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Abstract: The classical solar chimney offers passive electricity and water production at a low op-
erating cost. However, the solar chimney suffers from high capital cost and low energy output
density per construction area. The high capital investment increases the levelized cost of energy
(LCOE), making the design less economically competitive versus other solar technologies. This work
presents a new noteworthy solar chimney design for high energy density and maximizing water
production. This was achieved by integrating a cooling tower with the solar chimney and optimizing
the operating mood. The new design operated day and night as a hybrid solar double-chimney power
plant (HSDCPP) for continuous electricity and water production. During the daytime, the HSDCPP
operated as a cooling tower and solar chimney, while during the night, it operated as a cooling tower.
The annual energy output from the cooling towers and solar chimney (i.e., the HSDCPP) totaled
1,457,423 kWh. The annual energy production from the cooling towers alone was 1,077,134 kWh,
while the solar chimney produced 380,289 kWh. The annual energy production of the HSDCPP was
~3.83-fold greater than that of a traditional solar chimney (380,289 kWh). Furthermore, the HSDCPP
produced 172,344 tons of fresh water per year, compared with zero tons in a traditional solar chimney.
This led to lower overall capital expenditures maximizing energy production and lower LCOE.

Keywords: solar energy; cooling tower; solar chimney; hybrid solar chimney; greenhouse gases;
water distillation

1. Introduction

The world has depended on fossil fuels for electricity generation for decades now.
However, due to the discovery of the potential of renewable energy sources for power pro-
duction, the focus recently has been on developing technologies for clean energy generation
using renewable energy sources, such as the sun, wind, and water [1]. The newly found
interest in clean energy was driven by the rapid increase in CO2 emissions, in addition to
other greenhouse gases (GHG) caused using conventional sources (e.g., natural gas, coal,
and oil) [2]. GHG emissions are the root cause of global warming that is led by climate
change [3,4]. This creates an environmental problem that has many repercussions that
impact the environment and the well-being of individuals [5,6]. Simultaneously, with
industrial expansion and development in addition to rocketing world population numbers,
the improved living standards for individuals have contributed to the incessant increase in
their energy and water consumption, leading to continuous growth in energy and water
demand [7]. As a result, countries are trying to encourage the penetration of renewable
energy technologies in their grids by administrating new policies that incentivize the devel-
opment of clean energy technologies [8], which is supported by environmental regulations
that will strive to decrease GHG emissions.
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Renewable energy sources vary in the maturity of the technology. Renewable resources
such as wind power, solar energy, hydropower, tidal, biomass, and geothermal, are well-
developed technologies that have reached or almost reached maturity [9]. Hence, they are
commonly used. While in theory, solar energy is the best choice to invest in for electricity
production [10], like other renewable resources, it still is economically challenging to
depend on because of the production costs and sometimes the installed capacity cost.
All the aforementioned factors have led the world to focus on an economically feasible
technology that utilizes solar energy to produce electricity [11,12], prompting the design of
the solar chimney power plant (SCPP).

Schlaich first tested the SCPP in Spain in the 1980s, with a design that could generate
power with a range of 100–200 MW; the produced electrical power depended on the
designed internal diameter of the chimney [13]. The optimized design of the SCPP of
Schlaich consisted of three parts, a specified-diameter long chimney, the mechanical turbine
that produces electricity, and the solar collector at the base. The chimney was designed so
that the solar collector located at the base of the chimney could collect solar irradiation to
heat the air trapped between the ground and the base collector above it. The velocity of
the heated air would boost because of the increase in its pressure and density. The newly
gained properties of the air would allow it to move upward toward the turbine in the
chimney to convert its high content of kinetic and thermal energy to electrical energy.

Despite numerous published works of literature about the SCPP with different im-
provements on the mathematical modeling either by modifying the mathematical equations
or by altering the layout and design of the chimney, challenges were still faced, including
the high cost of construction, the low thermal efficiency, and the large, needed space for the
power plant [14,15]. All the challenges were related to design aspects that have decreased
the efficiency of the system and/or increased the cost of the SCPP; this is why in the last
decade, studies conducted on the SCPP were oriented toward improving the efficiency and
decreasing the cost [16,17].

Multiple papers have been published that focus on the improvement of numerical
equations from a new perspective for the development of simulation models that provide a
faultless representation of the solar chimney power plant dynamics. Some of these papers
include Guo et al. [17], Maia et al. [18], Bilgen and Rheault [19], Jing et al. [20], Sangi
et al. [21], Meng et al. [22], and Pastohr et al. [23]. Others studied the effect of the geometric
characteristics of the chimney on electricity generated from the turbine, and the results
were promising, such as the ones reported by Hamdan [24], Koonsrisuk et al. [25], Jing
et al. [20], Saifi et al. [26], and Kasaeian et al. [27].

However, some papers took a different approach to efficiency amplification by focusing
on the design aspects of the SCPP, more than the mathematical modeling. To start with, Zuo
et al. [28] suggested the addition of a seawater desalination unit to the original design of the
SCPP. In another paper, Zuo et al. [29] deduced that the addition of the desalination unit has
resulted in more efficient utilization of the solar irradiation that experimentally resulted in
a maximum solar irradiance utilization efficiency of 25%, which is a remarkable drop from
the expected 55% efficiency of a large-scale system. Kiwan et al. [30,31] went a step farther
and proposed integrating a photovoltaic system to yield higher power generation and
another design to optimize the production of desalinated water and electricity concurrently.
To increase the thermal efficiency of a Rankine cycle, Zandian and Ashjaee [32] used the
model of the SCPP to integrate a cooling tower, and the thermal efficiency of a 250 MW
power plant increased by 0.37%.

Some of the literature took interest in the materials of the collector as demonstrated
in Chaichan and Kazem [33], where they chose three base materials to study, which were
concrete, black concrete, and black pebbles; moreover they substituted the commonly used
glass cover of the collector with transparent plastic material. The winning base material
was black pebbles, which maximized the efficiency by 49.7%. Chantawong et al. [34]
studied the design micro-geographically by considering the hot humid climate of Thailand
when assessing the effect of the glazed double-glass panes of the collector on the thermal
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characteristics of the air in the SCPP, the results were favorable to hot regions. Ninic [35]
showed that an SCPP with a 1000 m tall chimney increased the resultant work of the power
plant by 62% by studying how the work and efficiency were influenced by the air humidity
and atmospheric pressure as a function of the solar chimney’s height. Koonsrisuk and
Chitsomboon [36] devised a mathematical model using measurements from an existing
SCPP while taking into consideration different parameters to suggest a commercial SCPP
that can be used in Thailand, and the results showed that a 200 m radius collector with a
400 m high chimney was the most economically feasible to use in that specific region. A
prototype that studied the correlation between the chimney’s dimensions and the collector’s
materials with the thermal response of the system was designed by Ghalamchi et al. [37],
by fixing the collector’s height to 3 m and the diameter to 2 m; the heat transfer rates of the
absorbers using different materials were studied, and the obtained results demonstrated
that iron had a lower heat transfer rate than black aluminum, with a maximum temperature
difference of 27 ◦C between the ambient air and the heated air inside the collector. The
study’s significant outcome showed that the performance of the SCPP responded the most
to the change in the chimney’s diameter.

Researchers have also suggested the integration of wind energy in the SCPP design; Li
et al. [38] put forward a design that had a much higher power yield than the conventional
SCPP design. The system included a wind tower (tornado type) placed at the chimney
outlet. The suggested system with a 290 m tall chimney produced the same amount of
power as a conventional SCPP with a 772 m high chimney if 15 m/s was the value of the
reference wind speed. The innovative design generated 2.21 times a conventional SCPP’s
power if both systems had a 290 m chimney at the reference wind speed. Researchers
including [28,38] have also integrated wind energy in the design of the SCPP by adding it
at the top of the chimney wind capturing devices for greater utilization of wind.

Fluri and Von Backstrom [39] inspected the behavior of the SCPP’s turbine by devel-
oping three different configurations to compare their efficiencies and energy production
through a performance model that they developed. Different parameters were considered
to study their impact on the performance of the turbine such as the turbine’s output torque,
the aerodynamic losses, and various other losses; the model confirmed what other pieces
of literature have proposed, which is that the total-to-total efficiency of the turbine was
equal to 80%. Moreover, the efficiency of the turbine increased trivially when the diffuser
area ratio decreased; contrastingly, it decreased notably when the diffuser ratio area in-
creased. Another piece of literature that chose a numerical approach was the one published
by Tingzhen et al. [40], which numerically analyzed the pattern of the airflow and heat
transfer in the SCPP, in the presence of a porous layer that consisted of soil and gravel
to act as an energy storage solution; their research work also included the impact of the
solar radiation on the soil and gravel layer. The results of the study showed that when
the solar radiation increased from 200 to 600 W/m2, the heat storage ratio of the energy
storage layer decreased; when the solar radiation increased to 800 W/m2, the heat storage
ratio increased; and as the solar radiation increased, another two factors inside the chimney
are affected, the air velocity and relative static pressure, which increased and decreased,
respectively.

The authors of [41] proposed a hybrid solar chimney-power plant (HSCPP) that had
an increased efficiency of about 1.4 multiples compared with the traditional solar chimney-
power plant by utilizing a seawater pool at the bottom of the chimney. The deployment
feasibility study of the beforementioned HSCPP was investigated in [42,43]. An innovative
design of an SCPP facilitating energy production at night by introducing cooling towers
was proposed in [44]. The authors of [45] proposed integrating a photovoltaic system into
an SCPP, which resulted in increased electricity production by over 30%. Higher electricity
production was achieved in [46,47].

This work proposes a novel design of a hybrid solar double-chimney power plant
(HSDCPP) that is designed to achieve high thermal efficiency and does not take up much
land space. These two aspects have been proven to be essential in the literature review
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when implementing improvements on the basic design of the SCPP. This work’s novelty is
integrating two types of renewable energy generation (solar chimney and cooling tower)
into one system. The integration allowed the HSDCPP to operate continuously as an SCPP
during the daytime while operating at night as a cooling tower. The novel design included
two chimneys (co-centric) that operated jointly with the turbine, the collector, and the ten
cooling towers (CT) channels; each had a turbine for extra generation of energy. Adding
the second chimney as a cooling tower and fitting the first chimney with water sprinklers
to work as a cooling tower at night boosted the performance of the design. The HSDCPP
design maximized the output electrical power of the power plant while simultaneously
increasing the production of distilled water, all the while having a low operating cost with
a predetermined economical capital. The repercussions on the feasibility and operation of
energy integration system implementation in the SCPP system are explored in this paper.

2. Materials and Methods
2.1. HSDCPP Description

The structure of an HSDCPP mainly consisted of two chimneys (see Figure 1). The
internal chimney with a collector, a bidirectional turbine, a base, and a pool of seawater
to produce distilled water formed a traditional solar chimney (SCPP), while the exter-
nal chimney, which was concentric with the internal chimney, performed as a cooling
tower (CT).
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Figure 1. Diagram of the proposed HSDCPP design: (a) a three-dimensional view. (b) View from the
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(c) Daytime operation cross-sectional view, showing the internal and external cooling towers (CT).
(d) Nighttime operation cross-sectional view.
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Typically, the SCPP and CT are usually constructed and operated separately. The
SCPP operates during the daytime based on the solar irradiation received from the sun.
The process begins when the solar irradiation heats up the collector, and the temperature of
the air under the collector increases; when air temperature increases, its density decreases.
As the air expands under the collector, it moves over the seawater pool. Meanwhile, the
water evaporates and results in increasing air humidity. So, the hot and moist air moves up
toward the chimney; the air temperature at the entrance of the collector is lower than the
temperature at the bottom of the chimney. Due to the temperature and pressure difference
between the bottom of and outside the chimney (at the vent at the top of the chimney,
where the temperature is equal to air temperature), the hot air moves up from the bottom
of the chimney to the top of the chimney and moves out of the system. As the hot air moves
in the chimney, its velocity increases and exchanges energy with the turbine blades that
are located at the bottom of the chimney and condensate on the chimney’s inner walls,
producing electricity. However, CT does not depend on solar irradiation. Its operation is
based on spraying a mist of water at the top of the chimney where the hot and dry air is.
When the air absorbs the water from the mist, it becomes cooler and heavier. It is a natural
draft CT; the air drops toward the bottom of the chimney due to gravity. In addition, due
to the temperature difference between inside and outside the chimney, the air accelerates
toward the turbine at the bottom of the chimney and exits outside the chimney, moving
the turbine to produce electricity. The proposed system combined two system designs
that were developed previously, the hybrid solar chimney power plants, HSCPP [41–43]
and the solar double-chimney power plant (SDCPP) [44] The use of a bidirectional turbine
that can move in both directions depending on the operation of the system was the key
design parameter for the HSCPP as it enabled the system to operate as an SCPP during
the day and becomes idle at night to enable the system to operate as a CT. This ensured
electrical generation throughout the whole day. One other proposed modification (design)
was adding a second chimney structure around the original chimney, which would operate
as 10 cooling towers in series, where each tower would be equipped with a turbine and
water sprinklers, allowing for higher energy production as it would be operating both day
and night. This design offered higher utilization of the system as it made use of the daily
operation of the SCPP and the day-night operation of the cooling towers, which did not
rely on solar radiation, maximizing the efficiency of the electricity generation of the plant.

In this work, the proposed method was to implement both the hybrid modification,
which would allow for the main chimney to operate as a cooling tower at night using a
bidirectional turbine, and the double modification, which would allow the second chimney
structure to operate as a cooling tower all the time, resulting in a hybrid solar double-
chimney power plant (HSDCPP). This design would further maximize both the electricity
generation output and the distilled water amount of the power plant.

2.2. Mathematical Model

To be able to analyze and assess the behavior of the proposed system, a mathemat-
ical model was developed. This model utilized the mass and energy balance equations
showcased in Figure 1 in detail in the Supplementary Materials. The program used for the
simulations was developed in MATLAB R2018, and it made use of the built-in numerical
functions of the program such as Genetic Algorithm methods, which allowed for accurate
simulations of the performance of the proposed system. The program used an input file
that contained data from a weather station as its starting point, which contained data on
solar irradiation, ambient air temperature, wind velocity, and relative humidity. This file
contained weather data that were sampled hourly for a whole year, which resulted in a
total of 8760 data points. The program was split into two sub-programs. The first was
for the main chimney simulations, which acted as a solar chimney during the day and a
cooling tower at night. The other one was for the second chimney which acted as a cooling
tower all the time. The total time taken for the program to process all the data was about 10
h. The computer used in the processing of the data had the following specifications: Intel
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i7-9700K 3.6 GHz CPU, Nvidia RTX 2070 SUPER GDDR6 8 GB GPU, G.SKILL TridentZ
DDR4 3000 MHz 32 GB (8 GB × 4) RAM. The properties and physical dimensions of the
HSCDPPs are showcased in the Supplementary Materials. The model was validated against
a well-known prototype SCPP in the literature. The validated results are available in detail
in the Supplementary Materials.

3. Results and Discussion

This study was conducted at Doha International Airport in Qatar (25◦15′24.00′′ N/
51◦33′32.39′′ E). The annual weather data, which were accumulated hourly, were used
to initiate the production of the total electricity and distilled water. In Table 1, the data
of global horizontal solar irradiation, ambient temperature, wind velocity, and relative
humidity for a day in September are represented. It can be noted that the first value of the
solar radiation intensity of the representative day was 276 W/m2, recorded at 6:00, and the
last value of the day was 233 W/m2, recorded at 16:00. Figure 2a displays the maximum
and average values of the solar radiation intensity for all the year months.
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The range of the average solar radiation values was from 250 W/m2 to 310 W/m2. In
March, the maximum value of the year was recorded with an intensity close to 900 W/m2.
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The maximum solar radiation values did not vary significantly throughout the year; the
values stayed within the range from 850 W/m2 to 890 W/m2. However, there was a
significant difference between the maximum and average values. The maximum difference
in summer accounted for 540 W/m2, and in winter, the maximum difference was equal to
almost 650 W/m2. The solar radiation at the studied location suggests a promising location
for the generation of electricity and distilled water from the HSDCPP.

From Table 1, it can be noticed that during the daytime, the temperature ranged
between 30.9 ◦C and 36 ◦C, and they ranged between 31 ◦C and 34.7 ◦C during the
night. Figure 2b shows the temperature profile in the summer months, where the average
temperature was around 35 ◦C, and during the winter months, the average temperature
ranged between 18 ◦C and 30 ◦C. The weather data also included readings of the wind
speed, which is important to consider because the velocity of the wind directly affects the
movement of the turbines that produce the electricity. In Table 1, the data showed that the
wind speed ranged between 3.1 m/s and 9.3 m/s during the day and between 1.5 m/s and
8.8 m/s during the nighttime. During the operation of the HSDCPP as a CT, the relative
humidity percentage (%RH) was critical to consider when analyzing the CT’s performance.
Figure 2c shows the trend of the %RH during the year. The data showed that the average
relative humidity ranged between 30% and 70%, where the lowest average %RH was in
June and the highest was in January.

In the next sections, the investigation will focus on the influence of solar radiation,
ambient temperature, wind speed, and %RH on the electric power produced. The HSDCPP
design used the information provided by the weather station by exploiting the given data
on the operation of the internal chimney when it is in SCPP mode during the day, and
during the night when the inner chimney is operating in CT mode, in addition to the
external ten channels, this will ensure 24-h electricity production.

Table 1. The 24 h weather data on 22 September 2015, at Doha International Airport, Qatar.

Time Global Horizontal
Solar Irradiation (W/m2)

Ambient
Temperature (◦C)

Wind
Velocity (m/s)

Relative
Humidity (%)

12:00 AM 0 31.6 4.1 41
1:00 AM 0 31 1.5 43
2:00 AM 0 31 2.6 46
3:00 AM 0 31 3.6 46
4:00 AM 0 31 3.6 49
5:00 AM 0 31 4.6 52
6:00 AM 276 30.9 3.1 56
7:00 AM 521 32 3.6 56
8:00 AM 705 34 3.6 53
9:00 AM 839 35.6 6.2 45

10:00 AM 786 37 6.7 37
11:00 AM 788 37 6.2 42
12:00 PM 786 36.8 7.2 39
1:00 PM 842 37 8.8 37
2:00 PM 720 36 9.3 44
3:00 PM 532 35.7 9.3 46
4:00 PM 233 36 7.7 47
5:00 PM 0 36 8.8 35
6:00 PM 0 34.7 6.7 40
7:00 PM 0 34 6.7 44
8:00 PM 0 33 5.1 49
9:00 PM 0 32.6 4.6 52
10:00 PM 0 31.6 4.1 41
11:00 PM 0 31 1.5 43

3.1. HSDCPP Performance

The HSDCPP system continuously generated electricity throughout a 24-h operation
period, as shown in Figure 3a, where the total electric power produced from the system and
the solar light intensity for one day are presented. As mentioned before, there were two
main sources to generate electricity in the system, the internal chimney, which operated
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as an SCPP in the daytime and as a CT (internal CT) in the nighttime, and the external
chimney, which operated as a CT (external CT) throughout the whole day. The electrical
power produced from the SCPP and the CTs is presented in Figures 3b and 3c, respectively.

Starting with the internal chimney, during the operation of the system as an SCPP,
electricity production started at 05:00 and gradually increased throughout the day reaching
a maximum value of 175 kW produced in the period between 09:00 and 13:00, then gradually
decreased back again until there was no electricity produced (0 kW) from the SCPP at 17:00.
In addition, as shown in Figure 3b, the variation of the amount of electricity produced
and the intercepted solar irradiation were directly related; as the solar intensity increased,
the power produced from the SCPP increased, and once there was no solar radiation, no
electricity production occurred.
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Figure 3. HSDCPP system performance: a representative day of the system operation with (a) the
total electric power production and the global solar irradiation, (b) the electric power production from
the solar chimney, (c) the electric power production from the cooling tower (internal and external),
and (d) the distilled water generated and the global solar irradiation.

The production of the internal chimney continued as a CT through the nighttime
operation. As in the afternoon, when the solar intensity decreased, the bidirectional
turbine’s blades turned in the opposite angular direction, resulting in operating the system
as a CT. As shown in Figure 3c, the internal CT electricity production started around 16:00
and continued through the nighttime and in the early hours of the morning when the solar
intensity was at its lowest levels. At 6:00, the solar irradiation increased, and the SCPP
mode started again (the cycle of the electricity production process in the internal chimney
between the SCPP and CT modes was repeated).
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The external chimney operated as a CT continuously in parallel to the internal chim-
ney. The structure and the outline of the external chimney supported the expansion of
the operation of the CT, and consequently, the total produced electrical power from the
HSDCPP was extremely increased. As shown in Figure 3c, the external CT continually
produced electricity within a range of 210–230 kW in a 24-h operation period.

To sum up the operation of the proposed system, during the daytime, both the SCPP
and external CT operated, while during the nighttime, both the CTs operated, resulting in
high continuous power production throughout the whole day as shown in Figure 3a.

Furthermore, the HSDCPP system also produced distilled water. Figure 3d shows
the daily water production of seawater desalination and the intercepted solar irradiation.
As shown in the figure, distilled water production started from 05:00 to 17:00, which
corresponded to the SCPP operation period, achieving the maximum value of 125 tons
between 09:00 and 13:00.

3.2. Operation of the External CT

As can be observed in Figure 4a, an indirect relationship can be concluded between
the output power generated from the external cooling tower and the percentage of relative
humidity (%RH) and/or the ambient temperature, making both the %RH and the ambient
temperatures two parameters that affected the performance of the HSDCPP. From midnight
until the beginning of the morning, from 24:00 until 06:00, the %RH increased from 41%
to 56%; however, the ambient temperature decreased from 31.6 ◦C to 30.9 ◦C, and the
insignificant increase in the ambient temperature led the output power to remain at 21.5 kW,
despite the fluctuation of the power value during the time from 24:00 until 06:00. During
the rest of the day, from 06:00 to 17:00, the %RH decreased from 56% to 35%, and the
ambient temperature increased from 30.9 ◦C to 36 ◦C, causing the electrical output power
to increase from 21.5 kW to 22.25 kW. However, the humidity fluctuation reflected directly
on the electrical power produced. For example, the power production peaks (22.33 kW) at
10:00 and 13:00 correlated well with a low humidity value of 37%. However, the electricity
production dropped down at 16:00, corresponding with the spike (47%) in the humidity.
After dusk and during nighttime, the value of %RH increased from 35% to 59%, and the
ambient temperature witnessed a drop from 36 ◦C to 32 ◦C; thus, the decline of the output
electric power of the external CT was from 22.5 kW to 21.75 kW.

The trends shown in Figure 4a were a result of the impact of the temperature gradient
that was formed between the air inside each channel of the external CT and the air outside
the channels. A pressure difference originated from the temperature gradient, which
increased as the temperature gradient increased; this generated more dynamic power
that could rotate the turbine’s blades because of the boost in the air’s velocity inside the
chimney. This chain of circumstances of changes in the temperature, pressure, and velocity
was what controlled the energy generated from the outer CT. The increase in the relative
humidity percentage of the air outside the chimney spiked a different reaction from the CT
as the more humid the air was, the less the power generated would be because the water
amount that can be evaporated to obtain the desired cooling effect decreased. Because of
the aerodynamic effect of the wind on the system, any changes in the wind’s speed and
direction could cause an increase in the air’s kinetic energy inside the chimney, which could
also cause an increase in the output of electric power.

The relation between the velocity of the air inside the chimney and the inlet and
outlet temperatures is shown in Figure 4b. It can be noticed that the average air velocity
and the outlet temperature were directly proportional. During the night, when the outlet
temperature decreased, the air velocity also decreased, while during the day, the air velocity
increased because the outlet temperature did. The prime operational parameter that was
considered when studying power generation was the rotational speed of the turbine, and it
was directly correlated with the average air velocity.

Figure 4b displays the temperature profiles of the air leaving the CT and the ambient
temperature, and it shows that the CT mode was following the natural draft cooling profile.
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There was a 6 ◦C difference between the ambient temperature and the cool air vapor exiting
the CT.

It has been established previously that the increase in the evaporation rate that is
caused by the heat exchange between the ambient air and the air inside the channels of
the CT will lead to higher power generation; this is because of the dynamic airflow that is
created inside the CT channels that confirms the turbines’ blades’ continuous rotation.
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3.3. Operation of the Internal CT

As shown in Figure 5, the effect of the outside temperature and the relative humidity
on the internal CT’s performance was analyzed. The internal CT offered only a nighttime
operation; as a result, no output power was presented from 6:00 until 17:00. The study
showed that the outside temperature and the relative humidity directly affected the amount
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of electrical power produced by the CT. For the outside temperature, it was directly propor-
tional to the electrical power produced; the decrease in the outside temperature from 36 ◦C
to 31 ◦C, from 17:00 till midnight, affected the output power as it decreased from 172 kW to
167 kW. However, as shown in Figure 5, the electrical power produced by the internal CT
decreased from 172 kW to 167 kW when the relative humidity increased from 35% to 58%.
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These results were mainly justified by the fact that the cold air velocity inside the
chimney increased when the outside air was hot (high temperature) and dry (low humidity)
due to the temperature difference that resulted between the water vapor and the outside
air, as shown in Figure 6. In contrast, when the outside air was humid, an increase in the
water spraying that was required for cooling the inside air was expected; consequently,
more water needed to be pumped, which resulted in a reduction in the efficiency of the
CT system. That is why less electrical power was produced when the relative humidity
was increased.
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Both the outside air profile and the outlet air that exited from the bottom of the
chimney profile had the same trend. However, due to the cooling effect inside the chimney,
the inside air temperature levels were at lower values by 2 ◦C, as shown in Figure 7, when
the internal chimney operated as a CT at nighttime.
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3.4. SCPP Performance

One of the key operating parameters which had a direct impact on the kinetic energy
of the air inside the chimney was the developed temperature gradient that was generated
between the ambient air and the air under the collector. It also directly impacted the
output power generated from the system. As a result, an optimal selection of the radius
of the water pool (rw) resulted in the generation of a high-temperature gradient, thus
increasing the energy output capacity. This was supported by similar results by Kiwan
et al. [30]. Additionally, Toghraie et al. [48] demonstrated that although increasing the rw
increased the SC’s output power, a significant decrease in the system performance was
found. Particularly, increasing the rw at the same solar intensity improved production
capacity but reduced efficiency by 35%, according to the same study. The pressure caused
by the rise in rw, which raised both the airflow rate and temperature, was thought to be the
key cause of the increase in power output. A substantial decrease in the observed efficiency
was found because of the increased region of heat transfer, which resulted from increasing
the rw at constant heat flux.

As seen in Figure 8, the temperature profile of the air under the collector was a function
of the radial distance from the entrance to the solar chimney’s center. The reported air
temperature inside the solar chimney showed an indirect relationship with the radius of
the seawater pool (rw). Increasing the rw was accompanied by a significant decrease in the
air temperature because the energy needed to evaporate the water increased. Increasing
the air temperature, as previously mentioned, supported the hydrodynamic flow of air for
electricity production. In other words, the rw had a direct effect on air temperature, thus
increasing or decreasing the electrical power output.



Sustainability 2023, 15, 2729 16 of 20

According to the previous analysis, the rw had a cap over which the benefit vs. power
was contradictory. This could be attributed to the risk of excessive heat loss from the
collector and from the ground to the soil storage at high values of rw. As a result, the airflow
temperature in the collector would have an upper limit, with respect to the equilibrium
between inlet solar radiation and heat loss. Consequently, an upper limit would be present
for the temperature of the airflow in the collector in terms of the balance between the solar
radiation in the SC inlet and the heat loss. From this analysis, it was found that the ideal
range for the radius of the chimney was between 5 and 25 m, with 15 m being the most
optimal choice in that range, which resulted in maximum power output while taking into
consideration the costs of the collector.
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Table 2 shows the monthly electrical power and desalinated water output from the
proposed design for a full year. The lowest monthly electrical power (lowest value was in
December, 27,887 kWh) and the lowest monthly desalinated water output (lowest value was
in January, 10,231 tons) occurred during the winter season (November to February). This
was because of the low solar irradiation intercepted during these months. On the contrary,
the summer months saw a substantial rise in electrical power generated (up to 236,636 kWh
found to be in July) and desalinated water (up to 19,382 tons found to be in July). By
steadily raising the solar radiation intensity and atmospheric temperature, which are both
optimal conditions for better SCPP activity, the output of electricity gradually increased.

According to previous studies [44], a modified solar double chimney provided 2.3 times
more generated electrical power and about two times more desalinated water than the
conventional SCPP [29]. The 10 turbines in the secondary chimney contribution could
result in a substantial rise in power and desalinated water generation. Table 2 also shows
that the CT’s power output showed the lowest values in the winter months because of the
low-temperature gradient and the high humidity. Importantly, the new proposed system
generated more annual combined power (1457 MWh) than the traditional SCPP (380 MWh).



Sustainability 2023, 15, 2729 17 of 20

Table 2. HSDCPP monthly electrical power and distilled water production.

Month Monthly Global Solar
Irradiation (kWh/m2)

Electrical Energy,
SCPP (kWh)

Electrical Energy,
Internal CT

(kWh)

Electrical Energy,
External CT

(kWh)

Electrical Energy,
HSDCPP (kWh),

SCPP and CT

Distilled Water
Production (ton)

January 250 29,542 0 821 30,363 10,231
February 262 28,344 0 624 28,968 11,790

March 275 32,519 327 4401 37,248 13,556
April 287 32,059 824 31,553 64,437 16,441
May 315 35,504 39,262 130,082 204,848 17,013
June 322 34,450 47,988 144,223 226,661 18,777
July 312 34,188 50,793 151,655 236,636 19,382

August 305 34,100 47,993 140,602 222,696 16,971
September 295 31,458 51,266 137,753 220,476 14,518

October 277 30,679 14,244 72,236 117,159 11,987
November 263 29,559 165 10,321 40,045 11,208
December 233 27,887 0 0 27,887 10,469

Total 3395 38,0289 252,863 824,271 1,457,423 172,344

3.5. Performance Comparison

To compare the performance of the HSDCPP with similar design proposals available in
the literature, the following work has been selected as shown in Table 3. The basic physical
dimensions of the designs, along with the annual energy produced, are summarized in the
table. The dimensions included are the height of the chimney, the diameter of the collector,
and the diameter of the chimney. The work selected was either in Qatar or close to the
Qatar region to have a fair comparison due to weather variations from one place to another.
The table demonstrates the superiority of the HSDCPP in producing energy over all the
work cited.

Table 3. HSDCPP performance comparison with similar designs in the literature.

Location Annual Energy
Production (kWh)

Height
(m)

Collector
Diameter (m)

Chimney
Diameter (m) Reference

Doha, Qatar 1,457,423 200 250 10 This study

Doha, Qatar 633,125.9 200 250 10 [47]

Doha, Qatar 494,100 200 250 10 [45]

Aqaba, Jordan 992,586 200 250 10 [44]

Iran 13,000 to 26,000 350 1000 - [49]

Iran 120,000–336,000 200 244 10 [50]

Arabian Gulf
region +104,000 500 1000 - [24]

Saudi Arabia 660–765 195 244 10 [16]

4. Conclusions

The HSDCPP showed superior performance in terms of energy and water production
to the traditional solar chimney. With the same footprint, the HSDCPP outperformed,
by 3.83 times (1,457,423 kWh), the annual electrical energy produced by the traditional
solar chimney. Furthermore, the HSDCPP had an added value over the traditional solar
chimney by producing 172,344 tons of fresh water annually. The HSDCPP can operate at
different geographical locations and does not necessarily require operation at high solar
radiation due to its dual functionality as a cooling tower and solar chimney. However,
some of the drawbacks of the proposed design are that it needed a large area of land for the
collector. Additionally, the HSDCPP needed a continuous supply of seawater. Furthermore,
the performance of the HSDCPP was very dependent on weather conditions, particularly
the dependency of the cooling towers on the humidity in the air. The cooling towers’
performance depended on the availability of hot and dry weather. Hence, winter times
were detrimental to the performance of the cooling towers. The present design provided
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electricity for remote areas where the grid was not present and supplied arid areas with
fresh water. Future work may include using artificial intelligence to select the best modes
of operation between the cooling towers and the solar chimney as the cooling towers
could work during the daytime in addition to nighttime. Furthermore, a detailed techno-
economic assessment is warranted in the future to ensure the economic feasibility of the
proposed design.

5. Patents

A provisional patent application has been filed with the USPTO.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su15032729/s1, Figure S1: Energy balance environment.
(a) is in the case of the SCPP mode, and (b) in the case of the CT mode; Figure S2: Model validation
against the results obtained by [51]. Showing 24-h electrical power production; Table S1: Dimensions
of the HSDCPP model. References [13,30,51–58] are cited in the Supplementary Materials.
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