
lable at ScienceDirect

Energy 171 (2019) 14e26
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Enhancement of the performance of Photovoltaic/Trombe wall system
using the porous medium: Experimental and theoretical study

Omer K. Ahmed a, *, Khalaf I. Hamada b, Abdulrazzaq M. Salih b

a Technical College/Kirkuk, Northern Technical University, Iraq
b College of Engineering, Tikrit University, Iraq
a r t i c l e i n f o

Article history:
Received 3 September 2018
Received in revised form
27 November 2018
Accepted 1 January 2019
Available online 4 January 2019

Keywords:
PV/Trombe wall
Performance
Porous
Medium
Effect
* Corresponding author.
E-mail address: omerkalil@yahoo.com (O.K. Ahme

https://doi.org/10.1016/j.energy.2019.01.001
0360-5442/© 2019 Elsevier Ltd. All rights reserved.
a b s t r a c t

The hybrid Photovoltaic/Thermal systems are suffering from the low electrical performance as a result of
elevated its temperature. Present work attempts to enhance the performance of a hybrid Photovoltaic/
Trombe wall (PV/TW) system through employing a porous medium. In this article, the effect of porous
medium, DC fan and glass cover on the performance of a PV/TW was accomplished by the design and
implementation of an experimental system to achieve this target. The mathematical method to predict
the performance of a PV/TW systemwas also offered based on a simplified concept of an energy balance.
The results of the theoretical study agreed well with the practical results in terms of the estimated
temperature of the solar cell.

The results revealed that incorporating the porous medium and DC fan offered favorable features of
the system performance, while the glass cover has a conflict effect. It was confirmed that using porous
medium and DC fan reduces the temperature of PV cell and increases the room temperature. Whereas,
the presence of the glass cover in front of the system leads to elevate the temperatures of the room and
solar cell. The presence of porous medium with DC fan increases the values of thermal and electrical
efficiencies about 13% and 4%, respectively. Furthermore, the combined effect of porous mediumwith DC
fan and glass cover increases the values of thermal and electrical efficiencies about 20% and 0.5%,
respectively. It is recommended to integrate the PV/TW system with DC fan and porous medium for
further conversion of solar radiation and improve building comfort conditions.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The world today is facing the energy crisis, as it has become one
of the most important problems due to the large and continuous
increase in energy consumption that depletes conventional energy
sources. In addition, there is a limited reserve of conventional en-
ergy resources, as well as a significant rise in fuel prices and envi-
ronmental problems [1]. Research and studies have begun focusing
on renewable energy, especially solar energy, to address conven-
tional energy problems and replace it with a clean and environ-
mentally friendly option [2].

The Trombe wall is one of the passive solar systems that take
advantage of the available solar energy in nature and converts it
into heat without any electrical or mechanical assistance. A Trombe
wall is always fixed on the southern façade of buildings in the
d).
northern hemisphere to increase solar energy throughout the year.
The principles of the Trombewall are described as shown in Fig. 1. It
consists of a wall of concrete for heat storage and the wall is dyed
with a black color to increase absorption of solar radiation. There
are layers of glass at 5e10 cm distance from the concrete wall to
increase the intensity of solar radiation [3].

In the past decades, modern technologies that use solar cells to
generate electricity have been introduced. A photovoltaic (PV) cell
can be integrated with buildings in diverse ways (rooftops, façades,
PV/Trombe wall (PV/TW),…etc.). The PV cell in such hybrid system
not only produces the electricity but also helps in heating, day
lighting, and reduces cooling/heating loads, as well adds the
aesthetic of the building [4]. Generally, these hybrid systems can be
classified into PV/Trombe wall, building-integrated photovoltaic
(BIPV) system, and PV/thermal collector. These hybrid systems are
more efficient than separate solar thermal and electrical systems
[5,6].

PV/TW system considers favorable architectural technology and
utilizes solar energy for generating electricity as well as cooling and
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Nomenclatures:

G Solar radiation (W/m2)
E The power output of the PV modules (W)
Tc Temperatures of the solar cell (oC)
Tf Temperatures of air flow (oC)
Ta Ambient temperature (oC)
Twall The temperature of the outside surface wall (oC)
Tout Air temperatures of outlet duct (oC)
Tin Air temperatures of inlet duct (oC)
Tp The temperature of plate aluminum (oC)
Tpm Temperature of porous medium (oC)
_mf The mass flow rate of air (kg/s)
cpf Specific heat of air (J/kg.k)
hc;c�a Heat transfer coefficient for convection on the

outside surface of the solar cell (W/m2.K)
hr;c�a Heat transfer coefficients for radiation on the outside

of the solar cell (W/m2.K)
hc;p�f Convection heat transfer coefficient from the back

surface of aluminum plate to air flow (W/m2.K)
hr;p�f Radiant heat transfer coefficients coefficient from the

back surface of aluminum plate to air flow (W/m2.K)
hr;pm�f Radiation coefficient of heat transfer from porous

medium to the air in the duct (W/m2.K)
hc;pm�f Convection coefficient of heat transfer from porous

medium to the air in the duct (W/m2.K)
hc;wall�f Convection coefficient of heat transfer from wall to

air in the duct (W/m2.K)
V Wind speed (m/s)
Vf Air velocity in the air channel (m/s)
W Width of the PV/Trombe wall (m)
X Height of the PV/Trombe wall (m)
D The depth of the air duct (m)
Ac Area of PV/Trombe wall (m2)
Am Specific wetted area (m2)
dpm The diameter of the glass spheres (m)
Dhd The equivalent diameter of the porous medium (m)
UT Overall coefficient of heat transfer between solar cell

to ambient (W/m2.K)

Ubottom Overall coefficient of heat transfer between plate
aluminum to solar cell (W/m2.K)

I Electric current (A)
Vo The voltage of the solar cell (V)

Greek Symbols
ac absorption factor of the solar cell
ε1 Emissivity on the front side of the solar cell
ε2 Emissivity on the back side of the aluminum plate
εc Emissivity of the outside of the PV glass panel
εa Emissivity of an ambient environment
εp Emissivity of the inside of the plate aluminum
εpm Emissivity of the porous medium
hele;s Electrical efficiency under standard conditions (%)
mf dynamic viscosity of air (Kg/m.s)
rf Air density (kg/m3)
lf Thermal conductivity of air (W/m.K)
lpm Thermal conductivity of porous medium (W/m.K)
bpm Constant depended on shape porous medium
hth Thermal efficiency (%)
hele Electrical efficiency (%)
F Porosity
bc Packing factor
ap Absorptivity's of plate
tg Transmittance factor of the front cover glass of solar

cell
cf A volume of fluid (m3)
ct Total volume (m3)

Subscripts Abbreviations
C Solar cell
c Convective
f Air
g Glass
p Plate aluminum
pm Porous medium
r Radiant
si Silicon
t Tube
T Total
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heating in different climate areas. The structure of the PV/TW
system is shown in Fig. 2. The PV panel is fixed on the south side of
the room, which acts as a thermal absorber. Two air slots for
heating at winter and two other slots for cooling at summer. For air
heating, the winter slots are opened, while the summer air holes
are closed. The air from the room enters through the lower winter
slots into the air duct due to the buoyancy effect. It not only pro-
duces thermal heat and electricity but also reduces the temperature
of the solar cell. The air in the duct extract the heat away from the
PV panel, then enters the room. While during the summer season,
the behavior is vice versa [7].

Many factors affect the efficiency of the PV/TW system and
these factors should be considered when designing this system in
buildings. Irshad et al. [8e10] offered a simulation model of an
experimental room with PV/TW system using TRNSYS software.
The effect of the mass flow rate of air and three types of glass cover
on the performance of the PV/TW system was studied. The results
showed that the double-glazing PV/TW system loaded with argon
demonstrated a significant reduction in cooling load and room
temperature, while PV productivity increased. However, the val-
idity of there simulation model was not clarified, as well as the air
velocity estimation was not well identified. Koyunbaba and Yilmaz
[11] carried out a comparison of a Trombe wall with single glazing,
two-fold glazing, and PV cells in Izmir. The results showed that the
two-fold glass had higher insulation properties at night, while
single glazing produced a high thermal gain in daytime due to
higher solar radiation transmissivity. It was recommended to
remodel the system for summer cooling in order to overcome
warming in summer. Although, the system should be optimized
before extending its applicability for various climatic and opera-
tions conditions. Also, Koyunbaba and Yilmaz [12] evaluated the
performances of fan-assisted single glazing, double glazing, and PV/
TW designs. The results confirmed that the use of the fan decreases
thermal efficiency and increase electrical efficiency. Also, it has
been found that the insulating properties of double glass are much
better than a single glass. It works to reduce heat loss to the sur-
rounding at night and this is important for heating inwinter. Also, it
was noted that for winter heating is redundant to use of fan in these
systems. However, it was not clear about the influence of the fan
energy consumption and air velocity.

Jie et al. [13] introduced a novel system for PV/TW through
connecting to a DC fan and compared the performance of the



Fig. 1. Principles of Trombe wall.

Fig. 2. Schematic of PV/TW system.
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system with a normal Trombe wall-solar cell. However, For
matching the voltage requirement of the system, the DC fan was
connected to a separate PVmodule. It was showed that the assisted
DC fan could be improved in some level the averaged temperatures
of the room and PV cells. However, the trends of electrical perfor-
mance is not well captured due to the lacking of measured data.
Furthermore, the optimum fan speed and the fan's energy con-
sumption did not involved. In some level Yi et al. [14] investigated
the influence of DC fan on the performance of PV/TW system
through a simulation model. It was noted that as the fan speed
increases, the average room temperature and thermal efficiency
improve firstly and then deteriorate, while there was uncon-
spicuous augmentation in electrical efficiency. Even so, the impact
of the energy consumption of DC fan on the overall efficiency of the
system's was not considered. Ji et al. [15] studied the electrical and
thermal performance of PV/TW utilized in Tibetan residential
buildings based on simulation model. It was confirmed that when
the width of PV/TW increased, the room temperature also
increased, although electrical effectiveness was almost constant.
Also, the wall insulation improved thermal performance signifi-
cantly but reduced electrical performance slightly. However, it was
deduced the feasibility of the developed model based on the
climate data generated by a software analysis. Moreover, there is no
real verification about the reliability of the model result. Hu et al.
[16] investigated experimentally three configurations of PV/TW
module in China, these modules are PVBTW, PVGTW and PVMTW.
The study confirmed that the blind angle of PV and the entry air
flow rate of 50� and 0.45m/s, respectively, were the best parame-
ters for the overall performance of PV/TW system. However, these
findings were provisionally based on the working ambient condi-
tions and the configuration of the PV/TW module. Sun et al. [17]
concluded that the thermal efficiency of PV/TW system was
affected by design parameters through numerical simulation.
However, the correlation between the performance of the building
design and the PV/TW system needs to be further clarified ac-
cording to the ambient environments and latitude location. Yang
et al. [18] offered a validated numerical investigation on thermal
and electrical behavior of PV/TW system. The validity of the
simulation model was confirmed with reasonable predictions
based on the velocity distribution across the air duct measured by a
LDA system. It was revealed that, an improved performance of the
ventilated PV modules could be achieved with lower height and
deeper depth of the air duct. A sound designed PV/TW system could
be decreased the temperature of the solar cell by 15 �C and
increased the electrical power generation by 8% in comparisonwith
the non-ventilated wall. It was recommended to minimize the air
channel dimensions as low as possible to prevent choking of the
ventilation flow rate. However, the overall system efficiency does
not evaluated which deserves further investigation.

According to the above survey, among several techniques have
been employed to improve the performance of PV/TW system there
is no one previously used the porous medium. Moreover, it can be
concluded that there are some argument about the influence of the
DC fan, in terms of energy consumption and air velocity, and glass
cover on the system performance. The aim of this paper is to carry
out an experimental and theoretical investigations of the
enhancement of thermal and electrical performance of the PV/TW
system through inserting of a porous medium, a DC fan, and a glass
cover.

2. Methodology

The exploitation of solar energy to generate electricity is one of
the most famous applications in the developed countries, but the
major disadvantage of solar cells is their high temperature, which
leads to reduce their productivity, especially in the hot climate, as in
Iraq. The improvement of the efficiency of the solar cells was ach-
ieved by withdrawing the generated heat and utilizing it for the
domestic applications. It is well known that porous material is one
of the important techniques for storing heat and use it in cloudy
skies or at night. The present study aims to study the influence of
the porous medium on the performance of the PV/TW system. The
summary of this paper is as follows: details of the practical part are
described in section 3, where the experimental work of the PV/PV/
TW system is described. In section 4, the mathematical relations
and performance estimation are offered and explained. The results
are clarified and discussed in section 5; then the conclusions and
recommendations are summarized in section 6.

3. Experimental work

This study was conducted at Kirkuk city, northern Iraq (Lat.
33.46 0E, North and Long. 44.39 0E East) from December 2017 to
February 2018. Experimental data were recorded from 9 a.m. to 4
pm. Two symmetrical practical models of PV/TW system, as seen in
Fig.(3), were built to study the influence of operational, design and



                ( a ) without a porous medium                                          ( b ) with a porous medium

Fig. 3. Experimental set-up.
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climatic conditions on the system performance. The first practical
model, as shown in Fig.(3-a), consists of a glass panel, a solar cell, an
aluminum plate a duct for airflow and the room wall. The test
rooms were constructed from the sandwich panel and have been
well insulated to reduce the thermal losses. The dimensions of the
tested rooms were 2m height, 1.25mwidth and 1.25 depth, where
the PV panel attached to the southern faces, as shown in Fig (4). The
experimental set-ups were facing to the south to increase the solar
energy incident on the Trombe wall. Other important details and
dimensions are shown in Fig (3).

Solar cells of the Polycrystalline type operated as heat absorbing
surface. Table (1) describes the specifications of the solar cell. To
study the effect of the glass cover, it was fixed on the front surface
Fig. 4. A photograph of the experimental test rooms.
of the solar panel. The air duct in both models is composed of the
following dimensions (height 2m width 0.68m and thickness
0.1m). It contains two openings at the top and bottom to rotate the
air. The sides of the air duct well insulated from the sides using
glass wool with thermal conductivity of 0.035W/m.oC [19]. The air
duct of the second configuration (see Fig. 3-b) is the same as the air
duct for the first configuration (see Fig. 3-a) except the air duct was
filled with porous medium.

Porous medium consisted of glass pellets with 16mm diameter
and thermal conductivity of 0.78W/m.K [20]. The porosity of the
glass pellets was measured and it was equal to 0.437. Two DC fans
for each PV/TW system are fixed at the exit of the air duct to draw
the hot air from the inlet duct and pass it through the duct. The
velocity of air through the duct was measured by using a multi-
functional anemometer device.

The two fans working on a DC current were connected in par-
allel and they can operate even on cloudy days. Temperature
measurement is considered one of the important factor for deter-
mining the performance of the PV/TW system. It is also considered
the principle parameter to determine its efficiency. 10- thermom-
eters were fixed at selected locations for each model to measure
temperature. Six thermometers were mounted at the top, bottom,
and center of each room and solar cell distributed along the cell
which were separated by 50 cm between each thermometers. Two
thermometers were also mounted at the inlet and outlet of air.
Moreover, two thermometers were employed to measure the
temperature of ambient and the glass surface. Solar meter (SM206)
was utilized tomeasure solar radiation at the same level of the solar
cell. A battery was used to store the electricity generated by the
cells. Multi-meter was utilized to measure the voltage and current
as shown in Fig. (5). The DC fans were connected to the battery
which utilized to rotate the air to cool the solar cell.

4. Mathematical model formulation

In this part, a mathematical model is constructed for the PV/TW
system, as shown in Fig.(6), which used to generate electricity and
heating the air. It includes the computation of the temperatures of



Table 1
Specification of solar cell.

Parameters Unit Parameters Unit

Maximum Power at the standard condition 150W Short Circuit Current (Isc) 8.81 A
Maximum Power voltage 17.9 V Operating Temperature 25 �C
Maximum Power Current 8.38 A Cell Type Polycrystalline
Open Circuit Voltage (Voc) 22.4 V Dimensions (mm) 1.48� 0.68� 0.035m

Fig. 5. Solar cell with accessories.
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the solar cell, the aluminum plate as well as the temperature
gradient of the air along the duct. According to these computed
temperatures, the electrical and thermal efficiencies of the PV/TW
systemwere evaluated. Models that have been built for the PV/TW
system with and without the DC fan and porous medium. An en-
ergy balance was performed after assuming the following hy-
potheses [21e23]:

1. The system operates under quasi-steady-state conditions.
2. There is no leakage from the air duct.
3. The flow is one dimensional i.e. the temperature of the flowing

air varies only in the direction of flow (x-direction).
4. There is no temperature gradient across the thickness of the

solar cell and wall.
5. Sky temperature is assumed to be equal to ambient air

temperature.
6. Heat transfer by conduction across porous medium is negligible.
7. Neglecting the effect of heat transfer across the walls (North,

East, and West).

Based on the hypotheses listed above, energy balance equations
have been applied to the PV/TW system, which includes the solar
cell, aluminum plate, and air duct.
4.1. Energy balance analysis of the solar cell

The solar cell not only generates electrical power, but also it
gains thermal energy. So the following equation describes the en-
ergy balance of the solar cell [24,25]:

G:ac ¼ Eþ UTðTc � TaÞ þ Ubottom
�
Tc � Tp

�
(1)

Re-arrange the eq. (1), the temperature of the solar cell was
calculated as:

Tc ¼ G:ac � Eþ UTTa þ UbottomTp
UT þ Ubottom

(2)

where E is the electrical power output of the solar cell and can be
calculated according to the following expression [13]:

E ¼ G$ac$hele;s$ð1� 0:0045$ðTc � 298:15Þ
�

(3)

where hele;s is the efficiency of the solar cell at standard conditions
(1000W/m2, 25 �C).

UT: is the overall heat transfer coefficient between solar cell and
ambient which is evaluated according to the following expression
[26,27]:

UT ¼
�

1
hc;c�a

þ 1
hr;c�a

��1

(4)

hc;c�a, hr;c�a are the convective and radiant heat transfer co-
efficients on the outside surface of the solar cell and they are given
according to the following expressions [10,28,30]:

hc;c�a ¼ 5:7þ 3:8 � V (5)
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hr;c�a ¼ ε1:s:
�
Tc2 þ Ta2

�
:ðTc þ TaÞ (6)

The emissivity factors ε1 for the front of the solar cell can be
calculated from [5,28,29]:

1
ε1

¼ 1
εc

þ 1
εa

� 1 (7)

where εc and εa are the emissivities of the solar cell and ambient,
respectively.

Ubottom: is the overall heat transfer coefficient between the solar
cell and aluminum plate which is evaluated according to the
following expression [26,27]:

Ubottom ¼
�
Lsi
lsi

þ Lp
lp

��1

(8)

where Lsi, lsi, Lp, and lp are the thickness of solar cell, thermal
conductivity of solar cell, thickness of aluminum plate and thermal
conductivity of aluminum plate, respectively.
Vf = 0.0006×G
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Fig. 7. The air velocity in the air duct versus the incident solar radiation.
4.2. Energy balance analysis of the aluminum plate

Energy balance for an aluminum plate of the model with porous
medium can be represented by the following equation [21,23]:

Ubottom
�
Tc � Tp

�þ tgapð1� bcÞG
¼ hc;p�f

�
Tp � Tf

�
þ hr;p�pm

�
Tp � Tpm

�
(9)

In case of the empity duct, without porous medium, the (Tpm) in
the last term replaced by (Tw).Where, hc;p�f is the convective co-
efficient of heat transfer between the air flowing through the
porous medium and the aluminum plate which is calculated as
[21,23]:

hc;p�f ¼
Nupm:lf
4:Dhd

(10)

Dhd the equivalent diameter of the porous medium, which is
given as [21]:

Dhd ¼ 24dpm
3ð1� 4Þ (11)

dpm is the particle diameter and 4 is the porosity of the porous
medium which computed as:

4 ¼ cf
ct

(12)

where hr;p�pm is radiation coefficient of heat transfer from
aluminum plate to the porous medium (W/m2.K), which is calcu-
lated based on the following expression [21]:

hr;p�pm ¼ ε2$s$
�
TP

2 þ Tpm2
�
$
�
TP þ Tpm

�
(13)

The temperature of the aluminum plate can be evaluated from:

Tp ¼ UbottomTc þ hc;p�f Tf þ hr;p�pm Tpm þ tgapð1� bcÞG
hc;p�f þ hr;p�pm þ Ubottom

(14)
4.3. Energy balance analysis of the air flowing in the duct

Energy balance for air flowing in the duct with the porous
medium can be represented by the following equation [21]:

Cpf : _mf

w
dTf
dx

¼ hc;p�f

�
Tp � Tf

�
þ hc;wall�f

�
Twall � Tf

�
þ hc;pm�f

�
Tpm � Tf

�
(15)

In case of the empity duct, without porous medium, the last
term is omitted.

where; _mf ¼ rf$D$W$Vf (16)

Vf is the air velocity in through the duct. For natural convection,
it can be calculated as follows [13]:

Vf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:5$g $b$ X$

�
Tf ;out � Tf ;in

�
CfXd þ Cin$A

2
in

A2
in

þ Cout$A
2
out

A2
out

vuuuut (17)

where b is the reciprocal of the mean air temperature; Aout and Ain
are the areas of the top and bottom vents, respectively; Cout, Cin are
the loss coefficients at the top and bottom vents, respectively; Cf is
the friction factor along the air duct, the values of these factors are
specified as follows [13]:

Cf ¼ 0:3� 1:368� G0:084
rx (18)

Cin ¼ 0:25; Cout ¼ 0:3

b ¼ 1
Tf

¼ 2
Tf ;in þ Tf ;out

(19)

For forced convection condition, the air velocity, Vf , is conve-
niently correlated to incident solar radiation (G), as follow [13,14]:

Vf ¼ Cfan:G (20)

where Cfan is the correlation constant has a unit of m3/J. To specify
the value of Cfan, the measured data of the air velocity through the
duct with assisted DC fan was plotted versus the incident solar
radiation, as shown in Fig. 7. The slope of the best fitting line rep-
resents the value of Cfan. According to the measurement of current
experimental work, the value of Cfan was equal to (0.0006) m3/J.

The convective coefficient of heat transfer from the aluminum
plate to the air flowing through the duct without porous medium,



O.K. Ahmed et al. / Energy 171 (2019) 14e2620
hc;p�f , is assumed to be equal to hc;wall�f [24,25]. For air following
through duct filled with porous medium, it can compute the co-
efficient of heat transfer by convection (hc;pm�f ) using the
following correlation [23]:

hc;pm�f ¼
"

1
hpmf

þ Dhd
bpmlpm

#�1

(21)

bpm is a constant depends on the porous medium shape. hpmf can
be evaluated as [21,23]:

hpmf ¼
Nupm�f lf

Dhd
(22)

Nupm�f ¼
	
0:255
f



Repm

2
3$Prf

1=3 (23)

where Repm is Reynold's number for the porous medium duct
which is calculated according to the following equation [21,23]:.

Repm ¼ Dhd

_mf
Am mf

(24)

where Am is the specific wetted area; defined as, the heat transfer
surface area of the porous medium wetted by the flowing air and
evaluated according to the following equation [21,23]:

Am ¼ 6ð1� 4Þ
dpm

(25)

lpm is the effective thermal conductivity the porous medium duct
which is calculated according to the following equation [21,23]:

lpm ¼ 4lf þ ð1� 4Þlg (26)

4.4. Evaluation of thermal and electrical efficiencies

The thermal efficiency of the PV/TW system can be calculated as
follows [25]:

Dth ¼
_mfCpf

�
Tf ; out � Tf ;in

�
G$Ac

(27)

Also, the electrical efficiency of the PV/TW system is calculated
by the following equation [5]:

hele ¼ Vo$I
G$Ac

(28)

The overall system performance can be assessed based on the
total efficiency of the hybrid PV/TW systemwhich is summing both
thermal and electrical efficiencies.

A computer programwas built in MATLAB software to solve the
mathematical equations that mentioned above. The characteristics
and dimensions of the model presented and the solar cell that
utilized in this article are clarified in Table (2).

5. Results and discussions

In this section, the typical results obtained from the tests were
presented. The tests started from 9 a.m. until 4 pm. The results were
compared experimentally with and without a porous medium
under different climate conditions in Kirkuk city at the north of
Iraq. This article dealt with the following five case studies:
1- PV/TW system without DC fans and without porous medium

(the base case).
2- PV/TW system using DC fans to circulate the air without

porous medium.
3- PV/TW system using porous medium without DC fans.
4- PV/TW system using porous medium with DC fans to circu-

late the air.
5- PV/TW system using porous medium with DC fans to circu-

late the air and glass cover.
5.1. Results of the system without a porous medium

Fig. 8 shows the hourly variation of solar cell temperature for the
PV/TW systemwith andwithout DC fans. It can be seen that there is
a reduction in the cell temperature as the DC fan inserted. Without
using the fan, the solar cell temperature ranged between 26 �C and
58 �C with ultimate value at 12 noon. After this time the temper-
ature of the solar cell was reduced, this is due to the net solar ra-
diation absorbed becomes lower. While with using DC fan, the solar
cell temperature ranged between 25 �C and 45 �C with ultimate
value at 11 am. These reductions in the temperature of the cell are
increasing its conversion efficiency. This agrees with the results of
the performance of the most PV/TW system [13,17]. Even though, it
can be noted that there are some fluctuations in the results which
are attributed to the change of weather conditions as well as the
uncertainties of measurement instruments. The same behavior was
appeared for the variation of the outlet temperature of the air duct
as shown in Fig. (9). It's noted that the temperature of exit air from
the duct was varied with time and reached the maximum value at
12 noon. Moreover, it can be seen that after 15 p.m. the temperature
of exit air from duct without DC fan is greater than its value in the
casewith DC fan. This is attributed to the absence of the sun and the
ambient temperature was higher in case with DC fan. This is
resulting in a low DC fan speed and therefore the electric power is
greatly reduced (see Fig. 12).

Fig. 10 clarifies the influence of using the DC fan on the room
temperature, where the fan increases the rate of heat transfer from
the solar cell to the air which goes to the room. Themaximumvalue
was 25

�
C for the particular day, which occurred at 1 p.m., and then

it decreased in the late afternoon. Fig. 10 reveals a slight difference
in ultimate room temperature occurred during a typical day when
using a fan to circulate the air. The experimental results collected
from this study showed a significant effect of using the fan on the
mean room temperature. These results were consistent with the
results of the other researchers [12e14]. Also, it is noted there are
some fluctuation in the results which is attributed to the change of
weather conditions as well as the uncertainties of measurement
instruments. Fig. (11) indicates a good correlation between prac-
tical results and the mathematical model results. The difference
between the theoretical and the practical results is less than 4% for
the solar cell temperature, which is considered a good result. Also,
it is noted that the theoretical values of the temperature of the solar
cell are higher than the experimental values due to excluding the
effect of the convection heat losses from the sides.

Fig. 12 illustrates the daily pattern of solar radiation and the
produced electrical power of a typical day. For the base case
(without DC fan), three lamps (with 24 V per lamp) were used as a
load, while in case of using DC fan the three lamps and two DC fans
were considered as a load. It can be deduced that the produced
electrical power follows the trends of solar radiation. It is clearly
revealed the enhancement in electricity production as the DC fan
inserted. This is due to reducing the PV cell temperature as a result
of rotating air behind the cell which is carrying extra heat gain.



Table 2
The characteristics and dimensions of the system.

Glass cover Solar cell General properties of the system

Glass thickness dg ¼ 4mm hel at normal condition (25 �C)¼ 15.5% Aluminum thickness dal ¼ 1mm
rg¼ 2200 kg/m3 Thickness of solar cell ( dt )¼ 3mm Dimensions of the plate (106� 52) cm

cg¼ 480
J

Kg$K
Solar cell density (rPV)¼ 2330 kg/m3 Thickness of insulation (Lb)¼ 3.5 cm

Thermal conductivity kg¼ 1.1W/(m. K) Thermal conductivity kc¼ 87W/(m. K) The thermal conductivity of the insulation kb¼ 0.035W/(m. K)
ag¼ 0.05, bc¼ 0.83 Absorptivity of the solar cell apv¼ 0.94 The distance between the glass cover and solar cell¼ 10 cm
εg¼ 0.9, tg ¼ 0.9 Emissivity of solar cell εc¼ 0.88 Thermal conductivity of Aluminum kal¼ 204W/(m.K)
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Fig. 8. Effect of DC fan on hourly variation of PV cell temperature (10 and 25/12/2017).
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5.2. The performance of PV/TW system with porous medium

The porous medium is utilized in many fields of applied engi-
neering. It is widely used to boost the rate of heat transfer due to
the increased surface area of heat transfer as well as its ability to
store heat [32]. A number of tests were performed to show the
effect of the porous medium on the performance of the PV/TW
system without using the fan. Fig. 13 clarifies the effect of porous
medium on the solar cell temperature without DC fan. It is indi-
cated that the solar cell temperature of PV/TW system without
porous medium is higher as compared to its values for the system
with porous medium until 2 p.m. This is because of the most
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Fig. 13. Effect of porous medium (without fan) on hourl
absorbed solar energy has been used to heat the porous medium
(glass spheres). After 2 p.m. the solar cell begins to gain heat from
the porous medium. This behavior is typical for a porous Trombe
wall as reported by previous studies [2,3]. Good consistence was
achieved between theoretical and practical results of this case as
shown in Fig. (14). Agaian, it is noted there are some fluctuation in
the results which is attributed to the change of weather conditions
as well as the uncertainties of measurement instruments.

The behavior of mean room temperature through a typical day
with and without porous medium is clarified in Fig. 15. It was
observed that the mean air temperature inside the experimental
room increased with time up to 1 p.m. and then decreased. This is
13 14 15 16 17
( Hour )

s With porous

y variation of PV cell temperature (14 and/1/2018).
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because the heat losses become just larger than the heat energy
comes fromPV/TW system. This is in linewith previously published
results of most studies [33]. It is also noted that the use of the
porous medium in the PV/TW system leads to a slight increase in
room temperature which is economically feasible.

Fig. (16) shows the effect of porous medium on the produced
electrical power. The presence of the glass pellets leads to increase
the electrical power which produced from the solar panel. This is
explained by the fact that the porous medium works to absorb the
heat from the solar cell which cools it and thus increase the elec-
trical power production [2]. Agaian, it is noted there are some
fluctuation in the results which is attributed to the change of
weather conditions as well as the uncertainties of measurement
instruments.

Table 3 shows the hourly percentage of an increase in the mean
room temperature and a decrease in the solar cell temperature
compared to the reference case (without DC fan and without
porous medium). Generally, it can be indicated that there is always
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Fig. 16. Effect of porous medium on the produced electrical power (without fan) (14
and 15/1/2018).
an increase in mean room temperature and a reduction in solar cell
temperature as the DC fan and porous medium are involved.
However, there is no clear trend for the rate of increment or
reduction could be elaborated because of the system was exposed
to various climatic conditions.

5.3. Influence of glass cover on the performance of PV/TW

This section will analyze the performance of the glazed and
unglazed PV/TW system (with porous medium and fan to circulate
the air). The glass cover on the PV/TW systemwas used tominimize
the heat losses to the surrounding. This changes in solar radiation
made a “greenhouse phenomena” and increased the thermal en-
ergy stored inside the system [10,34]. Although, the transparent
glass cover also increased the reflection of thermal radiation on the
glass cover and then caused a decrease in the benefits of energy. To
study the effect of the glass cover, a number of tests were con-
ducted to understand this effect. It was obvious that the glazed
configuration had a higher value of the solar cell and mean room
temperatures than the unglazed design as shown in Figs. (17 and
18). It is clear from this figures that the temperature of the solar
panel was 67 �C at 1 p.m. Fig. (18) shows that the mean room
temperature for the glazed system is higher than the mean air
temperature in the unglazed system, and this was due to the higher
thermal losses from the front face of the system for the unglazed
system.

Fig. (19) shows the variation of the produced electrical power
during the day. It is seen that the produced electrical power of the
glazed system is lower than the unglazed one. This is due to an
increase in the solar cell temperature in the glazed system which
causes a reduction in the produced electrical power. The higher
thermal gain of the glazed PV/TW system is very important for the



Table 3
Percentage of increase in room temperature and decrease in the solar cell temperature.

Time DTC% with DC fan DTC% with porous DTC% with DC fan and porous DTr% with DC fan DTr% with porous DTr % with DC fan and porous

9 23.3 21.3 16.1 39.2 59.7 26.8
10 33.7 33.1 2.5 7.8 12.9 15.5
11 10.2 32.5 27.7 14.1 11.6 9.7
12 6.9 18.9 17.5 8.1 13.3 14
13 4.3 8.2 23.2 10 16.6 12.8
14 17.5 8.4 2.1 12.1 16.2 8.7
15 15.7 38 45.8 3 3.5 9.2
16 16.8 35.6 41.7 12.1 1.7 3.9
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Fig. 17. Effect of glass cover on hourly variation of solar cell temperature (21 and 28/1/2018).
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substantial applications of air heating. On the other hand, the
produced electrical power for the unglazed systemwas higher than
the glazed system.

Presence the glass panel in the front of the PV/TW system
caused an increase in the solar cell temperature and led to more
reduction in the electrical power. Accordingly, the use of the glass
panel in the PV/TW system is an undesirable option for electrical
generation only. Generally, the glazed model has a higher com-
pound power output (thermal and electrical) than the unglazed PV/
TW system. These results were consistent with the results of pre-
viously published works [10,16].

5.4. Efficiency of PV/Trombe wall system

Table (4) illustrates the values of the thermal and electrical ef-
ficiencies for different system configurations. These results show
that the presence of the DC fan increases the values of thermal and
electrical efficiency by 5.48% and 3.04%, respectively. It can be seen
that the presence of the porous medium increases the values of
thermal and electrical efficiency by 9.07% and 3.60%, respectively.
While, for the PV/TW system with DC fan and porous medium the
increment of values of thermal and electrical efficiencies were
about 12.83% and 3.93%, respectively. Also, it is seen that the
thermal efficiency of the glazed PV/TW system is higher than the
unglazed one (the increment about 19.9%). This trend was due to
the increase in the thermal losses in the unglazed system. The
higher value of thermal efficiency of the glazed PV/TW system is
very important for the main utilization of air heating. On the other
hand, the electrical efficiency of the glazed systemwas just little bit
higher than the unglazed one (the increment about 0.5%). But
should be in mind, the presence of glass cover leads to diminish the
enhancement of electrical performance, which is achieved by the
DC fan and porous medium. Setting a glass layer in the front of the
system caused an increase in the solar cell temperature and led to
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Table 4
The hourly and daily average system efficiencies for various configuration.

9 a.m. 10 a.m. 11 a.m. 12 a.m. 1 p.m. 2 p.m. 3 p.m. 4 p.m. Daily Efficiency (%)

hth without Fan 20.4 40.88 41.87 40.85 33.36 25.41 20.6 16.7 30
hele without Fan 8.27 6.66 5.71 6.057 6.68 7.86 5.18 3.2 6.28
hth with Fan 23.2 42.54 47.59 48.59 39.82 31.92 27.78 22.41 35.48
hele with Fan 12.97 10.85 9.71 8.51 12.10 8.79 7.20 4.49 9.32
hth with porous (without fan) 24.90 45.77 49.42 51.19 43.43 36.55 33.11 28.20 39.07
hele with porous (without fan) 13.7 11.91 10.90 8.86 10.35 9.55 9.0 4.77 9.88
hth with (Fan þ porous) 26.3 47.59 52.23 55.05 47.68 42.46 37.46 33.92 42.83
hele with (Fan þ porous) 12.49 12.10 10.22 9.23 13.04 9.12 10.20 5.30 10.21
hth With (Fan þ porous þ glass) 29.86 55.0 60.04 62.31 63.22 47.93 44.70 36.59 49.9
hele with (Fan þ porous þ glass) 6.65 8.19 8.84 10.24 7.30 5.56 4.33 3.19 6.776
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more reduction in the electrical power. Accordingly, the presence of
the glass cover in the hybrid PV/TW system is an undesirable choice
for electrical generation only. An assessment of the overall system
performance between all cases reveals that the porous medium has
a compromise between the DC fan and glass cover effect. It is
boosted both the thermal and electrical performance of the system
without consuming or losing of system gain.
6. Conclusions and recommendations

From the results presented in the previous section, the following
main conclusions and recommendations can be obtained:

1-Incorporating the PV/TW system with a DC fan improves its
performance through a reduction in solar cell temperature and
augmentation of heat gain, which enhance the overall system ef-
ficiency and room comfort condition.

2-Inserting the porous medium inside the air duct of the PV/TW
system increases the area of heat transfer, which enhances its
thermal and electrical efficiencies as well as improves the room
comfort conditions.

3-The use of glass cover increases the temperature of the solar
cell, which decreases the power and efficiency of the electricity
generation. While increasing the room temperature and thermal
efficiency.

4- The difference between the theoretical and the experimental
results is less than 4% for the solar cell temperature, which is
considered a good result. Also, it is noted that the theoretical values
of the temperature of the solar cell are higher than the experi-
mental values.

5-In terms of future investigations, it is suggesting to replace the
porous medium by PCM material and inserting a cooling coil for
further system improvement.
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