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Abstract: This work explores the technical possibilities of increasing the efficiency of a standard
solar chimney power plant (SCPP) by integrating it with photovoltaic (PV) panels. The integration is
possible by using the collector circumference to install the PV collectors, which provide a heat sink,
allow for the better harvesting of the solar radiation, and increase energy production. The new design
led to an increase in the annual electricity production from 380 to 494 MWh and water production
from 278 to 326 k tons/year compared with the standard SCPP, marking an increase of 30% and 17%,
respectively. The results also show that the integration reduced the greenhouse gas emissions (GHG),
the localized cost of energy, and the capital cost of investment by 30%, 36%, and 20%, respectively.
The proposed design supports the sustainable replacement of the existing desalination plants with
zero operational costs and an excellent reduction in greenhouse gas emissions.

Keywords: solar water distillation; solar chimney; cooling tower; photovoltaic cooling

1. Introduction

The increase in the world’s population has increased the demand for energy, food,
and water [1]. The finite resources of fossil fuel have shown a serious impact on the
environment and have encouraged the search for new, cost-effective, and renewable energy
systems [2]. Solar energy has the potential to provide a clean and free source of energy in
the form of electricity or hot water [3,4]. However, the fabrication of solar systems, such as
photovoltaics cells, utilizes a wide range of chemicals that add to the final cost and may
exhibit a negative environmental impact on the ecosystem [5]. Therefore, there is a need for
new technologies that use less or no chemicals, have simple designs, and have minimum
maintenance costs.

Besides the energy challenges, water scarcity and shortages have become a global
problem and are expected to increase with time [6,7]. Significant efforts are focusing on
the development of new and novel technologies that offer a sustainable solution for the
energy and water problems [8,9]. Seawater desalination is considered one of the promising
solutions to provide clean water [10,11]. Several successful commercial projects around the
world produce water via a membrane and thermal desalination [12]. However, the major
concerns of water desalination technologies are the high energy demand and the high
emissions of greenhouse gas (GHG) [13]. Hence, introducing a novel technology for water
desalination with minimum or no energy consumption would make seawater desalination
feasible, durable, and sustainable.

The solar chimney (SC) concept introduced late in the 1970s offers an opportunity
to provide free-of-charge electrical power. The SC concept depends on the use of solar
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irradiation to create a natural draft of air inside the chimney due to the difference in air
density between the hot and cold sections [14,15]. The first design of the solar chimney
power plant (SCPP) was introduced by Schlaich [16] in 1978. The design consists of
collectors made of transparent materials, such as glass, wind turbines, and chimneys. The
SCPP may contain other compartments depending on the proposed design, such as a
seawater basin for desalination. The solar radiation warms up the collector and heats the
air that enters the SCPP. The heating process develops differential air density between the
inside and outside of the collector and induces the air to flow inside the SCPP. Therefore,
the air gains kinetic energy, moves inside the chimney, and passes through a turbine to
generate electricity.

Recent developments on the SCPP have focused on (1) exploring alternative designs
to maximize the power output or (2) improving the overall system efficiency or lowering
the capital cost. For example, several articles discussed the integration of the SCP with
seawater desalination [17–20]. The water absorbs heat collected by the solar radiation in
the form of heat to vaporize and later be condensed after leaving the turbine and reaching
the dew point temperature. Kiwan et al. [19] studied several design alternatives that
integrated PV with SCPP to achieve the cooling of the PV, generate additional electricity,
and maximize the amount of freshwater. Other studies focused on maximizing thermal
efficiency by integrating the SCPP with the cooling tower (CT) concept [18]. Process
simulation was generally used to investigate how to improve the overall efficiency and
lower the capital cost of the SCPP [21,22]. Abdelsalam et al. 2021 [18] developed a novel
hybrid design that combines the SCPP with a CT. The new design was able to produce an
annual 481,440 kWh of electricity and 123,753 tons of desalinated water at a levelized cost
of energy (LCOE) of $1.86/kWh. Kiwan et al. [20] studied integrating PV panels with an
SCPP. The proposed system used the solar chimney for the direct evaporation of water and
extracted the energy from the wet air stream. The system efficiency was 71% compared with
1% for the conventional. Zuo et al. [23] integrated a wind supercharging device at the top of
the solar chimney to harvest additional electrical power from the updraft wind exiting the
chimney. The performance of the system and the energy efficiency was increased by 15.4%.
In addition, the hourly freshwater yield, power generation, and comprehensive efficiency
reached 193.7 kW, 17.2 ton/h, and 13.5%, respectively. Furthermore, Abdelsalam et al. [24]
proposed a novel design structure of double co-centric chimneys where one of the chimneys
was used as an SCPP while the other chimney was partitioned into 10 cooling towers. The
system produced up to 993 MWh of electrical energy, which is 2.6 times higher than the
traditional SCPP (377 MWh). The thermal efficiency of this design was 1.6%, which is
200 times greater than the conventional SCPP.

The previous literature review revealed that a stand-alone SCPP suffers from high
capital investment and low efficiency. Therefore, a hybrid design would help improve
the overall efficiency, reduce the total capital cost, and enhance the process economics.
Therefore, the present paper illustrates a novel opportunity to develop a unique hybrid
design consisting of the integration between the photovoltaics (PV) cells and SCPP. In
such a design, the PV panels will be connected to the circumference of the SCPP collector.
The scope of the work is to assess utilizing the excess heat generated from the PV panels
to further heat the air entering the collector and increase the kinetic energy of the air
within the SCCP to produce more electrical power. This design configuration will offer
a sustainable energy system that generates desalinated seawater, reduces the GHG, and
decreases the localized cost of energy. In addition, the entering air will be used to cool the
PV panels and increase their efficiency.

2. Materials and Methods
2.1. PV Integrated with SCPP Description

The structure of the PV integrated with SCPP (PV-SCPP) is shown in Figures 1 and 2.
Figure 1a shows a 3D view of the structure where the main components are labeled.
Figure 1b shows a cross-section view of the structure, labeled with dimensions, showing
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the main components and the direction of airflow. The PV-SCPP is divided into four zones:
PV cooling zone, air heating zone, water evaporation zone, and chimney zone. The PV
zone is the area under the PV panels, while the air heating zone is the area under the
collector starting from the entrance to the edge of the seawater pool. The water evaporation
zone is the area under the collector that starts at the beginning of the seawater pool and
ends at the center of the chimney.
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The chimney zone is the SCPP chimney column. The new design of PV-SCPP is like
the SCPP with bolts-on PV panels connected to the circumference of the SCPP’s collector.
Hence, the PV-SCPP combines PV panels, collector, base, water pool, chimney, a power
conversion unit, and a turbine. The collector is the main component of the solar chimney
power plant, and it acts as a heat exchanger by converting solar energy into thermal energy,
thereby generating the greenhouse effect that raises the temperature of the air passing
underneath it. The roof of the solar collector is divided into two parts, the outer edge that is
covered with PV panels and the rest of the collector, which is made of transparent material.
As aforementioned, the purpose of integrating the PV panels with the SCPP is to improve
the electricity production from the system. However, due to the high solar radiation, the
temperature of the PV panels would increase noticeably, especially in hot climates. This
leads to a drop in the electrical efficiency of the panels and, consequently, reduces electricity
production. Installing PV panels at the inlet of the collector allows them to exchange heat
with the cold air entering the collector. This would not only provide a cooling technique
for the PV panels and improve their efficiency but also contribute to the heating of the air.
The rest of the roof is made of a transparent material, such as glass or plastic, and placed
at a certain height above the ground to originate a flow channel for the air. The collector
allows the absorption of both beam and diffuse solar radiation. Hence, SCPPs can operate
under clear or cloudy skies. The height of the roof increases gradually from the outer edge
toward the center to minimize the fraction. A major part of the solar radiation transmits
through the transparent section of the roof and is absorbed by the ground, whereas the
remaining part is either reflected or absorbed inside the roof. Typically, the transparent
roof transmits short-wavelength radiation from the sun and prohibits the transmission
of the long-wavelength radiation that radiates from the ground. This, in turn, further
enhances the heating of the air. Moreover, the ground soil (concrete) beneath the roof
serves as a short-term thermal storage material to store the thermal energy during the day
and discharge it during the night. This allows SCPPs to overcome the intermittency of
solar radiation and generate power all year round.
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The other main components of the SCPP are the chimney and the turbine. The chimney
is located at the center of the collector and works as the heat engine of the power plant. The
chimney generates the difference in temperature between the heated air incoming from
the collector and the cold air at the top of the chimney. This leads to the chimney effect,
which drives the flow of the air from the bottom to the top of the chimney. On the other
hand, the turbine converts the energy of the hot air into rotational mechanical energy and
delivers it to the generator where it converts it to electrical energy. The design of the solar
chimney turbine is like a typical wind turbine. Furthermore, the turbine will be preserved
from harsh weather and the fluctuations of the weather conditions with no change of
the airflow direction, even though the turbine must withstand higher temperatures and
pressure drops [17–19,25]. The large volume of the collector also provides a buffer zone
and protects the turbine from air speed fluctuations. The turbine is mounted at the lowest
part of the chimney where the density gradient inside and outside the chimney is the
main driving force. Air also passes over the pool of the seawater as it approaches the
base of the chimney and evaporates part of the water and increases its humidity. The hot
and humid air enters the base of the chimney and drives the turbine-generator system to
produce electricity. The electricity generated is directly proportional to the pressure drop
across the turbine and the volumetric flow rate of air. Afterward, hot and humid air rises
in the chimney and exchanges the heat with the inner walls, where the temperature and
relative humidity decrease, leading to water condensation at the walls of the chimney. The
condensed water falls and accumulates in a basin area at the bottom of the chimney. In this
study, the characteristics of the seawater are similar to that found in Qatar seaports, where
the remaining brine would be pumped back to the sea. The main proposed location was
simulated to Qatar’s condition due to the high availability of solar radiation and the need
for desalinated water.

2.2. Mathematical Model

A mathematical model has been developed to evaluate the performance of the new
system. The new system was described by a set of equations that are based on the mass
and energy balance over the entire PV-SCPP system (Figure 2). Several assumptions were
considered during the development of the model, such as steady-state operation, symmet-
rical airflow, no friction losses, constant local temperature, and uniform and constant level
of the water pool.

Equations (1)–(22) were derived to depict the four zones of the PV-SCPP system.
A program was built with MATLAB R2013a to simulate and numerically solve these
Eqs. The program utilizes a genetic iterative algorithm that is built in MATLAB to solve
temperature variation throughout the entire system with a convergence criterion of 10−6.
The hourly weather data (ambient temperature, local wind speed, solar radiation, and
relative humidity) were supplied to the program through an input file and processed point
by point. The computational time was approximately 3.3 s for each data entry; hence,
the computational time needed to run for one year, i.e., 8760 data points, was around 8 h.
The dimensions of the PV-SCPP system and the thermal–radiative properties for glass,
water, and base were displayed in Tables 1 and 2, respectively. The values in the tables
were selected based on the work by Schlaich [16] and the study done by Kiwan [19,20].
The mathematical model for the SCPP has been validated in our previous published
work [19,22].

Table 1. Dimensions of the PV-SCPP system.

Parameter Dimension (m)

Collector Diameter 250
Collector Entrance Height 6

Chimney Height 200
Chimney Diameter 10

Depth of Seawater Pool 0.03
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Table 1. Cont.

Parameter Dimension (m)

Length of the PV module. 2
Width of the PV module. 1

Thickness of PV glass cover. 0.0032
Thickness of PV Tedlar 0.0005
Thickness of solar cell 0.0003

Table 2. Properties of material used in PV-SCPP system.

Material Transmissivity (τ) Emissivity (ε) Absorptivity (α)

SCPP
Glass 0.90 0.90 0.05
Water 0.90 0.95 0.05
Base 0.95 0.95 0.95

PV
Glass 0.84 0.94 0.06
Tedlar 0.012 0.02 0.8

Sector 1: PV.

The temperature of the air under the PV panels was calculated by calculating the tem-
perature at each layer of the PV panels based on solar radiation and outside temperature.

Equation (1) was used to determine the temperature for the PV glass cover [26]:

MglsCgls
dTgls

dt
= Am[αgls I + hr.sky−gls

(
Tsky − Tgls

)
+ αgls I + hcon,air

(
Tair − Tgls

)
− αgls I + hcon.gls

(
Tgls − Tcell

)
(1)

where:
Tgls is the temperature for the PV glass cover.
Tcell is the temperature of the PV at the cell layer
Mgls is the mass of glass
Cgls is the heat capacity of glass
The equivalent temperature of the sky was given by Equation (2) [26]:

Tsky = 0.0552T1.5
air (2)

The PV solar cell temperature (in Kelvin and Celsius) was given by Equations (3) and (4),
respectively [26]:

TCellk = Tair +

(
(NOCT − Tair) ∗

I
800

)
(3)

TCellC = TCellk − 273 (4)

The radiative heat transfer coefficient between the glass cover of the PV module and
the sky can be given by Equation (5) [26]:

hr,sky−gls = σεgls

(
T2

gls − T2
sky

)(
T2

cellk
+ T2

sky

)
Tgls − Tair

(5)

The convective heat coefficient due to the wind is described by Equation (6) [26]:

hcon,air = 5.7 + 3.8Vw (6)

The temperature for the PV Tedlar layers was solved using Equation (7) [26]:

MtedCted
dTted

dt
= Am[τtedαted I(1− β) + hcnd,t(Tcellk − Tted) + hcon, f−ted

(
Tted − Tf

)
− hc,air(Tted − Tair) (7)
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where:
Tted is the temperature for the PV Tedlar
Tf is the temperature of the air under the PV panels
hcnd,ted is the heat conductivity of PV Tedlar
The radiative heat transfer coefficient between the cell and the Tedlar is determined

by Equation (8) [26]:

hr,cell−ted = σ
(Tcell − Tted)

(
T2

cell + T2
ted
)

1
εcell

+ 1
εted
− 1

(8)

2.2.1. Sector 2: Solar Air Heating

Equation (9) through 22 represent the mass of energy balance of the entire design. The
heat balance represents the heat content and profile of the moving air via different zones of
the SCPP.

Airflow:
The temperature profile of the air under the collector is dependent on the convective

heat transfer between the glass and air, and absorber and air. The energy balance of the air
flowing under the collector is as follows:

qc,gls−air + qc,abs−air = −
cp,airmair

2πr
dTair

dr
(9)

where ω1 = ω2.
Absorber:
The energy balance equation at the absorber is as follows:

qr,abs−gls + qc,abs−air + qkabs = αabsτgls I (10)

Collector:
The energy balance equation at the collector is as follows:

qc,gls−out + qc,gls−air + qr,gls−spc = αgls I + qr,abs−gls (11)

2.2.2. Sector 3: Water Evaporation

Airflow:

qc,gls−air + qc,wtr−air = −
cp,airmair

2πr
dTair

dr
(12)

Absorber:
qc,abs−wtr + qkabs = αglsτwtrτgls I (13)

Collector roof:

qr,gls−spc + qc,gls−out = qc,gls−air + qr,wtr−gls + αgls I (14)

The water energy balance equation is given by:

qewtr + qr,wtr−air + qc,wtr−air + cp,wtrmwtr
dTwtr

dt
= qc,abs−wtr + αwtrτgls I (15)

As the air expands under the collector and enters the chimney, the velocity of the air
can be calculated using the following equation:

Vch =

√
2gHch

Tch,ent − Tout

Tout
(16)
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The turbine output power can be calculated as follows [27]:

Pelc =
1
2

ρen,chC f AchV3
ch (17)

where C f is the turbine efficiency, 0.63.

2.2.3. Sector 4: Solar Chimney

Pelc + Qout = mair

[(
v2

ch,ent

2
+ gzch,ent + ich,ent

)
−
(

v2
ch,out

2
+ gzch,out + ich,out

)]
(18)

where
Qout = mair[(ich,ent − ich,out)− (ω4 −ω3)iwtr] (19)

The water condensation mass flow rate is given by:

mwtr = mair(ω4 −ω3) (20)

The enthalpy [28] of the moist air entering the chimney (ich,ent) can be calculated as
follows:

ich,ent = Tair + ω3(2501.3 + 1.86Tair) (21)

The efficiency of the SCPP can be calculated as follows:

η =
Pelc

1
4 π

(
D2

col − D2
ch
)

I
(22)

3. Results and Discussion
3.1. Weather Profile

The hourly weather conditions (temperature, wind speed, solar irradiation, and rela-
tive humidity) were collected from a local weather station at Doha International Airport,
Doha, Qatar (latitude: 25◦17′9.9816” N, longitude: 51◦32′5.3412” E). The profile of one
complete day of operation in June 2020 (Figure 3) showed that the solar radiation com-
menced in the early morning, 5:00, with low limited intensity (287 W/m2) until it reached
the maximum value during noontime (857 W/m2).

Later, the solar radiation started slowly to decrease at 15:00 (646 W/m2) and ap-
proached zero by the sunset. The range of solar irradiation was recorded from 50 to
880 W/m2, with an estimated average value of 314.3 W/m2. According to Figure 3, it was
interesting to observe that the solar radiation during the entire daytime follows the normal
distribution profile. This is an interesting and important pattern since it guarantees a
uniform average power production. As typical of a coastal city, we observed a variation of
the wind speed at different times of the day in the range of 2.1 to 6.7 m/s, and, occasionally,
large variations during the night, with an average value of ~3.7 m/s. The hourly changes
in the solar radiation and wind speed were combined with changes in the relative humidity
ranging from 20 to 67%.

3.2. Baseline: Electricity and Water Productions without the PV Panels

Figure 4A,B represents the overall electrical energy and desalinated water production
of the SCPP with and without the PV cells. The improvement was very little between
6:00 a.m. and 9:00 a.m. due to lower solar intensity. The noticeable productivity of the
power production started around 5 am due to the contribution of solar irradiation and
increased at a high rate to reach its maximum during the day (9:00 to 15:00). The differences
between the SCPP and SCPP-PV can reach up to onefold. The maximum power production
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coincides with the maximum solar radiation. The maximum power production was
increased from 142 kW in the SCPP to 158 kW in the SCPP-PV system.
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Figure 4B also shows that the maximum amount of water generated slightly increased
from 56 to 62 by adding the PV to the SCPP. The profile for the desalinated water was
increasing as a result of increasing the solar radiation, with few variations, due to changes in
wind speed. There is a direct correlation between the air velocity inside the solar chimney,
power production, and temperature. When the air is heated up, its velocity increases,
leading to higher power and desalinated power production. Despite this interesting feature
of the SCPP, the economy remains the biggest obstacle to be solved. Therefore, we proposed
in the present design to integrate the traditional PV power system with the SCPP to gain the
following advantage: an increase in the temperature profile of the air under the collector
by heating the air before entering the collector.

3.3. Annual Power and Water Production in the SCPP and PV-SCPP Systems

Table 3 summarizes the monthly power production for the basic SCPP and PV-SCPP
systems. The power production for January was increased by 1.6-fold, from 29,516 kWh for
the SCPP to 46,467 kWh for the PV-SCPP design. The total area of the PV was determined to
be 500 m2, which potentially provided 42,888 kWh before integration. In June, the highest
energy output achieved was 34,419 kWh for the SCPP and increased further until it reached
38,992 when the PV-SCPP was used.

The annual energy production of the PV-SCPP was determined to be 494,100 kWh,
which is 30% higher than the basic SCPP (380,263 kWh). This is a significant increase, lead-
ing to reducing the levelized cost of energy (LCOE) and improving the process economy.

After the integration, moderate cooling is achieved via heat exchange with the natural
drafting air that enters the PV-SCPP design. This is truly a win-win situation where the
turbine inside the PV-SCPP generated higher power output due to heating up the air via
the integrated PV. At the same time, the heated-up air moderately cooled the PV, leading to
increasing its efficiency by 2%, as expected and in agreement with previous studies [19,23].
Increasing the internal temperature of the air is directly proportional to the amount of
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desalinated water. The desalinated water increased from 8961 to 11,945 tons when the
PV-SCPP design was employed for January. As with the energy production, the amount
of distilled water peaked in the summertime and reached a value of 15,662 tons. The
annual amount of distilled water was increased from 139,443 to 163,143 tons, achieving
a 17% increase. It is worth noting, despite the higher amount of water production being
proportionally related to power production, the maximum distilled water produced was in
July, while the maximum energy produced was in June. This is due to the higher humidity
ratio for July compared to June.
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Table 3. SCPP monthly production of electricity and water with and without two-meter PV
length integration.

Month
Solar

Irradiation
(kWh/m2)

Electric Energy, (kWh) Water Production (ton)

SCPP PV-SCPP SCPP PV-SCPP

January 203 29,516 46,467 8961 11,945
February 244 28,348 41,471 10,244 13,052

March 261 32,543 45,710 11,499 14,286
April 272 32,119 40,852 13,501 15,761
May 289 35,510 42,148 13,339 14,836
June 325 34,419 38,992 14,511 15,662
July 321 34,129 38,168 14,817 15,862

August 310 34,068 39,224 13,177 14,377
September 293 31,473 37,396 11,412 12,704

October 263 30,663 39,735 9558 11,230
November 230 29,553 41,712 9339 11,634
December 208 27,921 42,226 9084 11,795

Total 3,218 380,263 494,100 139,443 163,143

The high energy output and the amount of distilled water are likely related to the
solar radiation and are less dependent on the surrounding temperature of the air. As seen
from Figure 5, there was a direct relationship between the energy output and the outside
temperature for the period of 6:00 to 9:00 a.m.
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Figure 5. The influence of ambient temperature on the performance of the PV-SCPP and
SCPP designs.

The increase in the outside temperature from 36 to 42 ◦C, during the period of 6:00 to
9:00 a.m., was combined with increasing power generation from 0 to 150 kWh. However,
when the outside temperature decreased from 42 ◦C to 36 ◦C, during the period of 9:00 a.m.
to 3:00 p.m., the energy output leveled at 150 kWh, showing that solar radiation plays a
major role in the production and minimizes the effect of the outside temperature. This
opens a new possibility that SCPP can operate even in colder weather conditions if there
is enough solar radiation to heat the air underneath the collector zone. The increased
power production and the amount of desalinated water agree with the results obtained
by Kiwan et al. [20], Elghamry et al. [29], and Haghighat et al. [30]. Kiwan et al. [20]
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investigated the submerged PV panels underneath the collector and not at the entrance,
contrary to this study. The submerged PV panels inside the SC generated 45.35% more
electricity annually than the SCPP standing alone. In another interesting experimental
study, Elghamry et al. [29] installed the PV inside the solar chimney, resulting in producing
70% more power than a standing alone reference PV. Haghighat et al. [30] presented a
CFD model that studies the integration of the SCPP, resulting in increasing the power from
267 W in the standing alone SCPP to 300.4 W when consolidated with the SCPP.

3.4. The Influence of Temperature and Air Velocity on the Performance of SCPP and
PV-SCPP Systems

Figure 6A,B presents the effect of the ambient temperature and wind on the tem-
perature and air velocity profiles inside the solar chimney before the air collides with
the turbine. The velocity and temperature of the hot air increase as the solar radiation
increases. The increases of these values (temperature and velocities) are proportional to
the energy output. Since the curvature of both profiles is directly proportional to the solar
radiation, we may conclude that solar radiation is the biggest factor responsible for the
temperature and velocity profiles. Furthermore, there is a direct relationship between the
air temperature and velocity before entering the turbine and the radius of the collector. The
longer the path under the collector for the air to move, the longer the exposure of the air to
solar radiation. However, other factors affect the values of the temperature and velocity
increase, such as the collector diameter and its elevation from Earth’s surface. The height
and diameter of the collector used in this study were optimized in previous studies, and,
therefore, we assume the solar radiation is the only factor affecting the physical properties
of the air inside the collector. Furthermore, the air temperature and its velocity inside the
collector are the major contributors to the energy output, along with other factors, such as
the chimney height. This is similar to the mechanism in the shredded wind turbine.

3.5. Economic and Environmental Analysis

The PV-SCPP is a promising renewable technology for clean electricity production
and provides desalinated water at zero energy consumption. The amount of electricity
and water produced from the PV-SCPP would save GHG emissions generated from power
and desalination plants. The standard value of CO2 emissions produced by a coal-fired
power plant is reported to be 0.95 kg CO2 eq./kWh [31]. We assume that the amount of
produced water would reduce the load for reverse osmosis desalination plants. Therefore,
we assume the reverse osmosis would emit 2 kg CO2eq/ton produced water. Therefore,
the GHG emissions reduction is estimated by implementing the below equation:

Mass of CO2 (kg) =
0.95 CO2 eq

kWh
.Electrical production kWh +

2 CO2 kg
Tons water

. Tons of distilled wate (23)

The comparative performance of the SCPP and PV-SCPP is presented in Table 4. The
performance criteria for both designs include annual power production, potential GHG
reduction, and desalinated production. The data show that the PV-SCPP generates 30%
more electricity in comparison with the SCPP, while the amount of desalinated produced
water was 17% higher. The integration of the PV panels to the SCPP provided higher
power output, which eventually replaced part of the local electrical production from the
classical power plant. This replacement reduced the amount of GHG production by 30%
(Table 4). Additional replacement comes from desalinated water since it replaces the water
produced from RO plants. The GHG reduction from desalinated water is only valid in
geographical locations where major water suppliers are reverse osmosis plants. The overall
GHG reduction for the novel design corresponds to 820 tons annually, significantly higher
than the reported values by other studies.

The natural water precipitation in Qatar and the fresh groundwater was estimated to
be 71-m3/annually per capita in 2005 [32] This value is greatly under the water poverty
range of 1000-m3/annually per capita. Therefore, water desalination continues to be the
main source of Qatar’s freshwater. Reverse osmosis and thermal desalination technologies
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are the major providers of freshwater in Qatar. Therefore, the SCPP technologies, and, in
particular, the current novel design, would have a significant application in Qatar in terms
of sustainable, environmentally friendly water production. Qatar is also committed to
reducing the GHG by investing in decarbonization technologies. The PV-SCPP would pro-
vide almost zero operating cost energy and water production technology with a significant
reduction of the GHG.
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Table 4. Comparative performance of the PV-SCPP versus the conventional SCPP.

Performance Criteria SCPP PV-SCPP (%) Increase
(+)/Decrease (−)

Annual power production, (kWh/year) 380,236 494,100 +29
Desalinated water production (tons/year) 139,443 163,143 +17

The corresponding CO2 emission reduction
(tons/year) 361 459 +29

LCOE, $/kWh 1.86 1.50 −36
Capital cost, $ MM 1.25 1.50 −20

The present study is a continuation of the SCPP developed and optimized by Abdel-
salam et al. [17,18] with the final purpose of integrating the PV with the SCPP in a hybrid
design. Hence, we will use the same costs as developed previously by Abdelsalam et al. [17]
with marginal variations. Abdelsalam et al. [17] presented that the capital investment of
the SCPP corresponds to US $1.25 million while producing 441,440 MW electricity. The
capital investment estimation by Abdelsalam et al. [17] included all the SCPP components
as well as the installation and labor costs.

Despite the seawater desalination dramatically solving the need for freshwater for
Qatar, its cost still exhibits the biggest challenge for sustainability. Qatar has 12 desalination
plants, with the production costs corresponding to $0.82, $1.04, and $0.95 per meter cube
for reverse osmosis, multi-stage flash distillation, and multi-effect distillation, respectively.
The energy demand is high and corresponds to 75% of the desalination cost [33].

The proposed design outcomes align with Qatar’s vision of 2030 [34] for sustainable
development for food and energy security. The novel design was proposed in the location
with other existing desalination plants in Qatar. The hybrid design is not supposed to
replace the existing desalination plants but rather is a complementary plant with almost
zero cost for each meter of cubic water and nearly zero GHG emissions. If the plant is to be
constructed, it will contribute to 163,143 tons/year.

The SCPP technology exists commercially but at a very limited scale due to the high
cost of capital and operating cost. The main obstacle for widely accepting the technology is
reducing the initial and operating costs. This work introduces a new design that we proved
to operate at a lower cost and improves the performance of the new proposed design:
PV-SCPP. The new design, PV-SCPP, provides a solution for classical PV cooling, as well as
the production of desalinated water at a low cost compared to reverse osmosis technologies.
Therefore, the improved design would attract stakeholders and attract the venture capitalist.
Hence, the PV-SCPP presents innovative opportunities for PV-SCPP commercialization
due to lowering the LCOE, freshwater production, as well the GHG reduction.

4. Conclusions

The novel design integrates two renewable technologies (PV and SCPP) that achieve
high energy efficiency, low-cost water desalination, and GHG reduction. The novel design
offers a cooling mechanism of the PV with zero GHG emission compared to other cooling
technologies. The cooling of the PV was essential to increase its efficiency, which added
to the overall efficiency of the PV-SCPP. The economic aspect of the PV-SCPP design
improved compared with the basic design when the SCPP was considered as a reference
case. This would dramatically increase the technical readiness level of the technology and
open new possibilities for future commercialization. The energy efficiency increased by
increasing the overall electrical power output for both systems as well as increasing the
power generation for the PV due to the cooling effect. During one day in summertime, the
power improved for the novel design from 128 kW to 152 kW. The corresponding annual
electrical production improved from 380 MWh to 494 MWh. Therefore, the novel design
opens new possibilities for the commercial application of the SCPP due to lowering the
LCOE, solving the water scarcity challenge, and reducing the GHG impact. Future work
will focus on the design configuration of the turbine, its cost, and its durability.
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Nomenclature

A Area (m2)
Am Area of PV panel (m2)
Cf Turbine efficiency, 0.42
cp Specific heat capacity (J kg−1 K−1)
D Diameter (m)
dh Hydraulic diameter (m)
g Gravity acceleration (m s−2)
H Height (m)
h Heat transfer coefficient (W m−2 K−1)
hfg Latent heat of water evaporation, (W m−2 K−1)
I Intensity of solar irradiation (W m−2)
i Enthalpy (kJ)
k Thermal conductivity of air (W m−1 K−1)
m Mass flow rate (kg s−1)
NOCT Nominal operating cell temperature (K)
Pelc Electrical power (W)
PV Photovoltaic
q Heat transfer rate (W m−2)
Qout Heat transfer between the outside and chimney wall (W)
r Radius (m)
T Temperature (K)
V ch Air velocity entering the chimney, (m s−1)
Vw Wind velocity (m s−1)
Greek Symbols
A Absorptivity
β Packing factor, Temperature coefficient (K−1)
η System utilization factor
P Density (kg m−3)
τ Transmissivity
ω Relative humidity
Subscripts
abs Absorber
air Air
c Convective heat transfer
cd Condensated water
ch Chimney
cnd Conductive heat transfer
col Collector
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e Evaporation
ent Entrance
gls Glass
out Outside
r Radiative heat transfer
sky Sky
ted PV Tedlar
wtr Water
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