + Ty inexp ( Uer L) )
Ut bF Upr
. S 1L _ n (‘l‘f)effG 1— exp( ep L) 1- exp( ep L)
Average Temperature of air T, = 7 fx:O Tp (x)dx = [Tumb +-£ Ve ] Il Ui, + U, T in 4
TTLCP mcp
Useful Heat Energy Rate 0, = me(Tf,,mt —Tfin) = FebL[h,(a0) oG — U (Trin — Tamp)] (5)
Thermal Efficiency Ny = % = F [h (@) efr — U"(Tf+_”"”’) (6)
TABLE 3. The dependent coefficients to couple with Table 2 variables [27, 28]
Title Equation No.
The product of effective absorptivity and transmissivity (@0)orr = tglache + ar(l = Be) = BeNetel @)
—_Ur
Penalty factor h, = Uil 8)
An overall heat transfer coefficient from glass to Tedlar U, = Yrbe ©)
through the solar cell 7 up+u,
Aluminum fin factor m= |MAa (10)
takal
An overall heat transfer coefficient from the solar cell to T 1 - )
ambient through the glass cover ¢ kg hmm,+hrad]
A conductive heat transfer coefficient from the solar cell to Uo = [ksi 4 L_T]—i (12)
flowing air through Tedlar T Lk kr
Convection Factor heony = 2.8+ 3V (13)
Radiation Factor Rraa = €40(Tsky + Teen) (T siy + T2 cett) (14)
Sky Temperature Tsky = Tamp — 6 (15)
r_ 1
Collector Efficiency Factor F=c Uerw (16)
hyr_q(w= 2[d)+2kAlm[d tanh(mlLc)
Heat Removal Factor Fp = [1 —exp ( DF Uer L)] 17)
UerbL ey
Convection heat transfer coefficient her_q = NuDK y hfaia =heroa (18)
. . Rep, <2100  Nup = 3.657
Nusselt number in constant temperature condition {ReD > 2100 Nup = 0.022Re®8 proS (19)
TABLE 4. Five Parameter Photovoltaic Model including constraint equations and the electrical efficiency [8, 11, 15]
Title Equations No.
Five Parameter Photovoltaic Model I=1,— [exp (VHRS) - 1] - V;—I:S (20)
@ short circuit current I =Isrer, V=0 (21)
@ open circuit voltage I'=0,V =Vorer (22)
@ maximum power point I'=lInprersV = Viprer (23)
@ maximum power point [dUV)/dV]p, =0 (24)
@ short circuit current [di/dV]sc = =1/Rpres (25)
Electrical Efficiency Nt = % x 100 (26)
Maximum Output Power Pnp = Imp X Vinp @7
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[D J
<

Figure 4. The equivalent electrical circuit of the solar cell [9]

3. 3. Exergy and Energy Analysis of MCPV/T
Collector Exergy analysis is a technique that
uses energy and mass conservation law and the second
law of thermodynamics for the purposes of analyzing,
designing and improving the energy of systems. Exergy
is defined as the maximum amount of work that can be
generated by a system or a flow of mass or energy that
reaches the equilibrium state with the reference
environment. According to the equations in Table 5, the
general form of the equation of exergy equilibrium for a
control volume in stable conditions is written as Equation
(28) [19, 29]. The input and output exergy rates are given
by the compressible fluid stream medium (here is the air)
relative to the reference environment state by Equations
(29) and (30) [19, 29]. The exergy rate of the heat transfer
to the MCPV/T collector only includes the exergy rate of
the solar radiation and, according to Petela theorem, is
obtained from Equation (31) [19, 29]. In Equation (31),
Tan is the temperature of the sun in Kelvin and
considered in the calculations 5774 °K [6]. The exergy
rate of work consists related to the output electric power
of the photovoltaic module reducing the consumed power
of the fan(s) is calculated by the Equation (32) [16, 19,
30-32]. The exergy efficiency of the MCPV/T collector
is defined as the net output exergy ratio to the desired

input exergy of the control volume according to Equation
(33) [19, 29]. By replacing Equations (29) and (32)
within Equation (33), the exergy efficiency of the
MCPV/T collector is obtained as Equation (34). In
general, the complete reference for evaluating the
performance of a PV/T collector is its overall efficiency
[20]. To calculate the overall efficiency, the thermal
efficiency equivalent to the electrical efficiency of the
system is calculated in accordance with Equation (35)
and summed up with the thermal efficiency of the system
in accordance with Equation (36). To obtain overall
efficiency, the electrical efficiency is divided by the
thermal power efficiency of the region [20]. Considering
the standard power plant thermal energy efficiency (C_f)
value of about 0.36, the overall total PV/T efficiency can
be calculated and measured in each experiment.

3. 4. Computational Simulation and Codes
Developing Due to the dependence of the thermal
analysis of the system on the electrical analysis, the
simulations are carried out in the coupled thermal and
electrical divisions. Thus, according to the algorithm
used in Figure 5, the values of the parameters obtained
from the experiment include ambient temperature, inlet
fluid temperature, solar radiation, wind speed and flow
rate of fluid, along with the geometric characteristics of
the channel and the thermophysical properties of the
various components of the system. These parameters are
entered in the simulator code. Initially, the temperature
of the solar cell and the electrical efficiency are assumed
within nested loops of codes, then the cell temperature
and electrical efficiency are finally accurately calculated.
In other words, during a repetitive process, the values
obtained for solar cell temperature and electrical
efficiency are compared with previous values.

TABLE 5. Efficiency equations including exergy, thermal and system overalls [6, 16, 19, 29-32]

Title Equation No.
Exergy balance equation in a steady-state condition Exg—Ex, + Exp — Expyy — 1, = 0 (28)
- . Tfin . Prin
Exergy rate of Inlet mass EXqirim = MGy (Tf,in = Tamp = Tamp In (Tf—b)) + MR Tgmp In (Pf' b) (29)
Exergy rate of outlet mass Exair,out = me (Tf,aut = Tamp — Tamp In (;f'w;)) + MRTymp In (l;fpu;) (30)
am am
. 4
Exergy rate of solar radiation intensity Exq = [1 -2 %) + % (%) ] X (Amoa X G) (31)
Network Exergy rate of outlet electrical power of PV~ Exy, = VinpImp — Pran (32)
. . __ NetOutput Exergy _ AExq+Exy
Exergy efficiency Nex = "ot tmput Exergy Exq (33)
P
- m|C (Tf,uu =Tfin=Tamp ln(Tu_]fr>>_RTamb ln( f,o{ur) +mplmp—Pfan
Exergy efficiency Nox = [ P\ S Tf'“l — Prin JIT PR (34)
Cmoao)[1-5 (e )5 () |
. . . . n
Thermal efficiency equivalent of electrical efficiency ~ Mei-th = o (35)
c i Uer(Trin—Tam Vimplmp—Pran
Overall energy efficiency Now = Nen + Nerern = Fr [hp(af)eff _ Uer( f,G ")] + CfIZAmpodeG ) (36)
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Finally, after a few iterations, the final modified values TABLE 6. MCPV/T system characteristics [11-14, 23, 24]

are obtained. In the next step, considering the MCPVT Parameter Value

convergence of the concluded values, the simulated

values of the fluid outlet temperature, the solar cell PV module type Polycrystalline Silicon-Glass to tedlar
temperature, the current of the maximum electric power Ly 0.990 m
point, the maximum electric power point voltage, the L, 0.680 m
electrical efficiency, the thermal efficiency, the overall serer 545 4

efficiency and the exergy efficiency are accurately
calculated. Of course, the values parameters of the Vocrer 21.60V
laboratory data and those calculated from the simulation

is calculated for simulator code of these parameters are fmpres >0t4

also calculated against the results of experiments. Then, Vinp,re 1786V
the RMS value of the computed validation using the Toettrer 298.15 K
MATLAB open-source-programming software. More

specifically, in order to calculate the error of the values Metres 0.1306

of simulation parameters relative to the laboratory values, a 0.0005 4/°C
the percentage of root mean square error (RMS) is

. B —0.0034V/°C
calculated by Equation (37) [14]: W
= Grep 1000 —
RMS = \/Z[loox(Xsim,i_Xexp,i)/Xexp,i] (37) m
n Tamb,ref 298.15 K
Table 6 contains the values of the required parameters to L, 0.003m
enter the simulator code. It should be noted that the w
values of the intensity of the solar irradiation, the ambient ko 1
temperature, the temperature of the fluid inlet into the . 0.95
system, the flow rate of the fluid inlet and the velocity of ¢ '
the fluid in the channel from the experimental data were & 0.88
applied to the simulation code. a, 0.85
Ly 300 X 10™°m
w
0 K 0.036 —
ar 0.5
/ Import the measured parameters |uc|ud|n§/ Ly 0.0005m
Tambs Tf,ins G» Vs Mave
And the presented data in Table 5 W
Kr 0.033 —
l m.k
Nete.g < Neteref NH 2
Teetng < Teettrer
N¢ 16
l L 0.486 m
Calculate the system thermal
parameters including: Ty, oues Teetts ot Neteg — Nete w 0.04 m
And Calculate the system electrical T T,
parameters including: Vinp, Imp: Nere iz s H 0.02m
\ t 0.002m
w
ete = Mete| < Error Kaq(@ 300K) 237 ——~
|Teen — Teeug| < Error '
B 0.83
C 0.36
Calculate the system effliciencies
including: Nenermats Noves Nexergy
And Calculate the RMS for all determined
parameters
4. LABORATORY RESULTS AND VERIFICATION
o The effect of a constant air flow rate of channels on the
Figure 5. The calculation methodology for MCPV/T performance of the system was investigated. The system

electrical and thermal parameters and exergy analysis is located in coordinates (35° 44' 35" N, 50° 57' 25" E) to
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the south and 35° from the horizon. The measurements
were carried out in two different scenarios, differing in
number of fans, ambient temperature, thermal, functional
and electrical parameters were measured and recorded in
a clear sunny atmosphere (blue sky) at time intervals of
30 minutes. Validation regarding the simulation is a need,
which is done in MATLAB. For this purpose, a
measurement plan is prepared to gather the relation
variables data, which changed through the period of
times. The results of the validation are shown in Figures
6,7,8and9.

Figure 6 shows the values of the measured
parameters, including the intensity of the sun's radiation,
wind speed and ambient temperature through with the
test conditions for two modes of measuring one ON fan
and three ON fans in the two consecutive days of October
2017.

Figure 7 shows the values of the measured and
simulated parameters, including the temperature of the
solar cell, the temperature of the back surface of Tedlar,
and the fluid outlet temperature for the two states of one
ON fan and three ON fans. In the test mode of one ON
fan, the percentage of RMS for the solar cell temperature
and the fluid outlet temperature were 6.02 and 2.90%,
respectively. In the case of three ON fans test, the
percentage of RMS for the solar cell temperature and the
fluid outlet temperature were 8.53 and 3.13%,
respectively, which indicates the appropriate consistency
between the experimental and simulated values.
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Figure 6. The irradiation, wind speed and ambient
temperature per local time, (a): one ON fan and (b): three
ON fans in the two consecutive days of October 2017
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Figure 7. The measured and simulated temperatures of the
solar cell, the back surface of Tedlar and outlet air medium
at the two states of: (a) one ON fan and (b) three ON fans

Figure 8 shows the values of the current and voltage at
the maximum point of the system output power for two
modes of one ON fan and three ON fans. In the test mode
of one ON fan, the percentage of RMS for the current at
the maximum point of the system output power was
5.98% and for the voltage of the maximum power was
11.44%. In the case of three ON fans test, the percentage
of RMS for the current at the maximum point of the
system output power was 6.77% and for the voltage of
the maximum power was 15.09%.

The values of overall energy, thermal, electrical and
exergy efficiencies for two modes of one ON fan and
three ON fans are demonstrated in Figure 9. In the test
mode of one ON fan, the percentage of RMS for electrical
efficiency, thermal efficiency, overall efficiency and
exergy efficiency were 10.11, 9.90, 6.73, and 9.78%,
respectively. In the test mode of three ON fans, the
percentage of RMS for electrical efficiency, thermal
efficiency, overall efficiency and exergy efficiency were
11.29, 12.72, 4.46 and 10.36% respectively. Also in this
figure, as can be observed, the amount of thermal
efficiency is much higher in terms of quantity than
electrical efficiency. However, these two efficiencies are
not homogeneous and according to Equation (35) in
terms of the quality, the ratio of the thermal energy output
ratio to the electrical energy output was 0.36. Based on
this description and considering Equation (36), the effect
of thermal energy efficiency on electric energy efficiency
is higher.
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5. PARAMETRIC STUDY AND ANALYSIS TO
ACHIEVE SYSTEM VARIATION BEHAVIOR

In this section, using the simulator program developed in
the MATLAB programming software, the effect of
different design, operational and environmental
parameters on overall energy efficiency according to
Equation (34) and exergy efficiency according to (36) of
the MCPV/T collector, are studied. In order to study the
effect of the change of each parameter on overall energy
efficiency and exergy efficiency, other parameters such
as intensity of solar irradiation, ambient temperature, the
fluid inlet temperature of the system and constant wind
speed are respectively equal to 800 W/m?, 300 °K, 300
°Kand 1 m/s.

5. 1. The Effect of Fan Location Two positions
related to the fans are possible; the end and middle of air
channels. The temperature of outlet air, overall efficiency
and exergy efficiencies for both cases are shown in
Figure 10-atoc.
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3 Fan, Turbulent Flow.
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Figure 10. Comparison of simulated results based on fan
localizing (a suction fan at the end or at the middle of the
system), for two states of one ON fan and three ON fans. (a):
Output air temperature profile, (b): Overall energy efficiency
and (c): Exergy efficiency

Under the conditions of one ON fan, and where the
suction fan is installed at the end of the system, the length
of the flow channel increased from 0.495 m to 0.99 m and
the average flow rate of the fluid increased from 0.0046
kg/s to 0.0092 kg/s. In both cases the flow regime is
laminar. Under the conditions of the three ON fans and
the the suction fan installed at the end of the system, the
length of the flow channel increased from 0.495 m to 0.99
m; the average flow rate of the fluid increased from
0.0109 kg/s to 0.0218 kg/s, and the flow of fluid in both
cases is turbulent.

As shown in Figure 10(a-1), in the case of one ON fan
and using a suction fan at the end of the system relative
to the middle of the system, due to the prolongation of
the flow path, the fluid outlet temperature increased. In
Figure 10(a-2), it is observed that in the case of three ON

fans, when the suction fan is installed at the middle of the
system, the temperature of the fluid outlet is increased
compared to the middle of the system. First, this is due to
the prolongation of the fluid path and secondly, increased
flow rates in the turbulent flow regime. Here, the amount
of heat transfer coefficient increases which will result in
receiving more useful energy.

In general, Figure 10(a) shows that the average output
fluid temperature is higher in the case of one ON fan
(laminar flow regime) compared to three ON fans
(turbulent flow regime). In other words, in the turbulent
stream regime, due to the higher heat transfer coefficient,
the fluid can receive more useful thermal energy from the
photovoltaic module and will reduce the average working
temperature of the system and achieving more in cooling
target of the solar cell.

As shown in Figure 10(b-1), in the case of one ON
fan and using a suction fan at the end of the system
relative to the middle of the system, the overall system
efficiency is reduced. This is due to the fact that the flow
regime has not changed and is still laminar, which results
in constant convection coefficient. Also, doubling the
flow path of the fluid, and consequently increasing the
area of the energy received from the sunlight, it has not
been able to receive enough heat relative to the increase
in the surface and the temperature of the solar cell is still
high. In Figure 10(b-2), it is observed that in the three-
fan mode, with the use of suction fan at the end of the
system relative to the middle of the system, the overall
efficiency of the system has increased. In fact, since the
increase in the surface area of the energy received from
the sunlight, it has been able to receive enough useful
heat and causes more achieving in the cooling target of
the solar cell.

In general, Figure 10(b) shows that, in the case of a
three-fans state (turbulent stream regime), the overall
system efficiency is higher. In fact, the heat carrier fluid
has been able to obtain more heat energy from the
photovoltaic module. Firstly, it will cool the photovoltaic
module and increase electrical efficiency. Secondly, the
thermal efficiency of the system is also increased due to
the greater thermal energy absorbed by the system.

As shown in Figure 10(c-1), in the case of one ON fan
and under conditions of use of the suction fan at the end
of the system relative to the middle of the system, the
exergy efficiency of the system has increased. In fact, due
to the increase in the temperature of the output fluid, the
mass flow could receive higher enthalpy and overall, the
system can produce more useful work.

In Figure 10(c-2), similar to Figure 10(c-1), and in
addition, generating more electrical power due to the
cooling of solar cells, the system can produce higher
useful work, and exergy efficiency of the system has
increased. Figure 10(c) indicates that the average
magnitude of the exergy efficiency is almost equal for
two modes of one ON fan and three ON fans, but in
general, the average exergy of ON fan is a bit higher. The
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reason is that, firstly, the fluid outlet temperature in the
case of one ON fan is higher, which due to the increase
in the enthalpy of the heat carrier fluid, it will result in
more useful work. Secondly, in the case of using three
ON fans, the electric power consumption of the fans,
which reduces 5.76 watts, is nearly three times more
compared to the case of one ON fan which is equal to
1.92 watts. Increasing the electrical energy consumption
will reduce the electrical efficiency of the photovoltaic
module and, consequently, decrease the efficiency of the
exergy.

5. 2. Effect of Mass Flow Rate, Flow Channel Height
and Combined Simultaneously Effect of Two
Parameters In Figure 11(a), it can be seen that
with increasing input flow velocity, the overall energy
efficiency increases. With a further increase in the fluid
flow rate of 0.05 kg/s, the overall energy efficiency was
almost constant and equal to 80%. Therefore, the effect
of increasing the flow rate of the fluid is negligible.
However, the exergy efficiency is initially increased by
increasing this parameter, and decreases when it reaches
a maximum at its optimal local point equal to 13.46%
(fluid flow rate equal to 0.024 kg/s). This is due to the
fact that increasing the speed of the inlet fluid increases
the pressure drop in the flow path and the power
consumption of the fans and reduces the exergy
efficiency.

As shown in Figure 11(b), the overall energy
efficiency decreases with increasing channel height and
reaches a constant value of 70%. When the fluid flow
height increases the fluid outlet temperature decreases;
therefore, the thermal efficiency decreases; that is due to
the lack of proper cooling of the photovoltaic module, the
electrical efficiency decreases and the overall energy
efficiency is reduced as a result of these two mentioned
reasons. At the same time, with the increase in the height
of the channel, the exergy efficiency is first increased and
then it changed its behavior and decreased. This decrease
is taking place just after achieving the maximum optimal
value of 13.64% (regards to the height of the channel
equal to 0.011 m). In the area before the optimal point,
the amount of pressure drop is very high and results in
loss of exergy efficiency. At the same time, in the region
after the optimal point, decreased output fluid
temperature will again decrease the exergy efficiency.

In Figures 11(c) and 11(d), the effects of
simultaneous changes in the flow rate of the fluid (in the
range of 0.001 to 0.045 kg/s) and the height of the
channel (in the range of 0.005 to 0.05 m) with constant
value of other system variables on the overall energy
efficiency and exergy efficiency have been
demonstrated. As shown in Figure 11(c), the maximum
overall energy efficiency values will occur in low
channel heights and high values of fluid flow rates and
the function of the overall energy efficiency drawn have
ascending behavior within the specific range.
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Figure 11. Changes of overall energy and exergy
efficiencies versus: (a) Air flow rate, (b) Height of the
channel; (c) Simultaneously effect of air flow rate and height
of channels on overall efficiency and (d) Simultaneously
effect of air flow rate and height of channels on exergy
efficiency
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This is while in Figure 11(d), according to the aligned
lines, the amount of exergy efficiency in the regions with
lower channel height is maximum and the exergy
efficiency function has two local extremum regions, at
the fluid flow rate equals to 0.011 kg/s, and a flow
channel height of 0.006 m has its maximum value of
14.04%. Also, in these conditions, the amount of energy
efficiency is calculated as 73.05%.

In Table 7, the results of thermal, electrical and
overall efficiencies for a summary of references
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investigating air-cooled PV/T system and the present
study are presented.

Indeed, Table 7 is a one-page comparison point of
view and explains the achievement of this work in
comparison with other similar researches that are
investigated in the literature survey. The concept that
separates finding of the present study is a consideration
on laminar and turbulent heat transfer in different case of
outcome variables such as irradiation and temperature.

TABLE 7. Comparison of the results of the present study with a previous works

Electrical
efficiency (%)

Thermal

Ref. efficiency (%)

Year

Overal

efficiency (%0)

| Exergy

efficiency (%) Description

20.21%
(One fan)

39.14%
(Three fans)

9.73%
(One fan)

9.35%
(Three fans)

Present
study

[11] 2006

15.7-18.3%
(Glass-to-glass)

13.4-16.5%
(Glass-to-tedlar)

[12] 2009 9.5-11%

[13] 2010 17.18% 10.01%

[25] 2013 18% 3.9%

[26] 2012 550 8-14%

[33] 2016 50% 15%

[34] 2016 56.19% 13.75%

[35] 2017 19% 12.8%

[36] 2018 21.3-82.9% 9.87-11.34%

47.24%
(One fan)

65.10%
(Three fans)

16%

43.4-47.4%
(Glass-to-glass)
41.6-45.4%
(Glass-to-Tedlar)

45%

28%

13.4%

31.2-94.2%

Modelling and analysis of an innovative
multi-channel photovoltaic/thermal
(MCPVIT) system with experimental
measurements including 16 open-air
aluminum channels for air medium flow
purposes on both one and three fan
mode.

10.72%
(One fan)

10.40%
(Three fans)

Performance investigation of the PV
module integrated with air duct for the
composite climate of India by using
thermal model and laboratory testing.

Analytical solution and laboratory testing
for performance comparison of two types
of photovoltaic (PV) module namely PV
module with Glass-to-Tedlar and Glass-
to-Glass.

Analytical expression and experimental
testing of single-channel PV/T system.

Double pass hybrid (PV/T) solar air
heater with slats (DPHSAH)

10.75%

A parallel array of ducts with inlet/outlet
manifold designed for uniform airflow
distribution which attached to the back of
the PV panel, with and without active
cooling.

Experimental study of applying the PVT
solar systems in Tunisian houses and
buildings on both passive and active
mode.

12-41%

The analytical expression derived from
the energy balance equations for the
system components and experimental
testing of an air single pass collector
which was reformed with a number of
thin rectangular fins.

A thermal model for semitransparent
PVT with thermoelectric cooler
(PVTTEC) collector derived from
overall energy balance maintained by
each component of the semitransparent.

12-13.8%

Evaluation of Steady-state on
photovoltaic thermal (PVT) collector
with V-groove by using the analytical
and the matrix inversion methods with
experimental studies.

11.72-13.06%
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6. CONCLUSION

An analytical expression at one-dimensional steady-state
boundary conditions has been performed to investigate
the solution of PV/T system thermal and electrical
behaviors. A proper agreement is achieved between
simulation and experimental results. Furthermore, with a
complex of a parametric study the items namely,
maximum outlet air temperature, overall energy and
exergy efficiencies has been derived based on scenarios
of laminar fluid flow, turbulent fluid flow and laminar
fluid flow, respectively. Also, in turbulent fluid flow,
when the position of fans are at the end of the channels,
the values of outlet air temperature, overall energy and
exergy efficiencies are more appropriate in compare with
the other position of fans. However, opposed to laminar
fluid flow, the fans' position in the middle, regards more
appropriate results in overall energy efficiency. The
effect of other parameters has been investigated on total
energy efficiency and exergy efficiency when one
parameter is variable and the others are constant. The
values of pressure loss, as the fans power consumption
and total energy efficiency increase based on the fluid
flow rate increases. The mentioned value decreases to a
constant value with the increase of channel depth. In the
case of exergy efficiency, it is issued that the local
optimum point is declared over the change of fluid flow
rate and channel depth. In this research, a heat exchanger
at the extending surface is developed with the concept of
72.19% overall energy efficiency and 12.66% exergy
efficiency at experimental test condition.

In this research, the following results have been
obtained:
(1) The thermal efficiency, electrical efficiency, overall
energy efficiency and exergy efficiency of the MCPV/T
system under ambient test conditions of one ON fan were
20.21, 9.73, 47.24 and 10.72%, respectively and under
the conditions of three ON fans were 39.14, 9.35, 65.10,
and 10.40%, respectively. The use of three fans will
increase the flow rate of the fluid and turn the flow
regime into turbulent which cools the system, and at the
same time increases the thermal efficiency and overall
energy efficiency. Due to the increased power of the fan
in the three-fan mode, the average electrical efficiency is
reduced by 0.74% compared to one fan mode, which
reduces the exergy efficiency. To overcome this problem,
a low-power fan can be used within a MCPV/T system in
a higher surface area, the problem of high fan power
consumption will be eliminated due to higher power
output.
(2) The RMS values of overall energy and exergy
efficiencies in the conditions of one ON fan are 6.73 and
9.78% respectively, and in the case of three ON fans, it is
4.46 and 10.36%, respectively, which is consistent with
previous studies. Therefore, a parametric solution to
predict the system response to overall energy and exergy

efficiency has been used.

(3) In the state of one ON fan (laminar flow regime) in
the system compared to three ON fans (turbulent flow
regime), the average fluid temperature is higher and the
total system energy efficiency is lower. The average
magnitude of the exergy efficiency for the two states is
almost equal, but the average of the exergy of the one ON
fan mode is higher to a small extent.

(4) Under fan positioning conditions at the end of the
system compared to the middle of the system and in the
presence of one fan, the fluid outlet temperature and
exergy efficiency increase and the overall energy
efficiency decreases. Under the same conditions with
three fans, the fluid outlet temperature, the exergy
efficiency, and the overall energy efficiency of the
system have increased.

(5) By increasing the flow rate, the overall energy
efficiency increases to a constant value of 80% and the
amount of exergy efficiency has a local maximum value
of 13.46% at a fluid flow rate of 0.024 kg/s. With
increasing channel height, the overall energy efficiency
decreases and reaches a constant value of 70% and the
exergy efficiency has a local maximum value of 13.64%
at the channel height of 0.011 m.
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