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1 | INTRODUCTION

1.1 | Background

The need for energy and clean water resources will
exponentially expand in the next years to keep up with
rising lifestyle standards, worldwide economic growth,
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Abstract

This study presents a novel hybrid solar chimney power plant (HSCPP) design.
The HSCPP preserves the typical solar chimney power plant (SCPP), with an
additional seawater pool at the base and water sprinklers at the top. This new
and novel design configuration offers an opportunity to run the system during
the daytime as a traditional SCPP and as a downdraft cooling tower at night.
The performance of the HSCPP was analyzed in 16 cities in the Kingdom of
Saudi Arabia (KSA) that span the entire geographical area of the country to
select the optimal location for installation. The results showed that the highest
annual electrical energy production of 676.20 MWh was achieved in the
southern city of Shahrurah. However, the lowest annual electrical energy
production of 347.59 MWh was found at Wajh, in the west. The highest annual
freshwater production was 143,898 tons at Riyadh, in the center. However, the
lowest annual freshwater production was 77,868 tons at Muwayh, in the west.
Furthermore, the results showed that the proposed HSCPP increased electrical
power production by 55% and freshwater production by 20% when compared
to traditional SCPP. In addition, an outstanding reduction in CO, emissions by
approximately 56% was associated with such an application of HSCPP. The
performance of the HSCPP is very promising, however, the geographical
location to install the HSCPP is performance-critical. Hence, the optimal

locations were found to be from the center to the southern part of the KSA.
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and population growth."? Fossil fuels (oil, natural gas,
and coal) have proven to be effective drivers to support
the global energy demand. However, their burning was
always regarded as one of the causes of the global
warming (GW) problem by raising the concentration of
CO, and other greenhouse gasses (GHGs) in the
atmosphere.>* Chemical substances in the flue gases, in
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general, contribute to air pollution that has a direct
impact on human health,>® the Environment,” and
communities’ welfare. As a result, scientific research
into novel alternatives to conventional energy resources
is required.

Renewable and clean energy resources that are
continually replenished by nature could satisfy part of
the global energy demand without any GHGs emissions.”
As a result, various countries have invested in renewable
energy resources in the hope to cover the global energy
needs.” It was reported that electricity generation from
renewable resources increased by more than 8% to reach
8 300 TWh in 2021, representing the fastest year-on-year
growth since the 1970s. Furthermore, governments all
over the world were concerned with developing regula-
tions and policies to support such scientific efforts and to
ensure that the use of these clean energy resources is
facilitated."”

The diversity of renewable energy technologies and
resources is one of its most notable characteristics.
Different studies believe that the ultimate size of the
renewable energy resource is large to the limit that they
could make a very significant contribution to global
energy demands.'" Solar energy,'” wind,"* hydropower'*
biomass,”'*'* and geothermal are among the leading and
most developed renewable resources and technologies.
Renewables such as solar, modern biomass and wind
power contribute to around 3% of electricity and 2% of
primary energy. Although these technologies offer large
potential for growth and significant environmental
benefits, their economic aspect still requires further
investigation to ensure high performance within an
acceptable range of localized cost of energy (LCOE).'

Solar energy, in specific, is amongst the most
promising renewable energy resource with low GHGs
emissions.'” Solar energy has the potential to be
converted into thermal energy, which can then be used
to heat a building or water, or it can be converted into
electricity via solar photovoltaic (PV) cells'® or concen-
trating solar power (CSP) systems. The CSP technologies
generate electricity by concentrating direct-beam solar
irradiance to heat a liquid, solid, or gas, which is then
used to generate electricity in a downstream process.
These technologies are technically well proven with
numerous systems installed around the world over the
last few decades.'®?*

Solar chimney (SC) is regarded as an outstanding
power generating plant due to its simple design (no
mechanical parts, low maintenance, and no electrical
consumption), very low environmental impact (no GW
effects or pollution) and dual cation (can be used for both
heating and cooling).'®'”*! The first pilot study of the SC
power plant was initiated in Spain during the 1980s.'”*

The electricity generated from the first innovative and
optimized design of the solar chimney power plant
(SCPP) was in the range of 100-200 MW.>* Recent
research work on the SCCP technologies focused on (1)
developing an accurate mathematical model to optimize
the process, (2) proposing system modification, or (3)
adding new elements to the SC structure or combining it
with other technology (i.e., hybrid systems). These efforts
are aimed at improving the SCPP design and feasibility,
enhancing the efficiency and performance while reduc-
ing the cost, increasing the power production and at a
certain time producing additional products (e.g., desali-
nated water). Another important aspect that was
intensively explored was the SC configuration and
geometrical parameters to enhance power generation.
Works on the constructal configuration of SC was varied
and based on experimental studies,®*** process
simulation,*®*” optimization,”® and numerical calcula-
tions.?>** As an example, Zhou et al.*" presented in 2010
a review that explains the progress in SC throughout the
years 1982 to 2010 from theoretical to pilot-plant
operation. Fathi et al.>* showed that the productivity of
SCPP could be increased by utilizing waste heat from
power plants. The effect of the design geometry on the
performance of the SCPP was discussed by Maia et al.>
Mathur®* studied the effect of the inclination of the
collector on the performance of SCPP and concluded that
the optimum inclination varies from 40° to 60° depend-
ing upon the latitude of the place. Ming et al.*>> showed
that structure of the SC plyas an important role in power
generation and the corresponding efficiencies. Larbi
et al.’® performed a performance analysis of an SCPP in
the southwestern region of Algeria to identify the most
important performance parameters. Solar radiation,
ambient temperature, chimney height and the surface
of the collector were identified as the main efficiency
parameters that might significantly affect the system
performance. Guo et al.*’ showed through numerical
simulation that the SCPP can produce up to 120 kW
when the solar radiation is around 600 W/m®.
Pasumarthi and Sherif®® developed a mathematical
model to help analyze the factors that might influence
the system's performance. Kiwan and Salam* modified
the design of the SCPP by adding water pool in the base.
The modified design has high solar utilization capacity
and successfully produces energy and desalinated water.
Abdelmohimen and Algarni*® showed that a SCPP with a
chimney hight of 194 and collector dimeter of 244 m is
capable of generating an average of 56 kW/month in the
city of Riyadh. Chergui et al.*' conducted a heat transfer
and airflow modeling analysis of the SCPP to investigate
the effect of airflow velocity and temperature distribution
on system performance. The developed model aided the
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SC designer in accurately locating the mechanical
conversion device within the collector chimney system.
Xu and Zhou* developed a mathematical model that
investigate the operation of the SCPP within an
agricultural area. It was concluded that the agricultural
benefits compensate for the decrease in electricity
production. Khan et al.*® presented a comprehensive
review that outlines the benefits of coupling SCPP with
reverse osmosis for water desalination. Similarly, Zuo
et al.** presented a comprehensive study on the use of
wind supercharged SCPP for seawater desalination.
Other works that incorporated power plant with
desalination processes were presented elsewhere.*>"*°
Asnaghi and Ladjevardi*” showed that the SCPP can be
impliminted off-grid to provide electricity to urban areas
if the land is available. New structures consisting of SCPP
and building ventilation were presented by Harris and
Helwig.*® Zandian and Ashjaee®® performed research
work about ventilation and its relation to the airflow
inside the roof SC. Arce et al.”’ studied the thermal
performance of a SC for natural ventilation. The results
reveal that maximum irradiation of 604 W/m?® can create
a maximum air temperature difference of 7°C. Afonso
and Oliveira®' presented interesting results that prove the
feasibility of using SC for buildings’ natural ventilation to
improve indoor air quality. The impact of changing the
configuration of the SCPP-single or multiple turbines- on
the power generation, power conversion unit (PCU),
energy yield, and efficiency was discussed by Afonso and
Oliveira®® and Fluri and Von>2. Furthermore, the
utilization of different types of Basement,>>** collec-
tors,”>>® and absorber materials®’ was illustrated. Com-
bining with other systems or proposing various modifi-
cations to the SCPP was the concern of the majority of
experimental and numerical work executed on SCPP.
Klimes et al.’® compared the energy conversion efficiency
from SCPP with solar PV-powered fans. The PV-powered
fans significantly outperform the SCPP in terms of
converting solar energy into kinetic energy.
Kommalapati et al.>® showed that using the SCPP can
reduce the GHGs emissions from the power plant by 55%.
Other studies integrate SCPP with PV systems to achieve
seawater desalination under practical weather condi-
tions. Two designs were suggested to increase the
performance of the process by taking into account the
income from the generation of electricity and the
production of freshwater. The first design combine the
PV system with SCPP, while the second and focused on
modifying the SCPP design and configuration itself.***°
For the PV-SCPP system PV water pool installed in the
base of the SC allow to cool down the PV and increase
efficiency. This system offered the the generation of fresh
water and electricity. The other system focused on

developing a steady state movement of air in the system
to enhance desalinated water production. Insulating the
collector's surface is another important design to high-
light. Insulating the collectors showed a significant
improvement in the system efficiency and power
outcome.®® Integrating SC with wind capturing in
another advanced technique used to increase the process
performance. The wind capturing device capture energy
from wind at an elevated height and contribute to the
system energy production. Tavakolinia® presented a
study where the wind-catcher improve natural ventila-
tion system to building in the Los Angles area. The
system offers a way to redeuce pollution, under low
energy requirements without any significant noise
compared to traditional air conditioning systems. Prima
and Prima® presented similar results of applying the
concept of the wind-catcher combined with SC on a
humid climate. The SC was also combined with wind
turbine to provide a hybrid system that can generate
electricity. Zandian and Ashjaee*’ showed that the SCPP
can be used in power plant's not onlty to enhance
thermal efficiency but also to provide cooling facility by
acting as a cooling tower (CT). Ming et al.** suggested
that the SCPP can be upgraded adding a nozzle for hot
water inside the collector.

Although the applications of the SCPP showed promise
in terms of energy security, some challenges must be
overcome to allow stable large-scale implementation. For
an instant, the requirement for high chimneys and big
areas of land, low LCOE, and low thermal efficiency are
issues that required further investigation. The aforemen-
tioned literature review has underlined the significance of
developing innovative designs of the SCPP to achieve the
desired improvement. Moreover, limited published articles
were involved in integrating CT with the SCPP. Therefore,
this study presents a remarkable hybrid solar chimney
power plant (HSCPP) design that combined CT with SCPP
to produce electricity and desalinated water. The proposed
design benefits from using a bidirectional turbine to operate
the SC structure as a power plant in the daytime and as CT
at nighttime, achieving continuous system operation.
Previously, this design was tested in the city of Aqaba,
Jordan, and showed impressive results.’” However, as the
weather conditions (e.g., temperature, solar radiation
intensity, and humidity) and the geographical location
have a high impact on the system operation HSCPP
required further investigation.

1.2 | Goals and objectives

This study focused on assessing the performance of the
HSCPP under different climate conditions and diverse
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geographical areas of Kingdom of Saudi Arabia (KSA).
Although the performance of the traditional SCPP was
previously investigated in five cities of KSA,** this will be
the first study the explore the operation of the new
HSCPP design in different cities. The new design offer
dual action that generates electricity, desalinated water
and cooling water. Therefore, the new design can be used
in/off-grid to provide energy and water as well as in
industrial institutions. The design was tested in a wider
geographical area of 16 cities to select the best locations
for higher productivity of the HSCPP. The work aims also
to present the superior performance of the new proposed
design over the traditional SCPP design, assess the
performance in each city, correlate the productivity
(electricity and water) and performance to weather data,
and select the optimal locations for water and electricity
production.

2 | MATERIALS AND METHODS

2.1 | HSCPP description

2.1.1 | System structure

The HSCPP system combines the working principles and
technologies of both a traditional SCPP and a CT. As
shown in Figure 1, the HSCPP system consists of a SC
(height =200 m and diameter = 10 m), a collector (diam-
eter =250 m), and a bidirectional turbine. The HSCPP is
equipped with a seawater pool (diameter =30 m) at the
base of the collector. The height of the collector starts at
6 m at the entrance and gradually increases to 12 m at the
chimney base. All physical dimensions and components
are shown in Figure 1A,B. The turbine is located at the
bottom of the chimney and above the ground. Gutters are
installed at the inner walls of the chimney and connected
to pipes to escort the collected desalinated water to a
reservoir outside the chimney. The top section of the
chimney is fitted with water sprinklers. Water is pumped
using an external pump from a reservoir outside the
chimney. The seawater pool is centralized under the
chimney and fitted with water pipes to bring in the water
from an outside reservoir. The chimney and the base are
assumed to be made of concrete. The rooftop of the
collector is made of glass. The turbine is bidirectional to
allow energy harvesting in both directions.

2.1.2 | System modes of operations

The HSCPP is configured to run in two mutually
exclusive modes: conventional SCPP mode and CT mode.
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FIGURE 1 Schematic operation with physical dimensions of
the proposed hybrid solar chimney power plant system (A) working
as solar chimney power plant, and (B) working as cooling tower

The principle of operation of both modes is the density
difference between the air inside the system and the
ambient air. Furthermore, the heat flow direction of the
air in the system is the main difference in both modes.
The principal operation of both modes is explained in the
next section.

SCPP mode

Figure 1A presents the operation of the structure as
SCPP. Solar irradiation intercepted at the surface of the
collector heats the air under the collector and increases
its temperature and decreases its density. Therefore, the
kinetic velocity of air increase along the sloped roof. This
allows the air under the collector to expand while
flowing from sector one to two over the seawater pool. As
the air moves over the seawater pool, it becomes humid
due to the bouncy effect at the seawater pool. With the
increase in the solar intensity during the day, the air
temperature under the collector increases exponentially
and continues to expand over the seawater pool at the
bottom of the structure. This develops a differential
pressure between the bottom and the top of the SCPP and
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pushes the hot and humid air upward to the top of the
chimney. While moving upward, the temperature of
humid air decrease leading to water desalination at the
inner walls of the chimney. As the hot air moves up the
chimney it interacts with the turbine to produce
electricity. The temperature difference between the air
inside and outside the chimney determines the velocity
of the air ascending through the chimney, as presented
by Equation (23). Then, the air leaves the chimney to the
surrounding area. The direction of the airflow through-
out the different sectors of the system (entrance,
collector, seawater pool, turbine, and chimney) is
presented in Figure 1A. The color of the arrows indicates
the temperature increase of the air as it flows through the
system. As the temperature and solar irradiation increase
during the day, it is expected that the production of
desalinated water and electricity increases to reach a
maximum around noon time. The production declines in
the afternoon due to a decline in the temperature and
solar irradiation and ceases at sunset. The operation of
the SCPP is highly dependent on solar irradiation, hence,
it only operates in the daytime.

CT mode

The system components that are needed to operate
during the CT mode are the chimney, turbine, and water
sprinklers, as shown in Figure 1B. The CT operates
during the nighttime as it does not need solar irradiation.
The operation as a CT starts by spraying a mist of cool
water on the hot and dry air located at the top of the
chimney, as shown in Figure 1B. The sprayed water
evaporates almost instantly to be absorbed by the hot air.
This decreases the air temperature and increases its
density. As a result, and according to the ideal gas law,
an increase in pressure occurs at the top of the chimney
leading to accelerating the air toward the bottom of the
chimney. Like the SCPP mode, the temperature differ-
ence between the air inside and outside the chimney
determines the velocity of the air ascending the chimney,
Equation (23). As the air descends it interacts with the
turbine to produce electricity, and then exits the chimney
to the collector area. The direction of the arrows in
Figure 1B shows the direction of the airflow during this
mode. The operation of the CT mode is very dependent
on the temperature and humidity of the ambient air. This
will be addressed in detail in the results and discussion
section.

The transfer between SCPP and CT modes is done by
the bidirectional turbine that changes its spinning
direction (clockwise or counterclockwise) based on the
airflow. Therefore, the HSCPP functions as SCPP during
the day and as CT at night. Hence, the HSCPP potentially
offers continuous generation of electricity and

desalinated water if the weather conditions permit. This
resulted in higher system utilization and -efficiency
compared to the traditional SCPP design, in addition to
a rapid decrease in the LCOE.

2.2 | Mathematical model

The mass and energy balance of the novel design was
established using the equations that are listed in this
section, and as shown in Figure 2A. A mathematical
model was developed for each sector of the SCPP using
MATLAB software and solved numerically. The mathe-
matical model contains equations corresponding to Sector 1
(solar air heating), Sector 2 (air humidification), and
Sector 3 (water desalination and power productions). The
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FIGURE 2 Diagram represents (A) the energy balance
equations: showing sector 1, sector 2, and sector 3 of the hybrid
solar chimney power plant, (B) validation results
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hourly weather data (solar irradiation, wind velocity,
temperature, and relative humidity) were obtained for each
city (8760 h/year) and used to solve the mathematical
model basis. The model reads the four input weather
parameters and calculates the temperature of the collector
roof, base, and the air under the collector using Matlab
genetic algorithm. The program iterates to calculate all
parameters and converges when the error is less than 107°.
The model first calculates the temperature profile of the air
in Sector 1 every 5m starting from the entrance of the
collector and ending at the edge of the seawater pool. Next,
the program calculates the amount of humidification,
enthalpy, and the temperature of the air over the sweater
pool. Last, the model calculates the air velocity, mass air
flow, electrical power generated, and the amount of water
desalination in the last sector (chimney). The mathematical
model was validated against a well-known baseline
prototype built by Arce et al.>*> and Afonso and Oliveira.53

The following section depicts the energy balance
equations for the various sectors of the HSCPP. The
objective of the model was to calculate the temperature
of the air at all three sectors and then combine the results
to find the temperature profile for the entire system.
However, The model's detailed equations can be found in
the supplemental material of our previous publica-
tions.””®® The energy balance was performed in the
following sections:

2.2.1 | Sector 1: Solar air heating
Airflow:

The rate at which the air temperature changes with
distance as a function of the convective heat transfer
rates between the glass of the collector and air, and the
absorber and air, was applied as follows:

q + q Cp,airmair de‘iir 1
c,gls—air c,abs—air 2t dr ’ ( )

where w; = w,, from air mass balance equation.

The energy balance equations at the absorber and
collector as related to the solar irradiations were applied
as follows:

Absorber:

qr,abs—gls + QC,abs—air + qkabs = aabsfglsl- (2)
Collector:

qc,gls—out + qc,gls—air +qr,gls—spc = O(g]sl + qr,abs—gls‘

(3)

Collector to air convective heat transfer rate was
applied as follows:

qc,gls_air = hc,gls—air(rgls - ’Elir)- (4)

Base to air convective heat transfer rate was applied
as follows:

qc,abs—air — hc,abs—air(Tabs - air)- (5)

The radiative heat transfer rate established between
the absorber and the solar collector was determined
using the below equation:

qr,abs—gls = hr,abs—gls(Tdbs - gls)- (6)
Convective heat transfer rate between the collector

and outside environment was determined using the
below equation:

qc,gls—spc = hc,gls—spc(rgls - Tspc)- (7)

The convective heat transfer coefficient (hcgis—spc)
was applied as follows:

hc,gls—spc =28 + 3.01)0, (8)

where, vy is the horizontal wind speed just above the
collector. The temperature of the sky was applied as follows:

Tspc = Tout — 6. (9)

Collector to outside environment radiation heat
transfer rate was applied as follows:

qr’gls_spc = hr,gls—spc(T;;ls - Tépc)- (10)

2.2.2 | Sector 2: Air humidification
Similarly, the rate at which the air temperature changes
with distance, over the seawater pool, as a function of the
convective heat transfer rates between the water and air,
and the glass and air, was applied as follows:

+ _ Cp,air Mair dnir
e, gls—air qc,wtr—air - 27r dr

amn

The convective heat transfer rate between the absorber
and water was determined using the below equation:

qc,abs—wtr + Qxabs = Agls Twir Tgls L (12)

85UB017 SUOWILLIOD 3AIERID 3ol dde 3y} Aq pauRA0b 38 S3oILe YO ‘8SN JO S3IN1 10} AReIq | BUIIUO AB]IAA UO (SUORIPUOD-PUR-SWIBHLI0D" A3 | 1M AReiq1BU1|UO//SaNY) SUOIIPUOD Pue swia | 8y} 83S *[£202/90/52] Uo Ariqiauliuo /M ‘AiseAiun ered Aq 0r2T e9s9/200T 0T/I0p/LI00 A8 | im AReiq 1 uljuo//SdnY WOy papeo|umoq ‘6 ‘2202 ‘S0500502



ABDELSALAM ET AL

The radiative heat transfer rate between the water
and glass was as follows:

qr,gls—spc + qc,gls—out = qc,gls—air + qr,wtr—gls + agISI'

(13)

The energy balance of water per unit area of the
chimney was calculated using the following equation:

Cp,wir Mwtr d Ty

qewtr + qr,wtr—air + qc,wtr—air 27T dr (14)

= q cabs—wirt Awir Tgis -

2.2.3 | Sector 3: Water desalination and
power productions

To calculate the electrical power and desalinated power
generated while the HSCPP was operating using the
SCPP mode, the following energy balance equations were
applied:

2
— vch,ent .
Ric + Qout = Myir [[ 5 + 8Zch,ent + lchent

2
vch,out .
- [ > + &Zch,out + lch,out]l-

(15)
where,

Qout = Myir [(ich,ent - ich,out) - (CU4 - wS)iwtr]-

(16)

The rate of water condensation at the inner walls of
the chimney was determined using the below equation:

My = Mair (04 — @3). a7

The enthalpy’® of the moist air entering the chimney
(ich.ent ) Was calculated as follows:

ichent = Tair + @3(2501.3 + 1.86T;;;). (18)

Equation (18) was also used to calculate the enthalpy
of the air that enters the chimney when the HSCPP was
running the CT mode.

The enthalpy of the air after cooling can be calculated
as follows:

iyvap = lair + Ovapl (19)

The enthalpies of the air and water were calculated as
below:

Lair = Cp,air To, (20)
Iwtr = Cp,wir Twir (21)
The temperature of the produced vapor was calcu-

lated as follows:

Cpair Ty + (0425013 + T,1.86) = (,3p2501.3

(22)
+ Tvap 1.86) + Cp,air Tvap-

The velocity of the air at the entrance of the chimney
was determined using the below equation®”:

Tch,ent - T;)ut

23
Tout ( )

Ven = \/ 2gHcn

The output power produced by the turbine was
calculated as follows®’:

1
Ry = Epen,ch CrAch Vc3h- (24)

Where, C; is the turbine efficiency, 0.42.

3 | RESULTS AND DISCUSSION

The operation and performance of the HSCPP depend on
the weather conditions. Hence, geographical location
plays a vital role in selecting the optimal location for the
deployment of the HSCPP. Due to the vast area of the
KSA, weather variations from one location to another are
very possible. Hence, to study the impact of location and
weather conditions on the performance of the HSCPP,
the area of the KSA was partitioned into several
segments. Figure 3 shows the map of the KSA high-
lighted in five different colors representing five different
segments: north, south, east, west, and center. Sixteen
cities were selected to represent the segments as shown
in Table 1.

3.1 | Organization of this section

In the upcoming discussion, the data collected from the
16 cities will be presented in different manners to allow
for a complete analysis of the performance of the
proposed design of HSCPP. The available data includes
the weather conditions of the selected cities, along with
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the electricity and water production. Various types of
figures were plotted, based on the collected and
generated data, focusing on different performance
measures of the HSCPP for each location. First, two
figures will illustrate an example of weather data
variation during the day in one of the cities (e.g.,
Qaisumah) of KSA on the 17th of July. The first figure
presents the weather data profile, while the second one
presents solar irradiation as well as electricity and water
production. Next, a comparison based on the hourly
average solar irradiation between five cities, which
represent the five geographical areas will be represented.
Then, the hourly average solar irradiation over the entire
year will be represented for all cities allowing the desired
comparison between them. After that, an example of
the hourly average ambient temperature of the same five
cities will be shown. Next, an arrangement for the
timeline of the year will be conducted and applied to
the values of wind speed, electrical energy production,
and water production. Finally, a table with the annual

-Group C
- -GroupD
& -GroupE |

R s 94
: Arabi

6 5
o0

FIGURE 3 Geographical grouping of selected cities for the
deployment of the hybrid solar chimney power plant in Kingdom of
Saudi Arabia

electrical energy production and desalinated water
production for each city will be discussed.

3.2 | Selected examples of weather
profiles and performance figures

Figure 4 represents the solar irradiation and the weather
conditions on the 17th of July, in the city of Qaisumah.
Solar irradiation values started to increase almost after
05:00 until approximately 09:00. Then, minimal fluctua-
tions were observed in solar irradiation values, until
reaching the highest value of the day, which was
792 W/m? at 14:00. After that, the solar irradiation value
decreased dramatically until reaching almost zero at
18:00. The case is different for the humidity, as the
highest values of almost 19% were observed at the
beginning of the day (between 04:00 and 05:00). The
humidity decreased slightly in the middle of the day
reaching the lowest value of 9% and then increased at
nighttime. Temperatures values varied between 31°C at
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FIGURE 4 Solar irradiation and the weather conditions on
17th of July in Qaisumah, Kingdom of Saudi Arabia

TABLE 1 Selected cities within the

Group A Group B Group C Group D Group E . -

(north, red) (west, yellow) (center, blue) (south, black) (east, green) different geographical areas to operate
the hybrid solar chimney power plant

Rafha Bisha Hail Najran Qaisumah

Sakakah Jeddah Wadi Dawasir Jizan Dhahran

Tabuk Muwayh Riyadh Shahrurah

Turaif Wajh
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04:00 and 05:00 and 48°C at 16:00 throughout the day,
showing the highest values in the middle of the day.
Since the CT performance is affected by the temperature
and the air humidity, it is expected that the lowest
electrical energy production will be in the hours of 04:00
and/or 05:00. That is because they have the lowest
temperatures and the highest humidity values. The case
for the SC performance will be slightly different as it is
affected mainly by the solar irradiation and temperature
and the lowest values for the electrical energy production
will be expected to be at the two ends of the operation
timeline, where the solar irradiation is the lowest. For the
wind speed, values were found to be between 2.1 and
10.3m/s, and the highest values were approximately
observed between 17:00 and 18:00. It should be said that
it will be expected for the highest water production value
to be approximately in the middle of the day. That is
because it is affected by ambient temperature, solar
irradiation, and wind speed. The ambient temperature
and the solar irradiation, affect the temperature under
the collector. Therefore, It is expected that whenever the
values of these parameters are the highest, the water
production will be high. High temperature and solar
irradiation will contribute to more water evaporation
from the seawater pool. In addition, water production is
directly proportional to wind speed.

Figure 5 presents the solar irradiation, and the
electrical and water production on the 17th of July in
Qaisumah. The electrical energy can be produced at
nighttime using the CT mode and at daytime using the
SCPP mode. Noticeably, while ignoring the slight
fluctuations in the middle of the day, the trend line of
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FIGURE 5 Solar irradiation, the electrical production for the
solar chimney and the cooling tower, and the water production on
17th July in Qaisumah, Kingdom of Saudi Arabia

the electrical energy at the daytime seems to imitate the
solar irradiation trend line. The production of electrical
energy in the daytime is directly dependent on solar
irradiation. On the other hand, the trend of the electrical
energy production at nighttime sounds to have a much
more stable behavior with only 10.7kWh difference
between the highest and lowest values. That is because
during the operation as CT the system ensures that the
air is saturated with the sprayed water. The lowest
electrical energy during the operation as CT was found to
occur between 04:00 and 05:00 with a value of
156.7 kWh. The lowest electrical energy production value
during the operation as conventional SCPP was found to
be at the second end of the operation timeline,
specifically at 17:00 with a value of 15.7 kWh. It can be
observed that the highest electrical energy production
value occurs when the system was operated as CT,
specifically at 19:00 with a value of 167.4 kWh, while the
lowest value was observed at the operation as SCPP,
precisely at 17:00 with a value of 15.7kWh. It can be
approximated that these two values represent the last
value in the operation of as SCPP and the first value of
the operation as CT, respectively. In other words, the
increase in the electrical energy production values is due
to the switch of the operation between the SCPP and CT.
Moreover, the highest and lowest water production
values were found to be at noon (71.3 tons) and 06:00
(11.1 tons), respectively.

3.3 | Hourly average solar irradiation

Figure 6 investigates the distribution of the hourly average
solar irradiation during the daytime over the entire year
period for the five cities, representing five geographical
areas. The lowest value of solar irradiation in all the data
was 431.34 W/m?, which was found in Turaif (north), in
November. The highest value was 702.41 W/m* found in
the city of Shahrurah (south), in January. Additionally, the
lowest and highest values of solar irradiation for each
month were highlighted. It was The highest solar
irradiation values occurred in January, February, October,
November, and December in Shahrurah (south). For the
months of (March, April, and May) the highest solar
irradiation value was observed to occur in Jeddah (west).
Riyadh (center) had the highest solar irradiation value in
June, and in Dhahran (east) the highest solar irradiation
value was observed in the months of (July, August, and
September). The lowest solar irradiation values belong to
Turaif (north) during the months of (January, February,
March, May, October, November, and December), Jed-
dah (west) for the months of (June and July), Riyadh (cen-
ter) for the months of (August and September), and
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FIGURE 6 Hourly average solar Irradiation during the
daytime for the cities (Turaif, Jeddah, Riyadh, Shahrurah, and
Dhahran) for each month

Dhahran (east) for April. Turaif (north) had a large range
of solar irradiation data between 431.34 W/m? in Novem-
ber and 620.15W/m” in September. In contrast,
Riyadh (center) had the smallest solar irradiation range
between 521.68 W/m”> in April and 607.94 W/m®> in
February. It can be observed that the five cities provided
a clear representation of how the location plays a vital role
in affecting solar irradiation, and consequently the
productivity of the HSCCP (electrical energy and water
production). Generally, from the trendlines in Figure 6,
the differences between the values over the year seem to
be the highest at the beginning and end of the year,
however, in the middle of the year (May to September),
the differences did not seem to be as much significant as
in the other months. Meaning that fewer differences in
solar irradiation values will be expected approximately in
the specified period. It is anticipated that the productivity
of the HSCCP for the cities located in the north will be the
lowest they receive low solar irradiation all over the year.
Turaif, which represents the north region of KSA, seemed
to have the lowest solar irradiation values among other
cities in most of the months of the year. On the other
hand, the city of Shahrurah in the south recorded the
highest solar irradiation values most of the year due to its
location being closer to the equator. It should be said that
the cities in one geographical area (north, south, etc.) will
mostly have obvious variations in solar irradiation values
because they are distributed over a large area (see
Figure 3).
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FIGURE 7 Hourly average solar irradiation for all selected
cities over the year

Figure 7 shows the comparison between the cities of
KSA based on the hourly average solar irradiation values
over the entire year. The highest value was found to be
620 W/m? for Shahrurah (south), while the lowest value
was found to be 533 W/m? for Turaif (north). High solar
irradiation values of 617W/m”® can be noticed in
Muwayh (west), and 611 W/m?* in Wadi Dawasir (center).
On the other side, a low solar irradiation value of
534 W/m?> was marked Wajh (west), and 561 W/m? in
Rafha (north). As described before, one geographical area
can have large differences in values of the main SCPP
input operational parameters such as solar irradiation
values. A good example of that can be observed in
Figure 7, which presents the hourly average solar
irradiation for all selected cities over the year. Within
one geographical area (e.g., the west) two cities have the
highest solar irradiation values (Muwayh and Jeddah)
and one city (Wajh) with a low solar irradiation.

3.4 | Average ambient temperature

Figure 8 presents the average ambient temperatures for
selected cities. The lowest and highest values for each
month were highlighted. It was found that the highest
ambient temperature values in January and February
occurred in Jeddah (west). While the highest ambient
temperature values in March and April, May occurred in
Shahrurah (south). The months June, July, August, and
September exhibited the highest ambient temperatures in
Dhahran (east). It was observed that Jeddah (west) had
the highest ambient temperature values in October,
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FIGURE 8 Hourly average ambient temperature for the cities
(Turaif, Jeddah, Riyadh, Shahrurah, and Dhahran) for each month

November, and December). The lowest ambient temper-
atures were observed in Turaif (north) all over the year
except January. On the other hand, Riyadh (center) had
the lowest ambient temperature value. The largest
temperature range was observed in Turaif (north)
between 7.59°C and 30.8°C. Alternatively, Jeddah (west)
had the smallest temperature range varying from 23.8°C
to 33.7°C. Moreover, the highest value all over the
available data was 37.3°C in July for Dhahran (east), and
the lowest one was 7.59°C in January for Turaif (north).
After considering the trends in Figure 8, it can be seen
that the five cities have almost the same behavior, the
lower ambient temperatures values are found to be at the
beginning and end of the year and higher values are
found to be at the middle of the year, however, the
corresponding ambient temperatures trend differs from a
city to another. For example, although Turaif (north) and
Riyadh (center) have similar trend line styles, the
temperatures that form their trend lines are much lower.

3.5 | The arrangement of the year
timeline

As concluded from previous discussions, the time of the
year greatly affects the weather conditions and solar
irradiation in the different locations of KSA. Conse-
quently, the electrical energy and water production
values for each city can be dependent on the time of
the year. To facilitate the analysis of the data the SCPP
productivity was separated as per the weather data

TABLE 2 The division of the year timeline

Period No. Months included

Period 1 January-February-March
Period 2 April-May-June

Period 3 July-August-September
Period 4 October-November-December

distribution all over the year in each city. Meaning that
each period will include 3 months as described in
Table 2. It was observed that wind speed over the year
for all the cities had a different behavior than solar
irradiation and temperature. Therefore, it was easier to
be divided over a timeline rather than a geographi-
cal area.

3.6 | Hourly average wind speed

The analysis of the hourly average wind speed data is
essential as it is expected to affect water production, and
hence, the HSCPP performance. In other words, higher
wind speed will result in higher water production due to
the increase in wind speed with the altitude of the
chimney. Hence, the water production of the cities of
concern should be correlated to the wind speed. The four
upcoming figures present the hourly average wind speed
values in the four periods.

Figure 9 shows that the highest wind speed values in
period 1 were 4.82 (January), 5.53 (February), and
5.83 m/s (March), for the cities of Wadi Dawasir (center),
and Riyadh (center). However, the lowest wind speed
values were distributed over different cities of Muwayh
(west), Bisha (west), and Najran (south), with values of
1.45, 1.58, and 2.07 m/s, respectively.

For period 2, Figure 10 shows that all the highest
values of wind speed are found to be for the city of Riyadh
(center) with values of 6.39 (April), 6.33 (May), and
5.85m/s (June). The lowest wind speed value was found
to be in April at 2.05m/s in Najran (south), while the
lowest wind speed values of May and June were owned by
Muwayh (west) with values of 1.93 and 1.08m/s,
respectively.

In Figure 11, the values of wind speed of period 3 are
represented. Interestingly, all the highest values belonged
to Riyadh (center) with values in order of 5.12 (July),
4.44 (August), and 4.78 m/s (September). Also, the lowest
value of July was 1.91m/s for Bisha (west). The
remaining lowest values were 1.01 (August) and
0.90m/s (September), and they were owned by
Muwayh (west).
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FIGURE 9 Hourly average wind speed (m/s) for
(January-February-March) for all selected cities
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FIGURE 10 Hourly average wind speed (m/s) for (April-May-
June) for all selected cities

For period 4, Figure 12, like periods 2 and 3, the
highest values of wind speed were all for Riyadh (center)
with values of 5.35 (October), 5.37 (November), and
5.73m/s (December). Alternatively, the lowest values
were found to be 1.83 m/s (October) for Narjan (south),
1.12m/s (November) for Muwayh (west), and 1.71 m/s
(December) for Narjan (south).

Based on the presented figures, it can be concluded
that Riyadh (center) had the lead in the highest wind
speed values in almost all the months of the year, except
January, where the highest value was for Wadi

Hourly Average Wind Speed (m/s)

FIGURE 11 Hourly average wind speed (m/s) for
(July-August-September) for all selected cities
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FIGURE 12 Hourly average wind speed (m/s) for
(October-November-December) for all selected cities

Dawasir (center). Other cities with high wind speed
values that should be mentioned are Turaif (north),
Wajh (west), and Dhahran (east). On the other hand, the
lowest values of wind speed belonged to the cities of
Muwayh (west), Bisha (west), and Najran (south).
Table 3 shows the summary of the cities with the highest
and the lowest wind speed values.

As a result, it can be said that the distribution of wind
speed over cities of KSA is different from the pattern
found for the distribution of the temperature or the solar
irradiation, where the highest values were nearer to the
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TABLE 3 Summary of the cities with the highest and the
lowest wind speed

Highest value location Lowest value location

Period 1  Riyadh (center) Muwayh (west)
Period 2  Riyadh (center) Muwayh (west)
Period 3  Riyadh (center) Muwayh (west)
Period 4 Riyadh (center) Muwayh (west)

south and the lowest values were nearer to the north.
Consequently, the wind speed should be taken into
consideration while analyzing the production values,
especially, the water production ones.

Additionally, it should be said that the cities with
high wind speed values such as Riyadh (center) and
Wadi Dawasir (center) are expected to have high water
production values because it will speed up the water
condensation, if the other parameters of interest such as
solar irradiation, and ambient temperature were favored.
However, if the other parameters are not meeting the
requirements, low values of water production will be
expected. For example, Turaif (north) had a considerable
high value for wind speed, yet, it had very low values of
solar irradiation and temperature, so it cannot be
expected to have high values of water production.

3.7 | Energy and water productions

3.7.1 | Energy productions

As can be seen from Figure 13, the values of the electrical
energy production vary between 600.7 kWh in January in
Turaif (north) and 1525.9kWh in March in Shahrur-
ah (south). Remarkably, the lowest value of electrical
energy production in each of the 3 months (January,
February, and March) addressed in the figure was
observed in the city of Turaif (north) and the highest
one belonged to Shahrurah (south). For instance, in
January, the lowest value was 600.7 KkWh (Turaif) and the
highest one was 1113.6 kWh (Shahrurah). One thing that
should be pointed out is that most cities show an increase
in electrical energy production values over time. By
taking Narjan (south) as an example, the values recorded
were 959.2, 1076.9, and 1167.6 kWh for January, Febru-
ary, and March, respectively. In addition, Wadi Dawa-
sir (center), Bisha (west) recorded high values over
period 1. These values were 1130.1 (February) and
1249.8 kWh (March) for Wadi Dawasir, and 991.7 kWh
(January) for Bisha city. On the contrary, low values that
should be highlighted are 765.6kWh (January) for
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FIGURE 13 Daily average electrical energy production (kWh)
for (January-February-March) for all selected cities

Rafha (north), 847.2kWh (February) for Tabuk (north),
and 948.8 kWh (March) for Dhahran (east).

Similarly, Figure 14 will proceed with representing
the electrical energy production data focusing on period
2 (April, May, and June). The highest and the lowest
values of period 2's entire data were in March with values
of 946.3kWh for Wajh (west) and 2782.1kWh for
Jizan (south). In January, 955.8 kWh was the lowest
value belonged to Wajh (west) and the highest value was
1973.8 kWh for the city of Shahrurah (south). In May, the
lowest value was 1049.2 kWh owned by the city of Turaif
(north), and the highest value was 2431.3kWh for
Jizan (south). In June, the lowest value was 946.3 kWh
for the city of Wajh (west) and 2782.1 kWh was the
highest value for the city of Jizan (south). It can be
noticed that values in period 2, where the highest value
in it was slightly below the value of 3000 kWh, are much
higher than in period 1, where the highest value is
slightly above 1500 kWh. To put it in another way, a
period of 3 months can greatly affect electrical energy
production. Furthermore, a similar observation between
period 1 and period 2 is that, as time passes in the
consecutive months, the electrical energy production
values increases in most of the cities presented.

As shown, the electrical energy production values
over period 3 (July, August, and September) were
illustrated in Figure 15. All the lowest values of electrical
energy production in July (1140.0kWh), August
(1063.1 kWh), and September (738.2kWh) belonged to
the city of Wajh (west). On the contrary, the highest
values of (2902.5 kWh) July, (2818.9 kWh) August, and,
(2513.0kWh) September were owned by Jizan (south),
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FIGURE 14 Daily average electrical energy production (kWh)
for (April-May-June) for all selected cities
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FIGURE 15 Daily average electrical energy production (kWh)
for (July—August-September) for all selected cities

Jeddah (west), and Dhahran (east), respectively. Other
high values that should be mentioned are 2761.4 kWh in
July for Wadi Dawasir (center), 2750.2 kWh in August for
Qaisumah (east), and 2301.3kWh in September for
Shahrurah (south). Also, low values that need to be
mentioned are 1527.5kWh for Riyadh (center) in July,
1522.4kWh for Muwayh (west) in August, and
1323.8kWh for Riyadh (center). One difference that
needs to be mentioned is that, unlike the two previous
periods, the values of the electrical energy production in
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o

FIGURE 16 Daily average electrical energy production (kWh)
for (October-November-December) for all selected cities

period 3 tend to decrease over time in the majority of the
available cities.

Next, the electrical energy production values of period 4
are represented in Figure 16. The highest value in all data
was 2137.7kWh in Jizan (south) and it is the highest value
for October, as well. In contrast, the lowest value found in
all data was 606.3kWh in Turaif (north) and it was the
lowest value in November. In December, the lowest value
was 653.3kWh for the city of Turaif (south) and the highest
value was 1087.4 kWh for the city of Shahrurah (south). The
other high values that should be mentioned are 1559.1 kWh
in October for Dhahran, 1197.1 kWh in November for
Shahrurah, and 997.6kWh in December for Jizan city.
Moreover, other low values were found to be 870.4 kWh in
October for the city of Turaif (north), 668.8kWh in
November for the city of Rafha (north), and 668.3 kWh in
December for the city of Qaisumah (east). Like period 3, the
data of period 4 seems to decrease over time.

As can be seen from the previous discussion, the cities
located in the south provided the highest values of
electrical energy production over the year. On the
contrary, the cities located in the north and some of the
cities located in the west gave the lowest values of
electrical energy production. That is because the cities
located in the south are receiving the highest solar
irradiation and have high temperatures among the rest
of the cities. However, the cities in the north and the west
are receiving lower solar irradiation and have lower
temperatures. Interestingly, the remaining cities varied in
their electrical energy production values. In other words,
the cities that are closer to the south area seemed to give
higher values than the ones close to the north area.

85U017 SUOWIWIOD BAITeR1D) 3|dedl|dde ay) Aq peusenob afe saoiLe O ‘@SN JO S9N 10} A%eid 78U UO 48] UO (SUONIPUOD-PpUR-SLUB) W00 A8 | 1M A Iq 1 U1 |UO//:SANY) SUOTHIPUOD pUe SWis | 3U1 88S *[£202/90/52] Uo ARiqiTauluo fe|im ‘AiseAlun ered Aq 0rZT €888/200T 0T/10p/uod A8 |m: Areiq1jpuljuoy/sdny wouy pepeojumoq ‘6 ‘ZZ0Z ‘50500502



ABDELSALAM ET AL

Another important aspect to discuss is that the values
of electrical energy production had the same pattern in
almost all the cities over the year, which was an increase
over time in values in period 1 and period 2 and a
decrease in values in period 3 and period 4. This can be
justified in twofolds one related to the electrical energy
production from the CT and the other is related to the
electrical energy production from the SC. First, the CT
performance is dependent on weather conditions, mainly
air humidity and temperature. Additionally, when the
outside air is dry and hot, less water spray will be needed
to cool the dry air, hence less energy consumed to spray
the water. As a result, the weather conditions in the early
months of the year and the last months of the year,
which have air with low temperature and high humidity,
are not favorable for the performance of the CT. Second,
the SC performance is not only affected by solar
irradiation during the daytime. The temperature is one
of the important aspects that have a direct impact on the
electrical energy production from the SC because
the temperature difference between the air under the
collector and the ambient air affects the velocity of the air
moving up, and when this temperature gradient is high,
the velocity will be higher, giving more output for the
turbine producing more electrical energy. This tempera-
ture gradient will be the highest in the months where the
ambient air is hot, mainly months in period 2 and period
3. Table 4 summarizes the highest and lowest electrical
energy productions based on the location and time of
the year.

The annual power generation from the HSCPP can be
seen to be significant. The total annual electricity
production reported in this study is 2.5-3 times greater
than the traditional SCPP (377 MWh) reported by
Tavakolinia®® and 1.9-2.3 orders of magnitude higher
than HSCPP (528 MWh) in Jordan as reported by
Abdelsalam et. al.** Furthermore, the power generation
reported in this study is significantly greater than the
values reported in the literature under comparable
climate conditions. Tingzhem et al.’’ reported only
35kW from SCPP operated under solar radiation
intensity of 800W/m? Larbi et al°® generated
140-200 kW under solar irradiation and ambient temper-
ature in the range of 400-600 W/m> and 20°C-38°C,
respectively. Abdelmohimen et al.*° showed a SCPP with
no more than 55-63 kW under solar irradiation in the
range of 715-765 W/m>.

3.8 | Water productions

Similarly, for clearer data analysis the water production
data need to be represented in the format of dividing the

TABLE 4 Summary of the cities with the highest and the
lowest electrical energy production

Highest value location = Lowest value location

Period 1  Shahrurah (south) Turaif (north)
Period 2  Jizan (south) Wajh (west)
Period 3  Jizan (south) Wajh (west)
Period 4  Jizan (south) Turaif (north)
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FIGURE 17 Daily average water production (ton) for
(January-February-March) for all selected cities

year into four periods. In Figure 17, the water production
data for period 1 is illustrated. As can be seen, in January,
the highest value was found to be 348.8tons for
Dhahran (south), and the lowest value was 158.4 tons
for Muwayh (west). In February, the lowest value was for
Muwayh (west) with a value of 166.1tons, and the
highest value was 411.1 tons owned by Riyadh (center).
In March, 428.5tons was the highest value owned by
Wadi Dawasir (center), and 267.7 tons was the lowest
value identified for Najran (south). It should be said that,
in period 1, the values of water production in most of the
cities increased over time.

In Figure 18, the distribution of water production
values for period 2 is shown. In April, the highest value
was 474.0 tons for Jeddah (west), and the lowest value
was 213.5 tons for Najran (south). In May and June, the
highest values were 457.5 and 472.7 tons, respectively, for
Dhahran (east). In addition, the lowest values for May
and June were 232.5 and 159.2 tons, respectively, which
belonged to Muwayh (west). Unlike period 1, the
sequences of values of water productions in period 2

85U017 SUOWIWIOD BAITeR1D) 3|dedl|dde ay) Aq peusenob afe saoiLe O ‘@SN JO S9N 10} A%eid 78U UO 48] UO (SUONIPUOD-PpUR-SLUB) W00 A8 | 1M A Iq 1 U1 |UO//:SANY) SUOTHIPUOD pUe SWis | 3U1 88S *[£202/90/52] Uo ARiqiTauluo fe|im ‘AiseAlun ered Aq 0rZT €888/200T 0T/10p/uod A8 |m: Areiq1jpuljuoy/sdny wouy pepeojumoq ‘6 ‘ZZ0Z ‘50500502



3574 | (@ ABDELSALAM ET AL
meets business
-Apr -May [ JJun -Jul -Aug \:ISep
Dhahran e Dhahran
e g —
Sy ——-—-—— Shahrurah
Najran Najran
- Jizan
Wadi Dawasin Wadi Dawasir ey
N Riyadh e
Hil g —
Bish e e —
Jeddah Jeddah
ey————————————————— 1 Wah e
Sakakah Sakakah
Rafha Rafha |
Tural Turaif
Tabuk Tabuk ——
0 100 200 300 400 500 0 100 200 300 400 500 600

Daily Average Water Production(Ton)

FIGURE 18 Daily average water production (ton) from April
to June for all selected cities

seemed to differ between the cities. In other words, some
cities had a pattern of increase over time, others had a
decreasing pattern, and others had a nonconsistent
pattern.

As can be seen, the period 3 data of water production
were illustrated in Figure 19. Surprisingly, all the highest
values of July, August, and September were for Dhah-
ran (east), with the values of 497.7, 444.2, and 416.4 tons,
respectively. However, the lowest values of period 3 were
distributed in two cities: Bisha (west) had the lowest value
in July, which was 256.1 tons, and Muwayh (west) had the
remaining lowest values in August, and September with
values of 158.3 and 147.1tons, respectively. There is a
common factor found between period 1 and period 3,
which is that many of the cities follow the same pattern.
However, unlike period 1, period 3 values seemed to
decrease over time in most of the cities.

In Figure 20, the allocation of period 4 data of
water production is demonstrated, where the values
of concern are distributed in different cities. The
highest value of October was Riyadh (center) with a
value of 441.7 tons. For Wadi Dawasir (center), it
owned the highest value in November, which was
415.5 tons. For Jizan (south), it had the highest value
of December, which was 364.6 tons. In October, the
lowest value was 256.3 tons for Muwayh (west). In
November, the lowest value was 146.0tons for
Qaisumah (east). In December, 161.6tons was the
lowest value, which belonged to Tabuk (north). In
period 4, the sequences of the values of water
production seemed to be like period 2, meaning that
it was not possible to generalize one pattern for all

Daily Average Water Production(Ton)

FIGURE 19 Daily average water production (ton) from July to
September for all selected cities
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FIGURE 20 Daily average water production (ton) from
October to December for all selected cities

cities, as some of the cities had values that seemed to
decrease over time, and other cities had variations in
values.

It can be concluded from the previous discussion
that the water production values pattern greatly
differs from the electrical energy production values
pattern. Because generalizing a similar behavior for
cities in one geographical area was unachievable.
Furthermore, the available data showed that the cities
with the highest electrical energy production did not
necessarily have the highest water production. For
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instance, the southern cities of Shahrurah, Najran,
and Jizan recorded most of the highest values of
electrical energy production. However, their water
production values were not considered high, and they
even owned the lowest values for some months. As a
result, there should be parameters other than the
solar irradiation, and the temperature, that partici-
pates cohesively with these parameters to influence
the water production of each city. One of these
potential parameters could be wind speed.

As expected, before the wind speed discussion,
Riyadh (center), Wadi Dawasi (center), and Dhah-
ran (east) had considerable high-water productions
because of the positive participation of their high
wind speed values, while having favorable solar
irradiation and temperature values. As expected,
although, Turaif (north), and had apparent high
values of wind speed, it did not give high water
production values because of its location in the north
which is characterized by low solar irradiation and
low temperature. Interestingly, Jeddah (west), which
had moderate values of wind speed, stood out among
the cities in period 2 with the highest value of water
production. This emphasizes, even more, the fact that
one parameter cannot be considered the only reason
for any production value found. Alternatively, it is a
combination of parameters that affect the perform-
ance of the power plant. Table 5 shows a summary of
the highest and lowest water productions based on the
location and time of the year.

It should be noted that several factors can impact the
turbine during the HSCPP operation. The condensation
of water and brine residual might have a negative impact
on the performance of the turbine and the corresponding
service life. This might cause corrosion problems among
other operational issues. Similarly, water condensation
could also happen on the collector roof. These issues
were considered during the selection of the material for
the construction of the HSCPP. The designer should
consider these factors during their design. Furthermore,
from a practical standpoint, regular maintenance is
required to ensure the proper operation of the system.

TABLE 5 Summary of the cities with the highest and the
lowest water production

Highest value location Lowest value location

Period 1 Wadi Dawasir (center) Muwayh (west)
Period 2  Jeddah (west) Muwayh (west)
Period 3  Dhahran (east) Muwayh (west)
Period 4 Riyadh (center) Qaisumah (east)

3.9 | Summary of annual results
Analyzing the data in Table 6 would allow the
differentiation between the cities of concern on an
annual scale. The city with the highest solar irradiation
was Shahrurah, which is in the south. Not only that,
Shahrurah had the lead in the electrical energy produc-
tion in both the SCPP and HSCPP. However, the highest
desalinated water production was found to belong to the
city of Riyadh, which is in the center. The lowest solar
irradiation found was for the city of Turaif, which is in
the north. Additionally, the lowest electrical energy
production for both SCPP and HSCPP modes was for
Wajh, which is in the west. For the desalinated water
production, Qaisumah, which is in the east, had the
lowest value recorded. To conclude, the cities of
Shahrurah (south) and Riyadh (center) are considered
to have the highest values recorded, meaning that the
application of HSCPP in the country of KSA will show
the best results, if applicable, in these areas depending on
the specific objectives required. Additionally, the cities of
Wadi Dawasir (center), Dhahran (east), and Jizan (south)
showed very promising results that cannot be neglected.
The cities with high performance mentioned are marked
in the following map, Figure 21.

3.10 | Environmental impact
assessment

Reflecting on the application of the HSCPP can be very
beneficial in aspects related to the environment. Produc-
ing clean energy and reducing CO, emissions are the
most significant ones. Calculating the reduction in CO,
emissions can be done based on the fact that the amount
of CO, emissions caused by a coal-fired plant is estimated
to be 0.95kg CO, eq./kWh of electricity.’® Consequently,
reduction of CO, emissions can be found by:

CO,mass(kg) = 0.95 x production of electrical energy
(kWh).

A representation of the annual electric power
production, freshwater production, and the annual
reduction of CO, emissions for conventional SCPP and
HSCPP can be found in Table 7. The data available for
the hybrid system is based on Qaisumah in KSA. By
comparison between the two modes, the hybrid mode
gives higher electrical power production by almost 55%
and higher freshwater production by almost 20%.
Additionally, there is an obvious increase in the CO,
emissions reduction by approximately 56%. The results
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Solar Solar chimney Hybrid solar Desalinated TABLE 6 Annual electrical energy
irradiation power plant chimney power water production and desalinated water
(kWh/m?) (MWh/year) plant (MWh/year) (ton/year) production

Bisha 2447 353.42 501.65 90,542
Jeddah 2453 371.64 554.4 134,463
Muwayh 2501 351.31 437.64 77,868
Wajh 2168 317.57 347.59 131,832
Qaisumah 2311 342.89 586.2 11,109
Dhahran 2334 356.02 566.8 142,843
Ratha 2274 343.56 514.72 122,009
Sakakah 2339 352.39 495.77 119,065
Tabuk 2377 348.12 439.38 97,610
Turaif 2100 320.59 376.52 112,938
Hail 2334 354.31 496.78 123,068
Wadi Dawasir 2516 380.7 637.31 134,420
Riyadh 2321 351.16 425.55 143,898
Najran 2368 345.04 488.2 90,215
Jizan 2343 353.52 664.16 131,106
Shahrurah 2583 393.17 676.20 130,021

FIGURE 21 Kingdom of Saudi Arabia map with potential
cities for the application of hybrid solar chimney power plant. (Two
in black is Jizan city, four in black is Shahrurah, six in blue is Wadi
Dawasir, three in blue is Riyadh, and three in green is Dhahran)

illustrated show the ability of the proposed design of
being sustainable and reliable with additional Electrical
power and freshwater production and less CO,
emissions.

TABLE 7 Performance comparison between traditional solar
chimney power plant (SCPP) and hybrid solar chimney power
plant (HSCPP)

Item SCPP” HSCPP
Electrical power production, (kWh/year) 377,000 586,208
Freshwater production (metric tons/year) 92,616 111,095
CO, emission reduction (tons/year) 358 556.9

4 | CONCLUSION

This study shows the feasibility of deploying the
HSCPP in 16 several cities, that span the entire
geographical area of the KSA. Although the perform-
ance of the HSCPP in terms of electricity production
and water production differs from one city to another,
all cities, in general, showed good performances
compared to traditional SCPP. The results also
revealed that the HSCPP outperformed the traditional
SCPP by a factor of two in terms of electricity and
freshwater generated, as well as CO, reduction. The
proposed HSCPP generates annual electrical energy
and desalinated water in the range of
376.52-676.20 MWh and 77,868-143,898 tons in all
the studied cities. Although the HSCPP would be a
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viable solution for supplying electricity and clean
water, future research could look into connecting the
HSCPP to other renewable energy harvesting systems.
Furthermore, consideration should be given to the
sustainability of the structure over a long period, by
performing regularly scheduled maintenance for the
turbine, sprinkles, and removal of the silt deposits due
to the seawater pool. Future work will focus on
improving the design structure with flexible configu-
rations and introducing artificial intelligence to select
the optimal operating mode (CT mode or SCPP mode)
based on forecasted weather data.
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