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Abstract— This work presents a comprehensive parametric
study of thermal and electrical performance of four
different designs of photovoltaic/ thermal air heaters (PV/T)
based on energy and exergy analysis. The results are
compared to that from the conventional design of flat duct
PV/T. The main goal of these designs is to enhance the heat
transfer inside the air duct and consequently to increase the
system’s electrical power output. A computer simulation
program has been developed in order to calculate the
electrical and thermal PV/T collector parameters. The
results indicate that an increase of 52, 52.4, and 68.25 % in
the total system efficiency has been achieved from the
corrugated duct, double pass design and finned duct
respectively. Furthermore, at a low mass flow rates the
electrical efficiency has also been improved for the three
types by 9.8, 14.6 and 12.6 % respectively compared to that
of flat duct design. The temperature of the PV arrays has a
major effect on the exergy efficiency and removing heat
from the PV module keeps the net power output at
satisfactory level.

Index Terms: Solar energy, exergy, photovoltaic/thermal.

I. INTRODUCTION

hotovoltaic solar systems are one of the most

promising sources of electrical energy. The low
efficiency of PV modules is caused by the lower
conversion efficiency of their cells which is estimated to
be from 6-15% for silicon solar cells [1]. Different
techniques have been used to improve the PV modules
performance. Some of these techniques are based on
increasing the income radiation on the PV cells by using
concentrators, lenses, or using solar tracking. However,
the problem associated with these techniques is the
increase of the PV cells temperature above the operating
limit. In fact, the increase in cells temperature decreases
the solar cells efficiency and hence decrease the
maximum power output from about 0.3- 0.5% per degree
Celsius [2, 3].
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The reduction of electrical efficiency can be partially
avoided by heat extraction using cooling media. The
setup is established by attaching a rectangular duct to the
back surface of the PV module with controlled circulation
of fluid at low inlet temperature. Through the duct, heat
is extracted from the PV module to maintain the electrical
efficiency at satisfactory values. In addition, the extracted
heat can be used as a thermal energy for low temperature
applications which, in turn, increase the total system
efficiency [4]. The new configuration calls photovoltaic
thermal system (PV/T) that generates both heat and
electricity simultaneously.

During the past four decades, the performance of PV/T
systems has been studied widely using experimental and
numerical methods. Among those studies is the steady-
state model presented by Sopian et al. [5]. The authors
investigated the performance of a single and double pass
photovoltaic thermal solar collector suitable for solar
drying applications. Garg, had developed a computer
simulation model for predicting the transient performance
of conventional PV/T air heating collector with single
and double pass configurations [6]. Kalogirou,
Tripanagnostopoulos, presented TRNSYS simulation
resulted for hybrid PV/T solar system for domestic hot
water application [7]. Alfegi et al. investigated a double
duct PV/T air system experimentally with fin, to increase
heat transfer, and with compound parabolic
concentrating, to concentrate solar radiation on solar cells
[8]. Elsfi and Gandhidasan, presented a simulation model
for predicting the thermal and electrical performance of
PV/T air heater. The authors evaluated a double-pass flat
plate hybrid PV/T with attached vertical fins of different
configurations and different material [9]. Ben cheikh el
hocine et al., presented a detailed thermal model to
calculate the thermal parameters of typical PV/T
collector. Some corrections were conducted on heat loss
coefficient in order to improve the thermal model of
PVI/T collector. The authors indicated that their results are
in a good agreement with the experimental measurements
observed in their previously published research [10]. The
studies mentioned above examine the PV/T systems
performance from the point of view of energy. However,
exergy analysis usually provides more realistic and
practical aspects of the process than the energy analysis.
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Joshi and Tiwari evaluated exergy and energy analysis of
PVIT air system for cold climate of India. They observed
that an instantaneous energy and exergy efficiency of
PVIT air heater varies between 55-65% and 12-15%,
respectively. Chow et al. developed energy and exergy
analysis of PV/T - water with and without glass cover.
Their numerical model results indicated that the higher
energy efficiency for a model with a glass cover but the
exergy efficiency was higher for the model without cover
[12]. The exergy analysis of integrated photovoltaic
thermal solar water heater under constant flow rate and
constant collection temperature modes was investigated
by Tiwari et al. [13]. Agrawal and Tiwari evaluated
energy and exergy of a hybrid micro-channel PV/T
module under constant mass flow rate of air [14].
Sarhaddi et al. evaluated the exergy performance of solar
photovoltaic thermal (PV/T) air collector. Their results
showed that the overall exergy efficiency and energy
efficiency are about 45 and 10.75%, respectively for an
unglazed PV/T model [15]. Joshi et al. also studied the
performance characteristics of a photovoltaic (PV) and
photovoltaic-thermal (PV/T) system in terms of energy
efficiency and exergy efficiency, respectively. They
proposed equations for the energy, electrical, and exergy
efficiency of a PV system [16]. Sarhaddi, Farahat and
Ajam investigated exergetic optimization of typical flat
plate solar collector under given operating conditions.
They considered the geometric and the other operating
parameters as variables [17].

In this study, the thermal and electrical performance of
four types of PV/T photovoltaic thermal air heaters based
on energy and exergy analysis is studied. The type-1
module is the flat rectangular duct PV/T air heater as
shown in Fig.1- a. Type-2 has a corrugated duct for both
the rear plate and the back surface of solar cells as shown
in Fig.1-b. However the wavelike shape of the back
surface of the cells and that of the bottom plate is along
the flow direction. Type 3 module is the double-pass
PVIT solar air heater with vertical fins attached to the
lower surface of the solar cells as shown in Fig.1-c. A
number of ten rectangular fins are attached in the air
passage between the back surface of cells and the rear
plate in Type 4 (Figure.1-d.). All of the PV modules are
polycrystalline PV solar modules (SOL-060-01). The
electrical specifications are shown in tablel.

Il. ENERGY ANALYSIS

A. Energy balance Equations:
A.1. Energy balance for the glass cover:

On a glass cover, the energy gains are the solar energy
absorbed by the glass cover Ga, where a, is the
absorptivity of the glass cover and the convection and
radiation heat transfer from the cell surface to the glass
cover. The energy losses through the glass cover are the
convection heat transfer from the glass surface to the
ambient due to the wind and the thermal radiation from
the glass surface to the sky.

www.ijeit.misuratau.edu.ly

Table.1 Thermo-Physical Parameters and Operating Parameters.

Solar(PV/T) air collector parameters Value

(PV) module type Polycrystalline

ISSN 2410-4256

silicon (60 W)
The length of (PV) module, L, 1.5m
The width of PV module, L,
0.5m
The short-circuit current at the reference
3.79A
conditions, I ref
The open-circuit voltage at the reference
216V
conditions, V, ref
The maximum power point current (actual) at
345A
the reference conditions, Ipp rer
The maximum power point voltage (actual) at
p p ge ( ) 174V
the reference conditions, Vi, ref
The solar radiation intensity at the reference
iy 1000 W/,
conditions, Gef m
The ambient temperature at reference
298.15K
conditions, Tamp ref
The solar cell temperature at reference
298.15K
conditions, Ty ref
The electrical efficiency at the reference
15 %
conditions, Mg ref
Gag + (hc,cell—>g + hr,cell—»g) * (Tcell - Tg)
= (hr,g—>sky + hw) * (Tg - Tsky) €]

A. 2. Energy balance for the cell:
On the cell surface, the incoming absorbed insolation

S =rt4a.l. where 7, is the transitivity of the glass, is
distributed to thermal losses to the glass cover by natural
convection and radiation, convection heat transfer from
the back surface of cells to the working fluid, radiation
heat transfer from the cells back surface to the rear plate
and electrical energy produced by the cells.
S= (hc,cell—>g + hr,cell—>g) * (Tcell - Tg) + (hc,cell—>f)

* ( cell — Tf) + (hr,cellep)(Tcell - Tp)

+ Pel (2)

Where P,; = (1 — a,) * a.n.GAs (The electrical energy
produced by solar cell).

A. 3. Energy balance for the fluid:

For the working fluid, the heat gained from the cells
back surface by convection is distributed to the heat
carried away by the fluid and the convection heat
transferred from the fluid to the rear plate.

(hecetiof) * (Teeu — Tr)

= 11y (Tour = Tin) + (he,pop)
* (Tf - p) ®)
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A. 4. Energy balance for rear plate:

On the rear plate, the heat gain from the fluid via
convection and the heat gain from the cells via radiation
are balanced by the conduction loss to ambient.

(hC.f—ﬂJ) * (Tf - Tp) + (hr,cell—m) * (Tcell - Tp) =
hp(Tp - Tamb) (4)

1. DETERMINATION OF HEAT
TRANSFER COEFFICIENTS

The convection heat transfer coefficient from the glass
cover due the wind is given by the dimensional equation
recommended by McAdams (1954) [2].

h, = 5.7 + 3.8V, 5)

Where V,, is the wind speed in m/s and usually taken
equal to 1.5 m/s [18].

The radiation heat transfer coefficient from the glass to
the sky can be obtained by the following correlation [19].

hr,g—»sky =
* * (T -T's )
oeg(Ty + T sy) [(ng + T %y) * ((Tan’:))] (6)
Whereo = 5.67 x 1078 W/m2k4 is the Stefan-
Boltzmann constant, ¢, is the emissivity of the glass
cover and T~g,, is the sky temperature which can be

obtained from the correlation recommended by Swinbank
[20].
T* gy = 0.0552T*5 (7N
The radiation heat transfer coefficient between the cell
and the glass cover and between the cell and the rear plate
can be obtained respectively, by [2].

U(Tzcell + ng) * (Tcell + Tg)

hr,cell—»g = 1 1 )]
fec+ ey —1
And
T2 e + T2 Teen + T,
hr,cell—»P = 0( o P) - ( el P) (9)

1/£C + 1/sp -1

The conduction heat transfer coefficient cross the

insulation to the ambient can be estimated by
K;
h, = A (10)
where K; is the thermal conductivity of the insulation and
A; is the mean thickness of the insulation.

The convection heat transfer coefficient between the
glass cover and the cell surface for the flat, finned, and
corrugated duct is calculated by

hc,cell—>g = Ny cellog * 77~ an
H.
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Figure.1. b. Corrugated Duct PV/T Air Heater.
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Figure.1. c. Double-Pass PV/T Air Heater.

Figure.1. d.Finned Duct PV/T Air Heater.
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Figure.1. Proposed Channel Designs of PV/T Air Collector.

where K is the thermal conductivity of the air, H, is the
mean gap thickness between the cells surface and the
glass cover, and N, coi-g is the Nusselt number for the
natural convection in the channel.

For all types except the double-pass design, Ny, cepi—g
can be estimated by the following correlation [21].

1708(sin1.86)% 1708 1
Ny cong = 1+ 14411 — [1 -

R, cosf R, cos@

1/3 +
+ (Ra cose) —1 12)
5830

where 6° is the inclination angle of the solar panel and
R, is Reyleigh number which can be obtained using the
following correlation [2].

pchairg .3 (Tcell - Tg)Hc3
R = T (13)

g = gravitational constant.
B = volumetric coefficient of expansion.
Cpqi-= heat capacity of the air.
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u = dynamic viscosity.

where the meaning of (+) exponent is that only positive
values of the terms in the square brackets are to be used
(i.e., use zero if the term is negative).

The Nusslet number between the solar cell and the
glass cover for the double pass design can be estimated
from the correlation:

Ny ceting = 0.052R,*7®p.%* (14)

The forced convection heat transfer coefficient
between the cells back surface and the fluid and between
the fluid and the rear plate are calculated by

K
hc,f%p = hc,cellaf =N, cell>f * D_h (15)

D, (m) is the hydraulic diameter of the air flow
channel formed by the cells surface and the bottom plate
which for flat and corrugated design can be calculated
from:

2W =+ H
o=y s, (16)

While for the finned and double pass design is

2W+H
— g
Dn = /W +Hy(1+x) an

where W (m) is the PV module width, H, (m) is the
mean gap thickness between the cell back surface and the
bottom plate, x is number of fins attached to the fluid
duct and N, ceyp is the Nusselt number for the
convection of fluid moving in the air flow channel.

For the flat duct, N, .- Can be estimated by the
following correlation [22,23].

Ny ceusy = 0.01583R,%° (18)
Where R, Reynolds number is defined as follows
UsD
R = (19)

Uy is the mean velocity of the fluid in the channel.
This correlation is valid for 3,000 < R, < 50,000,

For the corrugated duct, Nusselt number for forced
convection in the air flow channel can be estimated using
the following correlation. [24]

Ny ceusy = 0.0743R,%7¢ (20)

For the finned duct, Nusselt number for the convection
of fluid moving in the air flow channel can be estimated
using the following correlation [2].

Ny cetiny = 0.0293R,%® 1)
While for the double-pass design, Nusselt number can

be calculated from the following correlation [25].
Ny cellsf = 1'017Re0'471P,0-4 @2
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Reynolds number can be calculated as follows.
2p.(Uf *
R, = pe( f g) 23)
He
To increase the results accuracy, density, thermal
conductivity and dynamic viscosity of the air can be
estimated from the following empirical correlations [3].

pe = 3.9147 — 0.016082T + 2.9013 * 1075T? — 1.9407

« 10783 (24)
K. = (0.0015215 + 0.097459T — 3.3322 * 1075T2)

«1073 (25)
pe = (1.6157 + 0.06523T — 3.0297 * 10~5T2)

*1076 (26)

The correlations above valid for (280k — 470k).

The pressure drop experienced by the air flow through
the channel due to the flow friction and by neglecting the
effect of surface roughness and the effect of the air
compressibility can be computed from the relation [21]
[22] [23].

2fpUF2L
Ap:fp—f

Dp

27

Where f the friction factor for turbulent flow and for
typel is given by [2].

f =0.0791R,7%%° (28)

And for the corrugated and finned duct can be
calculated by [24].

f = 0.059R, %2 (29)

While for the double-pass design, it is calculated from
the following correlation:

f =0.0791R, % + 0.059R, ~*? (30)

The pumping power required to pass the air through
the channel can be obtained by using the relation [23].

nAP
Pfan ZmT (€20

IV. EXERGY ANALYSIS

The exergy efficiency of PV/T air collector system can
be expressed in two different ways; it can be defined base
on net output exergy (thermal and electrical exergy
output) and /or in terms of exergy loses (exergy
destruction). In this study, we will use only the first
technique for calculating the exergy efficiency as follows:

_ Net (desired) output exergy rate

Nex

" Net (supplied) input exergy rate
Ex,
— Z out (32)
Y Exin .
The exergy balance equation for a control volume can
be written as follows [26].
E, —E

Xfin Xini

= By — By, + Eap — E

in Xout

- jc,v (33)
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Where:

E,.. isexergy rate of final mass in control volume.
fin

E,. . is exergy rate of initial mass in control volume.
mi

The exergy change of final and initial mass in control
volume presents the thermal exergy gain for the fluid
occupied in the system from the PV and it can be defined
as [15] [26].

. . Mo Cpcent Teent
Exfin - EXini = (%) [Tcell — Tamp — Tambln (T:;bﬂ

|23
- (Voclsc - Vmp mp) Ce (34')
Tsun

The specific heat capacity of silicon solar cell can be
calculated from [27].

Cpcent = 0.844 + 1.8 X 107*T,,; — 1.55 X 10*T 5 (35)

Eins heat transfer exergy rate or the inlet exergy rate

for PVIT system that includes only solar radiation
intensity exergy and it can be expressed according to
Petela theorem as follows [26].

A [1 4<Tamb)+1<Tamb)4] 36)
B s 3 Tsun 3 Tsun
E,,is work exergy rate which presents the net

electrical power output and it can be calculated as
follows:

E

XQ.sun

mAP
PNfan

(37

Prqn is the electrical power consumed by the fan to pass
the air inside the duct. two DC 12V fans attached to the
PV/T module to blow air into the air duct and dimensions
of (12" =12").

Exm is exergy rate of inlet mass and it can be
calculated as follows [26].

0 . Tin
Eyin = MCp [Tin — Tamp — TampIn Tamb
am
P.
+ MRT gy In (L) (38)
Pamb

Exout is exergy rate of outlet mass and it can be
calculated as follows [26].

- . Tout
Exout = me Tout = Tamp — TampInt Tamb
am.

P
+ RT,pln ( - ) (39)

amb

1., is the irreversibility rate in control volume [26].

I, =XE +XE =YE +XE (40)

Xjoss,ext Xloss,int Xloss,ext Xloss,des

The exergy efficiency for the PV/T system in term of
net output exergy can be written by substituting equations
33-40 into equation 32.
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TIEX C
(mcellAtP,cell> Toorr = Toomp — Tambln( cell )]

mp mp Tsun

0

GA [1 _x amb 1 ]
Sun 3

Tompln (7%"“)] + MRTympn Vinp

6451 -5 () + 3 (e

Pfan

su)
]

V.PERFORMANCE PARAMETERS:

mC [Tuut m
+

A. Thermal efficiency:

mecy,(To—T;)
en = 22T (42)

B. Solar cell efficiency: [28]

Ne = 771‘[1 =B (T, — Tr)] (43)

Where n,. is the reference efficiency at the reference
temperature, T, is the reference temperature which
always takes equal to 25°C, and B, is the cell efficiency
temperature coefficient (K1) which can be found from
the following correlation:

Br=1/(T". —T) 44

Where T*, = 270°C is the solar cell temperature at
which its efficiency drops to zero.

C. Electrical efficiency:
The electrical efficiency is given by:

Ne =1nc(1— Rg)(l - ag) (45)

V. SOLUTION FOR THE
TEMPERATURE AND EFFICIENCIES

It is obvious that it is difficult to find an analytical
solution for the temperatures T, , T¢,T, and T, for the
equations 1-4, and the efficiencies for the equations 41-45
as most of the heat transfer coefficients are functions of
these temperature. Hence, the values of these parameters
can be obtained numerically with an iteration method.
The matrix inverse method [T] = [h]~[C] was used to
find the values of the temperatures of PV/T system
components, where [T] is the variables matrix, [h] is the
coefficients matrix (heat transfer coefficients) and [C] is
the constants matrix. A MATLAB script has been
developed to solve this system of equations numerically
for the four types of configurations.

VI. RESULTS AND DISCUSSION

A. Solar PV/T system components temperatures:

The results show that by increasing the mass flow rate
my from 0.016 — 0.301kg/s , the glass cover; solar cell;
rear plate and the air outlet temperature decrease
significantly for the four types of PV/T configurations.
That is due to the increase in the turbulence inside the air
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Figure.3. Effect of Mass Flow Rate on the PV/T Component Temperature
duct and the increase in the forced convection of heat -
T_amb =300k G=9500 [ gy Duct depth = 0.05m

transfer coefficient as shown in Figure 3. The temperature
increases in type 1 more than that of types 2; 3and 4 for
the solar cell, the glass cover and the rear plate while the
condition is different with regard to the outlet air
temperature.  In addition, the corrugated duct design
gives slightly higher temperatures than the finned and
double-pass types for both the solar cell and the rear plate
at low air flow velocities. Nevertheless, it gives
approximately the same air outlet temperatures for all
mass flow rate variations.

B. Solar PV/T system efficiencies:

The simulation also shows for all types of PV/T
configuration that, by increasing air mass flow rate inside
the channel, the electrical and solar cell efficiencies
increase. That is due to cooling caused by adding more
air mass flow rate at ambient temperature. The increase in
the heat transfer coefficient between the back surface of
cells and the working fluid, results in lower solar cell
temperatures. Furthermore, the amount of heat extracted
from the PV which is increased by the mass flow rate
increase, results in rapid thermal efficiency improvement.

However, the corrugated; finned; and double-pass
PVIT configuration give minor differences in electrical
efficiency for all mass flow rate variations above 0.1kg/s.
In the meantime, all of them result in a higher electrical,
solar cell, and thermal efficiencies than the flat PV/T
module as shown in Figure 4.

For the exergy efficiency of typel, a significant increase
is seen as a result of increasing the mass flow rate until it

www.ijeit.misuratau.edu.ly
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Figure.4. Effect of Air Mass Flow Rate on the PV/T Efficiencies.

reaches 0.2 kg/s then it starts to decrease. Type 2, type 3,
and type 4 show decreasing in the exergy efficiency even
at low air mass flow rates as shown in Figure5. That is
probably due to increasing the pressure drop inside the
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Figure.5. Effect of Air Mass Flow Rate on Electrical Power.

channel which results in more power consumption by the
fan to deliver more air inside the channel.

In general, type 1 gives lower exergy than type 2, type
3, and type 4 for wide variation of mass flow rates.
However, when the mass flow rate riches 0.15 kg/s, the
finned and double-pass duct PV/T start to give lower
exergy efficiency than the flat one because of the reason
mentioned in the previous paragraph. The finned,
corrugated, and the double-pass PV/T show almost
similar exergy efficiency until the mass flow rate reaches
0.12 Kg/s. After that, the finned and the double-pass
PV/T exergy efficiency drops rapidly with any increase in
the mass flow rate.

The amount of electrical energy produced by the solar
cell is increasing with any increase in the mass flow rate
as shown in Figure 6. However, type 1 produces slightly
higher electrical power than type 2 at low mass flow rate
and it gives a similar electrical energy output at any mass
flow rate higher than 0.061kg/s. Both type 1 and type 2
produce much higher electrical energy than type 3 for all
mass flow rate variations.

VIl.  CONCLUSION

This study has dealt with performance evaluation of a
hybrid photovoltaic thermal (PV/T) air collector system
based on energy and exergy analysis. The four types of
PV/T modules namely flat rectangular duct PV/T,
corrugated duct PV/T, double-pass PV/T with vertical
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Figure.6. Effect of Air Mass Flow Rate on the Total & Exergy
efficiencies.

fins, and finned duct PV/T are considered for comparison
purpose. From the study, the following conclusions can
be drawn:

e The corrugated duct PV/T gives superior
hydraulic performance than the other PV/T
modules, which means less pumping power
requirements.

e The finned duct PV/T shows a maximum
enhancement in heat transfer, especially at low
mass flow rates.

e Unlike the corrugated design, the double-pass
and finned design show significant drop in
exergy efficiency with increase the fan velocity,
which is due to the high-pressure drop associated
to their design configuration.

e The double-pass PV/T shows higher electrical
efficiency for mass flow rates less than 0.18
Kagfs.

e The finned duct PV/T and corrugated duct PV/T
show almost similar total efficiency for a long
mass flow rate variation. Both of these
configuration results higher total efficiency than
the double-pass and the flat duct PV/T.
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