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Abstract

In this study, we assessed the performance of a new design of the solar chimney by merging the collector through integrated solar panel
by using a solar cell as a glass roof. Assessment of the performance of this new design is the main purpose of this study. Experimental
work conducted at Kirkuk (35.46 oN, 44.39 oE) northern Iraq. The experiments conducted during the summer season. A hybrid solar
chimney consisting of a solar panel cover replaces the glass cover in the conventional solar chimney. Different instruments used to meas-
ure temperature, air velocity, electric current and voltage of solar panel. An experimental model was built to anticipate the performance

of a hybrid chimney.

It has been shown, that there is an increase in the temperature of the PV panel from the beginning of the day with increased of the inci-
dent solar radiation values. It is observed that the angle (45) is the best angle for the energy production. Also, it is noted that (45-panel
angle) gives the highest efficiency to this system of the three angles that have been measured (30°, 35°, 45°). The results showed the
efficiency of the PV/ solar chimney ranges from 8 % to 13 %. The maximum rise of the air temperature in the solar collector it is found

to be 2-3 oC on a typical day.

Keywords: Assessment, Chimney, Hybrid, Performance, PV, Renewable energy.

1. Introduction

Renewable energy is generally defined as energy that comes from
resources which are naturally replenished without a negative side
on the environment (Papageorgiou 2016). Recently the approach
towards searching for alternative energy has increased because the
existing energy sources are depleting and will not be sufficient to
meet the requirements(Mohammed, Khalil et al 2018). Electricity
can be generated from solar energy through two methods; solar
panels and solar power plants, which include the solar tower.

The performance of the solar panel is affected by the rise of the
cell temperature, especially in hot regions. The rise in the tempera-
ture of the solar cell led to a reduction in their electrical efficien-
cy(Ahmed and Bawa 2018). A solar chimney is one of a renewa-
ble power system that can be utilized to produce electric power as
shown in Fig. (1). the air inside the solar chimney is less dense
than the outside air because of the greenhouse phenomena. The
warm air flows through the chimney, which fixed in the center of
the system and there is flow upwards due to the buoyancy effect.
This flowing air rotates the wind a turbine was installed at the base
of the tower. The recent improvements to the system have includ-
ed the exploration of new designs to increase the solar chimney
performance and

ability to reduce the cost of this type of renewable energy sys-
tem(Ahmed 2018).
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Fig. 1: Conventional solar chimney
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(Ahmed and Hussein 2018) presented two new designs of the solar
chimney; which integrates solar cell technology with solar chim-
neys. In fig. (2), the transparent cover in the conventional solar
tower is replaced by solar panels. Solar cells play two roles: gen-
erate electricity and act as an absorber plate, where the air is heat-
ed by the energy radiated from the rear surface for the solar panel
and warm air that flows under the solar panel working to cool the
solar panel, which means increasing the efficiency of the solar
panel. In addition, the kinetic energy of moving air can be utilized
to produce the electricity using the wind turbine.
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Fig. 2: Hybrid PV / Solar Chimney
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(Eryener Etal 2018) presented an experimental assessment of
hybrid transpired solar collector tower. This novel solar system
has produced solar power efficiencies in the 16-18% range com-
pared to the conventional solar chimney. Also, etal 2017) studied
the thermal performance of transpired solar collector updraft tow-
er. The results indicated that transpired solar chimney efficiency
ranges from 60% to 80%, three times higher compared to the 25%
efficiency measured with the classical solar chimney. (Boutina et
al. 2017) achieved numerical study of the turbulent free convec-
tion for cooling of the solar panel in a new design of hybrid PV/T
solar collector by hybridizing of a solar tower. The increase in the
height of the solar chimney leads to an increase in flow velocity,
which causes an increase in the kinetic energy and enhancement of
heat transfer on the solar cells. (Zou et al. 2017)offered a numeri-
cal investigation of the solar enhanced passive air system. Numer-
ical results of this system show that the novel design can keep
solar cell temperature under 75 oC. (Yelpale, Wagh, and Shinde
2014) carried out an experimental analysis of the solar chimney
which integrated the solar panels to increase the efficiency of the
solar panel by increasing the chimney height. It is noticed that the
air velocity in the passage below the solar cell increases with in-
creasing chimney height. Results showed an increase in efficiency
from 0.69 to 1.61%. One of the main problems facing solar chim-
ney technology is its low efficiency. Researchers are therefore
trying to improve their performance. By making modifications to
the design of the chimney and adding new parts to increase the
efficiency of these chimneys (Al-kayiem and Chikere 2016). In
this study, we assessed the performance of a new design of the
solar chimney by merging the collector through integrated solar
panel by using a solar cell as a glass roof. Assessment of the per-
formance of this new design is the main goal of this article.

2. Materials and Methods

This study was conducted at Kirkuk (35.46 oN, 44.39 oE) in
northern Iraqg, considering the climate of this city ideal due to the
abundance of sunshine around the days of the year. The experi-
ments were conducted during the summer season at the roof of a
building at a height of 12 meters from the ground level. The ex-
periments were taken readings from 9 am to 4 pm at each hour. A
hybrid solar chimney consisting of a solar panel cover replace the
glass cover in the classical solar chimney as shown in Fig. (3). The
base of the experimental set-up was made from the wood and a
chimney made of corrosion-resistant stainless steel and covered
with insulating glass wool where the air inside the solar chimney
is heated by the heat generated by the solar panel to made circula-
tion of air current which moving toward the exit of the chimney.

The experimental set-up consists of the following parts (Fig. (3)):
the solar cell, air duct, chimney, measurement devices, and iron
structure. The solar panel absorbed the incident solar radiation. It
has been fitted inside an exterior iron frame. The characteristics of
the solar cell modules used are shown in Table 1. The solar panel
covered the upper side of the metal-air duct entirely insulated from
both sides and back. A rectangular duct is fixed vertically to the
end of the lower duct to work as a chimney with dimensions (2 m
long and 0.67 m wide), the chimney is fully insulated with ther-
mally insulated wool which has a thermal conductivity of 0.45

W/m.K)(Ahmed and Mohammed 2017c). The width and the depth
of the cross-section area of the duct are (67 cm * 10 cm). The
optimum distance between the solar panel and the base of the duct
about 10 cm(dos, Vo3, and Weinrebe 2003). A movable metal
structure was fabricated for the design to estimate the effect of the
tilted angle on the efficiency of the PV/solar chimney.

To evaluate and analyze the effect of different variables on the
performance of the current design, the experimental set-up was
fabricated for this purpose. Different instruments were used to
measure temperature, air velocity, electric current and voltage of
solar panel. 10 thermocouples were used on the hybrid system in
different locations as shown in Fig.4. Five thermocouples were
fixed along air duct of the design, two thermocouples fixed on the
PV panel of the design, and two others on the base of the duct;
also two sensors were fixed on the back of insulation for the de-
sign; the purpose was to find the thermal power. Four locations
were used to measure the air velocity along the air duct as shown
Fig.3. The velocity of the moving air was measured by a hot wire
anemometer type ( MY-300 ) through four holes in the system to
measure the kinetic energy of the flowing air. For electric current
and voltage measurements from the hybrid solar chimney, two
multi-meters type (SM-20) used. Small light bulbs were used to
represent the load on the solar cell as shown in Fig. (5). Solar
radiation was measured by the solar power meter [Solar meter
SM206] which was fixed at the same location as the system
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Fig. 4: Description sketch of the hybrid system

Table 1: Solar cell specification

Maximum power (Pmax) 150 W

Maximum voltage (Vmax) 179V

Maximum current (Imax) 8.38 A

Open voltage (Voc) 219V

Short circuit current 9.01 A

Optimum operating temperature 250C

Module size (1480x670x35) mm
Cell type Polycrystalline silicon

Determining the error rate is one of the important issues that de-
termine the suitability of a new design to generate electricity. Ta-
ble (2) represented the uncertainty of the instruments which uti-
lized in the study, then the uncertainty of the obtained results is
evaluated by the following equation(Holman 1994):
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2 2 2 y constant value equal to 0.75(Kongduang 1997).
%0y | ey | 4 [90, (1) L1 thewidth of the duct.
Og Y, v, Y, N
0%, OX, OX, L2 the length of the duct as shown in Fig. (6).
Ta ambient air temperature.
Tfair mean air temperature inside the duct and calculated by the
Table 2: Specifications of the instruments following relation(K. S. Ong and Chow 2003).
Equipment Measurement Error Toair = ¥To.. + 1- Y:]Ta A3)
Multi-meter DC Current +(0.8%)
i cpy the specific heat capacity of the air and calculated by the fol-
Multi-meter DC Voltage (0.5%) lowing equation (K S Ong and Chow 2003):
= 3
Digital Thermometer Temperature +(1°C) P = [1.007 + 0.00004(Ty;, — 300)] =10° (4)
1y, the theoretical mass flow rate and evaluated by the relation
Hotwire Anemometer Wind Velocity * (3%) (Kasaeian et al. 2017):
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-

Fig. 5: Solar cell with instruments

Theoretical analysis:A hybrid PV/solar chimney has a principle
work concept as shown in Fig. 5; The external air which enters
from the open circumference of the duct which covered from the
top by a solar cell, The air inside the duct has been heated as a
result of contact with the inner surface of the solar cell and flows
toward the centered position chimney to produce electricity by
using the moving air to turn the wind turbines. The PV cell roof of
the chimney works as an absorber. The ground under the roof
heats up by radiation and transfers its heat to the airflow above it.
Because of the indirect heat transfer method of the system and
losses, the expected efficiency of this system is as low as 15% to
30%. On the other side, the design included combining the PV
panel and solar chimney in one system used for electrical generat-
ing and wind energy at the same time. Thus, the hybrid
PV/chimney collector aims to use the same location for two goals.
Also, the principal purpose is to increase the electrical production
of solar cells by lowering the temperature of the solar cell by cool-
ing it. The beneficial thermal energy acquired by the air inside the
duct depends on the cell temperature, the mass flow rate of the air
passing through the duct, and the dimensions of the duct.
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Fig. 5: Mechanism of air movement inside the PV/solar chimney
Thermal power was calculated by the following equation:
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Where:

M = Po Vo e 5)

Vo,

vertical chimney at point A in Fig. (5) and calculated from the
following equation(Zhou et al. 2007):

the velocity of the outlet air from the duct which enters the

Votn = «..."IEE Hep {Tl:lair - T./T, (6)

pg Air density at the exit of the duct (point A) and could be ap-
proximated by(K. S. Ong and Chow 2003):

po = 1.1614 — 0.00353 (T, _— 300) @)

A, Area of the duct at point A and equal to ( L1 * L2).

T, ;. Temperature of the moving air at the exit of the duct (point
A).
H.p, Height of the chimney.

The experimental thermal power could be calculated by the fol-
lowing relation(Ahmed and Mohammed 2017a):

Qu =y opg {Tl:l;ir -T;) (8

Where Tg_._ temperature of outlet air which calculated by the
sensor at the exit of the chimney.
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Fig. 6: Three-dimension sketch of the experimental set-up

m,, is the experimental mass flow rate which can be calculated
from the following relation:

= poVerp i, ©)

‘.FEKF, is the experimental air velocity which calculated by hot wire

anemometer.

The kinetic power produced by the solar chimney depends on the
mass flow rate of the air following inside the tower and calculated
theoretically from the following equation(Eryener et al. 2017):
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1, -
Bane = St Vo, (10)

Also, it can be calculated experimentally by the following relation:

Plap = %mexp Vo (11)

The theoretical electrical power can be approximated by the fol-
lowing relation(Ahmed and Mohammed 2017a):

Fathe = 1"I1:|1.-‘I‘t (12)

Where:

It the total solar radiation was incident the solar cell.

Mg the efficiency of the PV panel which is a function of the cell
temperature, and calculated as(Dubey, Sarvaiya, and Seshadri
2013):

Npr = Neer[1 — Bref{rpvm - Tref}] (13)

Where: Ty, The average temperature of the solar panel surface

and can be obtained by fixed two sensors the surface of the solar
panel.

(Mee, Bres, Trer) are the ideal solar panel specifications and can
be approximated as (0.15, 0.004 1/K, and 298 K)(Dubey et al.
2013).

To calculate the electrical power produced in practice, it is calcu-
lated by(Ahmed and Mohammed 2017b):

I:)el exp = V I (14)

Where V and | represented the voltage and the current was meas-
ured by the multimeter.

The total power can be calculated by summation of the different
types of the power as:

P =

otal ele

+ Pk + QuB (15)

The thermal efficiency of the system can be estimated by(Zhou
and Xu 2016):

Qub
Al

pv

N =
(16)
Where, Apv area of the solar panel,

The combined electric efficiency of the PV/ solar chimney system
can be expressed as follows(Ahmed and Hussein 2018):

a7

Where:
B.. : The generated electrical energy by the wind turbine and can
be expressed from the relation(Cengel and Boles 2015):

Foe = B e (18)

Where: 115 the efficiency of the wind turbine and its value rang-
ing between ( 50 -90 %)(Zhou et al. 2007).
The main concept of this study is the assessment of the perfor-

mance of a hybrid PV / solar chimney to reach an optimum design.

The experiments have done in Kirkuk city in the north of Iraq with
the GPS coordinates of (35° 28' N, 44° 24' E). The Novel solar
chimney was faced south direction with the different inclined
angles to have the maximum solar radiation. At the starting of
each experiment, the surface of the solar cell cleaned thoroughly.

Measurements of various variables recorded at each hour. The
hourly system performance variables analyzed systematically for
all test conditions. These included the solar cell temperature, out-
let air temperature, air velocity along the chimney, and total gen-
erated power.

Temperature of the Solar panel:Fig. (7) explains the behavior of
PV temperature for this new design, when the system at 450 in-
clined angle with the horizontal line. It has been showed, that
there is an increase in the temperature of the PV panel from the
first hours of the day until it reaches the ultimate value at noon
coupled with the increase of the incident solar radiation values,
after that, the temperature of the PV panel begins to decline due to
the reduction in the value of solar energy and the increment in heat
losses in the afternoon, the temperature of the solar cell for the
new design recorded its highest values at (67 oC) at 12 noon.
These results are identical to the results of the other research-
ers(Ahmed and Bawa 2018)(Shahsavar and Ameri 2010).

5.2 Temperature of outlet air:

Figure (8) presents the variation of air outlet temperature during a
typical clear sunny day. It is obvious that the air temperature at the
chimney outlet increases with time to reaches its greatest value at
2 p.m. and then starts to decrease afterward. This trend is due to
the reduction in solar energy absorbed to a value slightly lower
than the heat losses, which leads to insufficient useful energy be-
ing transferred to the flowing air, therefore causing a further in-
crease in the outlet air temperature(Guo, Yunfeng Wang, et al.
2016). The maximum value of the air temperature at the outlet for
that particular day was 52 °C at 1 p.m. In addition, the highest
difference between the outlet and inlet air temperature was 3.3 °C.

_ 80 1000
S5 800
S i
5 70 - —
E 65 ; . N - 600E
= 60 /.’""i ° L .‘“ﬁ-l
sssB . & ® oo @407
= - =
g 50 200
L =
@ 45 =
) =
40 - . 0 8
9 W Tf panal 14 =
Time (Hour) R

Fig. 7: Variation of PV panel temperature ( Tf panel ) and temperature of
duct base ( Tf Ab) with the time
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Fig. 8: Variation of the outlet and inlet air temperature with time

Air velocity:The wind velocity is the most important factor for
determining the performance of conventional solar chimney. Fig.
(9) shows a comparison between the air velocity for different loca-
tions along the duct of the systems. It can be seen clearly that the
values of air velocities are increasing during the period between 6
a.m. and 12 noon, these velocities start to decrease after 12 noon
due to the reduction of the solar radiation value and an increase in
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heat losses. The maximum value of the air velocity was 0.64 m/s
and recorded at the chimney inlet (point 2 in fig. ( 4)), therefore
the chimney inlet (intersection region between the solar panel and
the solar chimney) was the best region to install the wind turbine.
These results are agreeable with the results of previous articles
such as(Yelpale et al. 2014)(Guo, Yuan Wang, et al. 2016).
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Fig. 8: Variation of the air velocity for different locations with time

Thermal power:Figure (9) shows the variation of an experimental
and theoretical power during a typical day. Equation 2 and 8 used
to calculate the theoretical and experimental thermal power, re-
spectively. Similar close trends observed for the variation of use-
ful transferred energy and the solar intensity variation with the
maximum value of 968 W/m2 at 12 AM during this day. The nov-
el chimney has a higher thermal power which reaches (78 W) at
12 noon. In addition, it noticed that thermal power increases until
it reaches the maximum value at midday and begins to decrease
after that due to increasing heat losses with the time of day. The
maximum value depends on the solar radiation and the weather
conditions. The experimental results collected from this test show
a good agreement with the numerical data during the period.
Kinetic power:Figure (10) shows the variation of the experi-
mental and theoretical kinetic power during the day. The heat
transfers from the solar cell in the form of convection and radia-
tion to the air under it. The cold air enters the duct and is heated
by the hot roof (Solar cell). It is observed from Fig. 10, that the
experimental value of kinetic power the end of the duct (point 2 in
Fig. 4) reaches the maximum value (which was 8.52 W) and ta-
pers off after 2 p.m. for this day. This behavior is due to increasing
heat losses with the time of day, accompanied by decreasing net
energy absorbed in the afternoon hours. In addition, this figure
shows good agreement between the experimental and numerical
results.
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Fig. 9: Variation of thermal power with time
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Fig. 10: Variation of kinetic power with time

Electrical power: Figure (11) shows the variation of the experi-
mental and theoretical electrical power during a typical day. It is
clear from this figure that the system can produce the electrical
power up to 105 W. The agreement between numerical predictions
and experimental result is good in the afternoon period. It shows
that the electrical power is a function of solar radiation. This
agrees with experimental results of (Othman et al. 2016)(Popovici
et al. 2016). Conventional Solar chimneys depend on the velocity
of the air passing through the chimney to generate electricity, in
this new design, electrical energy generated by the solar cell can
be used auxiliary source for electrical power. Therefore, the bene-
ficial energy in this new design consists of wind energy and ener-
gy produced from solar cells.
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Fig. 11: Variation of electrical power with time

Efficiency of the system: Fig. (12) shows the electrical efficiency
followed the solar radiation except near noon because of the in-
crease in the solar panel temperature which causes a reduction in
the electrical efficiency. The maximum value of a typical day was
11.66 % at 11 a.m. and then decreased after 2 p.m. as shown in
Fig.12. This agreed with the experimental results of refer-
ence(Ahmed and Mohammed 2017c). Fig. (13) shows the change
of the thermal efficiency during a typical s day. A limited increase
observed in the thermal efficiency during the period between 8-11
a.m. This was due to the major increase in the absorbed heat ener-
gy, coupled with comparatively little heat losses from the system
to the atmosphere. After which, increased losses cause it to drop-
off. The thermal efficiency reached its ultimate value of 81 % at 3
p.m. and then decreased. This is due to the net energy absorbed is
just less than the heat losses. Table 3 shows the amount of power
that is produced during the day and observed that the major part of
the power produced from solar cells if a real model is built, the
power from the solar will play an important role in generating
power.
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Fig. 12: Variation of electrical efficiency with time
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Fig.13: Variation of thermal efficiency with time

Effect of the solar cell angles: In order to study the effect of the
solar cell tilt angle on the performance of the hybrid system, three
angles were selected: 300, 350 and 450. Fig. (14) shows the effect
of the system angles on the total produced energy. It is observed
that the angle (450) is the best angle for the energy production.
Also, it is noted that (45-panel angle) gives the highest efficiency
to this system as shown in the figure (15).

Table 3: Various energies which produced by this new system.

Hour Thermal Power Electrical Power Kinetic power
W) W) (W)
9 46.99 44.08 2.834
10 58.37 93.1 3.98
11 70.18 108 5.257
12 79.43 112.5 5.296
13 64.23 109.5 3.743
14 77.5 95.81 5.916
15 72.72 56.73 5.668
16 18.2 30.26 2.22
Daily aver-
age 60.95 81.25 4.364
M Total Power Qutput (35°)
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Fig. 14: Variation of produced energy with the time
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Fig. 15: Variation of the total efficiency for different angles

3. Conclusion

The performance of a new design of solar chimney was achieved.
From the results of the analytical and experimental assessment, the
following conclusions are obtained:

The temperature of the PV panel increased from the first hours of
the day until it reaches the ultimate value at noon coupled with
increased of the incident solar radiation values, the temperature of
solar cell for the new design recorded its highest values at (67 oC)
at 12 noon. The values of air velocities are increasing during the
period between 6 a.m. and noon, and then start to decrease after-
noon. The maximum value of the air velocity was 0.64 m/s and
recorded at the chimney inlet, therefore, the chimney inlet was the
best region to install the wind turbine. The electrical efficiency
followed the solar radiation except near noon because of the in-
crease in the solar panel temperature which causes a reduction in
the electrical efficiency. It is observed that the angle (450) of the
solar cell is the best angle for the energy production and gives the
highest efficiency to the system.
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