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Abstract: Urban air pollution has become a pressing challenge in recent times, demanding inno-
vative solutions. This review delves into the potential of Solar Chimney Power Plants (SCPPs) as
a sustainable approach to mitigating air pollution. The idea of mitigation of pollution may be an
added advantage to the use of SCPPs in practice. Recent advancements, such as the integration of
photocatalytic reactors (PCRs) for the elimination of greenhouse gases (GHGs), emphasizing the
importance of addressing non-CO, GHGs like CH, and N,O are analyzed. The novelty of this review
is that it not only focuses on the shifting and removal of particulate matter but also on the removal
of greenhouse gases. Numerous case studies, ranging from filter-equipped SCPPs to Solar-Assisted
Large-Scale Cleaning Systems (SALSCSs), are reviewed, providing a comprehensive understanding
of their design, performance, and potential benefits. This review serves as a guide for researchers and
policymakers, emphasizing the need for multifaceted approaches to address the intricate nexus of air
pollution, renewable energy generation, and climate change mitigation.
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1. Introduction
1.1. Background and Significance

From the extensive smog blanketing cities to the distressing occurrence of premature
deaths, all are outcomes of air pollution. Globally, 99% of people breathe air with higher
pollution levels than those recommended by the air quality guideline, published by WHO
in 2021 [1]. Annually, 6.7 million premature deaths result from the combined effects of
indoor and outdoor air pollution. In 2019, the deaths because of outdoor air pollution
were 4.2 million, and 89% of these premature deaths occurred in low- and middle-income
countries [2]. The air pollution problem is more significant in developing countries in the
cities, especially ones with high populations. During the past few years, the air quality
in many cities in India has worsened, and serious haze problems are being experienced,
particularly in the winter season. Apart from health effects, air pollution caused by green-
house gas emissions leads to global warming and subsequent climate change. Moreover,
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the abundance of aerosols in high concentrations contributes to the development of haze in
the atmosphere. This phenomenon can have far-reaching effects on both local and global
climates by altering the hydrological cycle, hindering monsoon circulation, and diminish-
ing local precipitation [3,4]. It is believed that in China, the main reason for the recent
southward migration of the summer monsoon belt is the significant increase in atmospheric
aerosol [5,6].

Air pollution arises from both human-made sources and natural occurrences such
as volcanic eruptions, dust storms, and wildfires. Fossil fuel combustion stands out as a
significant anthropogenic contributor to air pollution. This is a principal contributor to
greenhouse gas emissions like CO,, oxides of nitrogen, and the atmospheric release of
particular matter that not only has tremendous health effects but also results in haze and
visibility deterioration [7,8]. To control the rise in temperature, which should be kept to
1.5 °C as per the Paris Agreement of 2015, and at the same time to meet the energy demand,
each country has proposed several strategies for an overall scaling down of greenhouse
gas (GHG) emissions, which include improvement in energy conversion processes, the
introduction of incentives for renewable energy generation, carbon taxes, etc., as well
as the introduction of decarbonization technologies [9]. In the European Union, 38%
of the electricity consumption was generated by renewable energy sources in the year
2020 [10]. Globally, the electricity sector can potentially be 100% renewable energy-based
by 2030 and will be the first fully decarbonized sector according to governmental plans
and visions [11,12].

Within the array of renewable energy sources, solar energy-based SCPPs emerge as
a promising low-carbon emission technology, generating electricity through the creation
of an air draft via solar heating and a chimney. The air from the atmosphere entering
through the solar collector is heated inside the solar collector and rises upwards through
the chimney as its density decreases with temperature. The hot low-density air drives
the turbine during its upward movement. The running process by the generated air flow
and energy transformation is represented in Figure 1. This technology is sustainable,
reliable, and requires low maintenance. One of the major constraints of the wide-scale
use of SCPPs is their low conversion efficiency. A recent study reveals that the technology
of SCPPs can also be used to reduce GHGs and to arrest particulate matter from the
atmosphere, which ultimately facilitates an improvement in the urban air quality along
with the production of clean and sustainable energy. Utilizing a hybrid SCPP can offset the
lower conversion efficiency that is observed in the original SCPP, consequently enhancing
the overall performance of the system.

1.2. Air Pollution and GHG Emission

Air pollution is not a recent phenomenon. In ancient times, the consequences of air
pollution were limited to a particular area. In 1307, King Edward I banned the use of coal
in lime kilns in London. The problem of air pollution was aggravated with the industrial
revolution, as the demand for coal usage increased in industrial sectors like power plants,
smelting, steel, etc. Several air pollution episodes of the last century (Table 1) were primarily
the result of exceptionally high concentrations of sulfur oxides and particulate matter that
were emitted due to the combustion of coal.
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Figure 1. Energy flow and developed airflow phenomena in SCPP. (a) Air flow; (b) Energy flow.

Table 1. Overview of significant air pollution episodes associated with traditional industries [13].

Episode Year Source Result
Densely populated factories such as zinc ~ Severe respiratory symptoms, death

Meuse Valley, Belgium 1930 smelter, glass, and steel manufacturing of 63 people, illness of approximately
industries 6000 residents

Gas attack, Los Angles 1940 Auto exhaust and petroleum refineries Severe air pollution problem

Donora, Pennsylvania 1948 ngh concgntratlons of HHCl emitted from 20 deaths and 600 people becoming ill
zinc smelting and blast furnaces

Great London Smog 1952 Coal combustion in power plants 4000 deaths in a week
Dense photochemical smog resulting

Los Angles Smog 1954 from a combination of VOC, NOx, 2000 auto accidents in a single day
and sunlight

Acid rain, America 1969 Sulfur dioxide emission from industries Burned lawns, ate away tree leaves,

and damaged feathers of birds

A recent special report on keeping global warming to 1.5 °C states that excess concen-

tration of greenhouse gases like CO,, CHy4, N>O, O3, CEC, and H,O in the atmosphere is
primarily accountable for climate change [14]. Again, climate change is the manifestation
of air pollution. In the last few decades, the global climate pattern has been changing,
and the world is facing more frequent natural disasters like extreme temperature events
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(ETEs), droughts, and floods [15,16]. Global monsoon drizzle is expected to increase by
1.71 & 2.38% in 2021-2040 under the high climate change scenario [17], and the frequency
of floods will be 4-14 times higher by 2100 compared to the 1971-2000 average [18]. Global
warming accompanied by the melting of glaciers and ice sheets will also lead to a rise in
sea levels. If the greenhouse gas emission prevails in its present form, the sea water level
will be 75 cm higher by 2100 than the average sea level height from 1986 to 2005 [19].

The relation between climate change and humans is presented in Figure 2. As seen in
Figure 2, climate change not only affects the physical environment but also affects human
health and well-being through several pathways. Climate change and air pollution are
interconnected, and one amplifies the impact of the other. Climate change-induced heat
waves, storms, and wildfires aggravate the air pollution problem. A high temperature
enhances the growth of the photochemical reactions between the ground-level ozone-
forming precursors and thus results in an increase in ground-level ozone formation [20],
which is responsible for eye and throat irritation and a reduction in the yield of major crops
like corn, wheat, soybeans, and peanuts. Wildfire causes the emission of vast quantities of
particulate matter and black carbon that can traverse long distances and thus deteriorate the
global air quality. Globally, more than 90% of children below the age of eighteen breathe air
where the pollutant level exceeds the tolerable limit specified by the WHO. Infant mortality,
asthma, neuro-developmental disorders, and childhood cancers can all be linked to the
unfavorable health effects of air pollution. Air pollution is the second leading cause of many
alarming non-communicable diseases like stroke, cancer, and heart disease, according to
a WHO report from 2022 [2]. In 2019, more than 3 million people died worldwide from
COPD connected to air pollution and climate change [21,22].
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Figure 2. Effect of climate change on humans [23].

1.3. Air Pollution and Particulate Matter Concentration

Air pollution due to particulate matter is now an important issue in megacities of
developing nations. Traffic emissions, mainly particulate matter (PM;5) and oxides of
nitrogen, are the main origin of air pollution in city air, and the concentrations of these
pollutants in street environments are high [24,25]. It is observed that pedestrians on high-
density urban streets are 30 times more exposed to ultrafine particles per trip than people
driving with closed windows [26]. This is because pollutants that are nearer to the surface
do not disperse easily owing to the urban spatial form [27,28] and assorted materials in the



Sustainability 2024, 16, 2334

50f 31

urban space [29]. This problem becomes more severe when pollutants accumulate near the
surface due to a low or no wind speed [30]. In the USA, every year, 53,000 people die early
due to vehicle discharges [31]. In 2015, 4.2 million people died from exposure to PM; 5,
and 59% of these were from East and South Asia [32]. Several research works show that
exposure to particulate matter with a diameter of 10 microns and 2.5 microns or less leads
to a higher risk of lung cancer [33,34] and several respiratory diseases, including COPD
and allergic rhinitis. Every 10 ug/m? increase in PMy 5 concentration causes a 1.12-fold
increase in COPD mortality [35]. Globally, subjection to ambient fine particles is enlisted as
being eighth among the leading death-causing risks [36].

Apart from health effects, atmospheric aerosol consisting of particles with an effective
diameter of less than 10 um influences the regional and local climate directly and indirectly.
The incident sunlight can be scattered and absorbed by the atmospheric aerosol. Thus, a
high concentration of particulate matter in the air becomes a cause of haze formation and
visibility reduction [7,8]. Recently, this weather phenomenon has been noticed in many
countries [37-40]. In addition to this function, aerosols serve as surfaces for cloud droplet
condensation. Consequently, atmospheric clouds undergo a transformation into smaller
droplets, causing an extended retention of water in the atmosphere. This, in turn, results in
a reduction in the precipitation rate over an extended period.

Governments have implemented various measures to regulate the concentrations of
particulate matter in urban air. These initiatives include enforcing the mandatory installa-
tion of air pollution control devices in industries that release particulate matter and setting
emission limits for vehicles. In major metropolitan cities in China, the government has
not only imposed traffic restrictions but also curtailed operations in industries emitting air
pollutants in large quantities [5]. In Delhi, the capital and one of the major metropolitan
cities of India, the air quality has worsened in the past few years. One of the major air pol-
lutants that is responsible for deteriorated air quality is the high atmospheric concentration
of particulate matter. To curb pollution levels, the government must ban different activities
like the entry of polluting trucks, commercial four-wheelers, non-essential construction
works, etc. While the existing measures provide a temporary reduction in the airborne
particulate matter concentration, addressing these issues necessitates the implementation of
long-term strategies for a sustained improvement in air quality. Table 2 shows the updated
AQG levels for particulate matter as per the WHO [41].

Table 2. Recommended 2021 AQG (air quality guideline) levels compared to 2005 air quality guide-
lines [41].

Pollutant Averaging Time 2021 AQGs 2005 AQGs
Particulate matter of 2.5 micron ~ Annual 5 10

24h* 15 25
Particulate matter of 10 micron Annual 15 20

24h* 45 50

* 99th percentile (i.e., 3-4 exceedance days per year).

1.4. Scope and Objectives of This Study

Review studies provide a concise overview of prior research, serving the interests of
non-experts and current researchers in relevant fields. Regarding SCPPs, 19 review papers
have been noted and cited in this study. The majority of these studies focus on fundamental
concepts and advancements that are aimed at enhancing both the power generation and
efficiency. Many papers are based on the basic principles, advantages, and disadvantages
of SCPPs [42-45]. The impact of geometry modification on a plant’s performance is studied
by many studies [46-48]. A few articles [43,49] describe the innovations in this field while
considering different locations. The study of optimization, exergy analysis, and commer-
cialization is reported on by different researchers [47,49,50]. Additionally, various papers
explore hybrid systems to enhance the efficiency of a system [51,52]. Chikere et al. [53]
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focused on using waste gas for thermal energy to enhance the overall performance of plants.
Since the discussion of experimental work in a review paper is very sparse, Biswas et al. [54]
studied the experimental works in their review paper. Sharon et al. [55] carried out an ex-
haustive study of the detailed application of solar chimneys. They studied different hybrid
power plants by using waste gas, geothermal energy, PV cells, solar stills, desalination,
etc., to enhance the time needed for power generation and the overall utilization of the
plant. Despite huge efforts, the improvements in the power and efficiency of SCPPs are not
too noteworthy after a lot of geometry modifications and hybridizations. Researchers are
currently investigating alternative applications for the plants’ utilization. The first review
paper to mitigate air pollution by using solar chimneys was written by Liu et al. [56]. They
nicely presented the various strategies to mitigate air pollution in a locality. But mostly,
they concentrated on removing or transporting the particulate matter into higher or other
regions. The current study concentrates on an in-depth analysis of particulate matter and
extends its focus to include the removal of greenhouse gases.

The present study contributes significantly to sustainable air quality management by
using SCPPs. The significance of the present study is that it addresses the pressing need for
sustainable energy solutions by exploring the integration of SCPPs. This seeks to contribute
to enhanced air quality management by incorporating photocatalysis and particulate
filtration to reduce pollutants that are emitted during power generation. With respect to the
global environmental impact, this research aims to offer insights into a holistic approach
to power generation that not only produces clean energy but also mitigates airborne
pollutants. This involves a detailed examination of the catalytic process and its impact on
the degradation of harmful airborne substances. This study aims to identify and analyze
the most efficient and sustainable particulate filtration technologies for optimal air quality
management. This involves exploring innovative engineering solutions by optimizing
SCPPs that maximize the utilization of solar energy while minimizing their environmental
impact. Based on the findings, it provides recommendations for implementation and offers
practical implementation of SCPPs with integrated air quality management technologies.

In the subsequent sections, this paper delves into analyzing innovative engineering
solutions that have been applied to optimize SCPPs. A thorough assessment of the pho-
tocatalysis component in SCPPs is described, along with an analysis of the efficiency of
the catalytic process in degrading airborne pollutants. Identifying and scrutinizing var-
ious particulate filtration technologies, and assessing their efficiency, sustainability, and
adaptability to the power plant’s design regarding the overall air quality management
strategy, is addressed. Examining the environmental and economic implications of the
reduction in emissions, the overall cost-effectiveness of the project and potential long-term
benefits are discussed. Lastly, future recommendations are provided, including an air
quality management system that offers practical implementation of SCPPs.

2. Solar Chimney Power Plants: An Overview
2.1. Principles and Running of SCPPs

An SCPP is expansive in size, but its operational physics are straightforward, making
it easy to convert thermal energy into electrical energy. Construction-wise, there are four
main components, the collector or canopy, absorber, chimney, and air turbine (Figure 3).
The phenomenon of free convection generates air flow in the SCPP. Radiation energy
coming from the sun falls on the bottom absorber via a transparent collector, causing
heating of the black absorber wall. Convective heat transfer causes heating of the air that is
adjacent to the absorber wall. The developed buoyancy force helps move the hot air toward
the chimney inlet, and therefore, the cold air enters from the inlet of the SCPP. The flow is
propelled by the draft of a chimney, located at the center of the SCPP. The generated kinetic
energy of the air is utilized by an air turbine at the entry to the chimney and converts
mechanical energy into electrical using a generator. Finally, the hot air exits via a chimney
outlet [57,58].
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2.2. Historical Development and Evolution of SCPP

The concept of utilizing heated air from a chimney or fireplace to power a windmill
was originally suggested by the renowned Leonardo da Vinci (1452-1519) [59-61]. After a
century, the idea of the first SCPP was presented by Spanish artillery colonel Isidoro
Cabanyes in 1903, in which heat was taken from a heat exchanger located at the chimney
base. A wind wheel was situated at the top of the house to produce electrical energy [62,63].
In 1926, Prof. Dubos utilized the slant of a mountain for an SCPP in North Africa. The SCPP
concept with a chimney was reported by Hanns Giinther in 1931 [64,65].

In 1980, Prof Schlaich and his group made the prototype for a pilot plant for an SCPP
in Manzanares, Spain (Figure 4), which was sponsored by the German Government in
collaboration with the Spanish Utility Union ElectricaFenosa [66-70]. This (dimensions:
chimney diameter = 10.16 m, chimney height = 194.6 m, collector diameter = 244 m, and
collector inlet = 1.85 m) plant was installed, and the generated power amounts to 50 kW.

Figure 4. View of Manzanares plant prototype [49] (adapted with permission from Elsevier).
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Cao et al. [71] proposed a chimney for the large-scale cleaning of air. The system
consists of an air filter at the entry to the chimney to remove particulate matter of more
than or equal to 2.5 pm. Numerous studies, such as those conducted by Zhou et al. [72] and
Ming et al. [73], have suggested the dispersion of warm air to higher altitudes, possibly
within the upper layer of the troposphere, as a strategy for mitigating haze dispersion. Ad-
ditionally, various investigations on small-scale solar chimneys (SCs) aimed at facilitating
natural ventilation have been documented, including works by Jing et al. [74] and Khanal
and Lei [75].

2.3. Advantages and Challenges of SCPPs

SCPPs are promising systems for sustainable and renewable energy generation, pos-
sessing numerous advantages, as outlined below:

(@) They harness abundant solar energy, serving as an environmentally friendly energy
source.

(b) They are straightforward and efficiently produce power, reducing pollution hazards
and costs.

(¢) There is no requirement for extensive infrastructure, and plants can be installed on
any land, anywhere.

(d) Repurposing an abandoned thermal power plant’s chimney after its operational life
incurs minimal costs.

(e) They require minimal maintenance and have a long lifespan of approximately 80 years.

(f)  The costs of power generation are relatively low compared to other types of plants.

(g) Furthermore, this type of plant produces no pollution, pollutants, or greenhouse
gases, unlike fossil fuel plants.

Despite numerous advantages, these plants encounter certain challenges that have
restricted their widespread adoption:

(a) Constructing these plants necessitates a significant land area, which can occasionally
present challenges in densely populated areas.

(b) The rate of energy production is notably lower compared to traditional power plants.

(c) Theinitial investment costs are elevated in comparison to the rate of power generation.

(d) Extended payback periods are associated with the system.

In the face of these challenges, comprehensive research is underway to enhance the
production of clean power, while also optimizing plant utilization. The government also
supports the initial cost of installation. Again, a lot of research is being conducted to modify
the plant, aiming at some method for alternative utilization.

Traditional fossil fuel-based power plants release pollutants, contributing to environ-
mental degradation. On the other hand, SCPPs release no pollutants when equipped with
air quality management features, resulting in lower emissions and a reduced environmen-
tal impact. While wind turbines generate renewable energy, their output is dependent
on variable and less predictable wind speeds compared to the steadiness of solar energy.
The location for the turbine is chosen at a high air velocity zone. Photovoltaic panels may
experience output fluctuations due to adverse weather conditions and daylight variations.
SCPPs, not relying on fossil fuels, offer a more consistent power output due to a steady heat
differential. In contrast, natural gas power plants contribute to pollution by depending on
fossil fuels. Biomass-based power generation is considered renewable, yet it releases par-
ticulate matter and emissions during combustion. Hydropower dams involve significant
land use changes and potential environmental impacts. Their location is also dependent on
water availability. Geothermal power plants are also location-dependent and viable only in
specific geological regions, while SCPPs can be designed in various sizes and adapted to
different locations.

Opting to construct a new SCPP rather than retrofitting a traditional plant is influ-
enced by several factors such as incorporating the latest technological advances in solar
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chimney technology, designing for optimization, assessing the lifecycle costs, considering
the environmental impact, and ensuring site suitability.

2.4. Modifications of SCPPs

Enhancing the standalone SCPP’s performance has been a focus for researchers, who
have explored modifications to its geometry. Primarily, adjustments have been made to
the collector’s diameter and height, as well as the slope, along with modifications to the
chimney’s diameter, height, and shape. An increased height of the chimney causes a rise in
performance [76-78], but there is a limitation. Performance enhancement with an increase in
the chimney diameter is also noted but only up to some optimum value [79-81]. The impact
of the chimney’s shape has been noticed by different researchers. Different chimneys show
better performance with some optimum magnitude of different angles [82,83]. Besides the
highly conductive material of the absorber plate, the nature of the surface also significantly
influences the output of the plant. Different designs like wavy, staircase, and bottom
triangular designs are also reported [84-86].

The enhancement in efficiency is not especially notable following geometry modifica-
tions. In addition, power cannot be generated at night. Therefore, SCPP hybridization is
carried out in many ways like using solar PV cells, geothermal, biomass, waste gas, heat
exchangers, solar ponds, etc. The waste gas coming from any industry is used to pass
below the absorber plate or directly mix with air, and this helps with high air temperatures
and achieves power generation in cloudy conditions or at night [87-89]. The integration of
photovoltaic cells on the collector increases the power and efficiency of both plants [90-94].
The waste flue gas from biomass and geothermal is used in SCPPs [95-97]. Directly ex-
tracting hot water from a solar pond, it is sprayed into the chimney to heat the air beneath
the turbine, thereby enhancing the overall efficiency of the plant [98,99]. Utilizing a desali-
nation unit has gained popularity in SCPPs for the separation of pure water from saline
water [100-102]. To enrich the performance of an SCPP, a cooling tower is integrated to
supply heat into the air [103,104].

3. Mitigating Air Pollution with SCPPs

Numerous researchers, including Khanal and Lei [105], Nasri et al. [106], and Vargas-
Lopez et al. [107], have conducted studies on solar-assisted solar chimneys to improve the
air quality in residential buildings. Various adaptations of solar chimneys have been em-
ployed in the past to facilitate building ventilation, as noted by Maghrabie et al. [108]. This
technology serves as a means to transfer heat from the Earth’s surface to the troposphere,
ultimately contributing to a reduction in the planet’s temperature. Recent findings indicate
that Solar Chimney Power Plants (SCPPs) can serve as a solution to mitigate ambient air
pollution. Researchers have proposed several modifications to SCPPs to address urban air
pollution and combat global warming.

3.1. Mitigation Strategies by Coupling SCPPs with Photocatalytic Reactors (PCRs)

In 2013, Richter et al. pointed out that an SCPP is not only a source of clean renewable
energy but can also be used to reduce atmospheric GHGs by being combined with photocat-
alytic technology. It has the potential to act as a bigger photocatalytic reactor. The unique
ways in which an SCPP can act as a photocatalytic reactor are as follows:

e A large irradiated SCPP greenhouse collector roof can be the source of energy for a
photocatalytic reaction.

e A huge area under the SCPP greenhouse collector maximizes the light photocatalyst’s
illumination area.

e  The SCPP facilitates the exposure of the highest volume of flowing polluted air to the
photocatalyst by allowing them to come into contact.

In addition to these, the external structure of an SCPP also provides shelter for pho-
tocatalytic beds from rain. Thus, a combination of two breakthrough technologies, solar
chimneys and photocatalysis, can be a significant approach to mitigating air pollution.
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3.1.1. Potential of Photocatalysis in GHG Removal

Research on the photocatalytic degradation of air dates back to the 1970s, when a
study was conducted using desert air collected from dust clouds. The result was consistent
with the hypothesis that desert regions may be acting as a sink for several atmospheric
trace gases [109,110], as SiO; is present in sand molecules and acts as a photocatalyst. In
2015, George et al. [111] mentioned in their report that heterogeneous photocatalysis has
great potential in the mineralization of some greenhouse gases, thereby reducing global
warming. In 2011, de_Richter and Caillol [112] reported a review focusing on the removal
of GHGs from the atmosphere by the application of photocatalysis at room temperature to
slow down global warming. Recently, visible light-induced heterogeneous photocatalysis
has gained interest in the field of GHG removal owing to its inherent advantages. For
instance, (i) it harnesses green and sustainable solar energy, (ii) it operates under mild
reaction conditions like room temperature and ambient pressure, (iii) it can coat nearly
any surface with photoactive materials, and lastly, (iv) it achieves complete mineralization
of pollutants. Photocatalysis involves an oxidation and reduction environment, where
electron-hole pairs generated from the photocatalyst upon exposure to a light source
provide desired reactions depending on the relative locations of the conduction and valance
bonds of the semiconductor photocatalyst and the redox level of the substrate (contaminant
species). In 2013, de_Richter and Caillol [113] also conducted another review focusing on
the removal of GHGs from the atmosphere by the application of photocatalysis at room
temperature to slow down global warming.

Photocatalysis of major GHGs proceeds according to the following reactions [112,114]:

CO; + HyO + hv + photocatalyst — carbonaceous products + O, 1)
CH4 + 202 — 2H20 + COZ (2)

2N>,O —2N5 + Oy (3)

Halocarbon + 20, + hv — 2CO, + H,O + HF 4)

Already oxidized molecules like CO, and O3 can only be reduced, whereas reduced
molecules like CHy can only be oxidized. On the other hand, NoO can be reduced to N; or
oxidized to HNO3 and some members of the CFC family will be oxidized, while some will
be reduced, depending on the reaction conditions.

3.1.2. Types of Photocatalysts
(a) Photoreduction of CO;:

Solar energy-mediated heterogeneous photocatalysis of CO, is a promising route for
converting atmospheric CO, to several value-added C; /C; chemicals like CO, methane,
methanol, formic acid, and ethanol. CO, can be recycled through this process of artificial
photosynthesis and transformed into fuels like methanol and ethanol. The CO, photo-
catalytic reduction pathway proceeds through multiple steps involving the formation
of several intermediates, and the formation of end products depends on the reduction
potentials of the materials involved [115].

The photocatalysis of CO, using dispersed ruthenium and ruthenium oxide on TiO,
at room temperature and atmospheric pressure was first reported by Thampi et al. [116].
Immediately after that, many works came out describing the photocatalysis reduction of
CO, with H,O at room temperature using different compositions of TiO, catalysts [117,118].
The work on the photocatalytic decomposition of CO, using TiO; from 1994 to 2007 was
reviewed by Koci et al. [119]. It was seen that the most widely used catalyst for the
photoreduction of CO; is TiO, and its derivatives, and the products are generally methane
or methanol.

Recently, lots of studies have been carried out on the photocatalytic reduction of CO,
using different materials (Table 3) such as photocatalysts [120-122]. These materials can be
grouped in the following way:
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Metal-organic framework (MOF)-based photocatalysts: Efficient at capturing and
activating CO,, good absorber of light, and the well-defined and tailored structure of
MOFs is advantageous for understanding the mechanism clearly [123,124].

Covalent organic framework (COF)-based photocatalysts: Currently, this group of
compounds is attracting significant attention for the photocatalytic conversion of CO,
due to several characteristics like chemical stability, an effective charge separation
ability, and a high surface area that promotes the harvesting of light, chemical stability,
and an effective charge separation ability [125,126].

Bi-based photocatalysts: These materials exhibit a strong light-absorbing capability
owing to their narrow band gap [127].

g-C3Ny and other polymeric semiconductors: These types of photocatalysts have
been developed mainly for the photocatalytic conversion of CO; into fuels. They
are designed in a way so that they can facilitate the electron-hole separation that is
required for the photocatalytic conversion of CO, [128].

TiO,-based photocatalysts: These are the most studied photocatalysts for the photocat-
alytic reduction of CO,.

Table 3. Examples of recent MOF-, COF-, and g-C3Ny-based photocatalysts for CO, reduction.

Authors Photocatalyst Observations Main Product
Mixed-ligand strategy introducing a new energy level in

Lee et al. [129] Zr /Ti-MOF the band structure of the metal-organic frameworks, HCOOH
which increases the photocatalytic activity of the MOF.
Presence of a single CO atom in the metal-organic

Huabin et al. [130] MOF-525-Co framework enhances the electron-hole separation CO, CH,4
efficiency in Porphyrin units.

Fu etal. [131] N3-COF Azme-based covaleth organic frameworks can be an CH;OH
ideal metal-free semiconductor.
The introduction of transition metal ions in COFs exerts
a strong influence on the selectivity of products (CO or

Luetal. [132] DQTP COF-Co HCOOH). For example, for DQTP COF-Zn, the co
HCOOH production rate is higher.

. ) Synthesized composite showing higher photocatalytic
Wang et al. [133] BiOI/g-C3Ny activity than pure g-C3Ny4 and BiOl. CO. CH,
. Ultrathin g-C3Ny Exhibits better performance than unmodified
Xiaetal. [134] nanosheets conventional g-C3Ny photocatalysts. CH,, CH;0H

Kumar et al. [135]

Higher yield of methanol (9934 pmol gfl cat) compared

Nanoporous g-C3Ny/Ir-T  to semiconductor carbon nitride (145 pmol g*1 cat) after CH3OH

24 h irradiation.

(b) Photo-oxidation of CH4:

From 1972 to 1974, Formenti et al. [136] and Djeghri et al. [137] studied the photo-

oxidation of linear and branched chain alkanes at room temperature. They used the anatase
form of TiO; and UV radiation (210-390 nm) as a source of photo radiation for their
study. Kaliaguine [138] used vanadium derivatives for his study. However, TiO, and its
derivatives were used by most scientists to study the kinetics of methane, ethane, and
alkenes. Table 4 shows examples of photocatalysts that were used for the total oxidation of
methane in different studies.
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Table 4. Examples of photocatalysts used for photo-oxidation of CHy.

Authors Photocatalyst Observations Main Product
Krishna et al. [139] Uranyl-anchored MCM-41 Focus was on the photo-_0x1dat10n of CHy to CO, at room CO,
temperature under sunlight.
. Photocatalyst thickness was about 575 nm, and the
In et al. [140] TiO, nanotube arrays illumination wavelength was 367 nm. CO,
: S :
Pan et al. [141] SrCO3/SrTiOs Conversion rate up to 100%. Also applicable to co,
low-concentration methane.
) Siver-decorated ZnO-nano Shows great prospects for atmospheric methane oxidation
Chen etal. [142] catalyst by simulated sunlight illumination. €O
Wei et al. [143] S\/?tzho ;’ ;r;(;lsagggt;(il;arbon Conversion rate of 91.5% after 2.5 h. CO,
N heets and d Focus was on the degradation of low-concentration
Lietal. [144] ofaélr?(s) €€ls and nanorods methane (200 ppm). CO,
Conversion rate of 80% after 2 h.
Li et al. [145] CuO/ZnO Conversion rate of up to 100%. CO,
Chen et al. [17] Ag/ZnO Conversion rate of up to 100%. CO,
Brenneis et al. [60] Copper-treated zeolite Removed all atmospheric methane with a concentration of co,

particle heated to 310 °C

2 ppm to 2%.

(c) Photoreduction of N,O:

The photodecomposition of N,O to N, and O, was first studied by Ebitani et al. [146-148].
The catalyst used was Cu-exchanged ZSM-5 zeolite at 278 K. In 1998, Kudo et al. [149] reported
the photocatalytic decomposition of NoO at room temperature in the presence of water and
methanol vapor using Ag- and Cu-supported TiO, powder. Later, Matsuoko and Anpo [150]
found that zeolites incorporating oxides of transition metals (Ti, V, Mo, Cr) or transition metal
ions (Cu™, Ag™) exhibit high photocatalytic activities for the photocatalytic decomposition of
N,O into N; and O; and also for CO, with HyO into the products methane and methanol.
They also used a Cu* ion in combination with various oxides for the decomposition of
NO for their study. All these experiments were carried out on a laboratory scale. Field
experiments were first carried out by Guarino et al. [151]. They coated Pig house walls with
paint containing TiO, photocatalysts and observed a reduction of 4% in N,O levels under the
following operating conditions:

Air ventilation flow rate: 780-6690 m3 h™!.

Relative humidity: 52%.

Area of walls painted: 150 m? with 70 g m~2 TiO, paint. Table 5 shows a review of
different works on the photoreduction of N,O.

Table 5. Examples of photocatalysts used by other authors for photoreduction of N,O.

Authors Photocatalyst Observations Product
+ : . Photoexcitation of the Ag* — N>O complexes has a
Matsuoka etal. [152] Ag"/ZSM-5 zeolite significant role in the decomposition of N,O to N and O,. N2 +1/20,
+ : . Photoexcitation of the Ag* — N>O complexes has a
Juetal. [153] Ag"/ZSM-5 zeolite significant role in the decomposition of N,O to N, and O,. N2 +1/20,
Rakhmawaty etal. [154]  Ti/USY zeolite A100 W hlgh—pressure Hg lamp was used for irradiation, N, + CO,
and the reaction was carried out at room temperature.
A reaction was carried out in an annular batch reactor at
. . 298 K. An 8 W Hg lamp was used for irradiation. Wavelength
Koci etal. [155] Ag-TiOz powder of irradiation: 254 nm. After 24 h, 77% conversion of N,O N2 +1/20,
was obtained, with TiO, having 3—4 wt% Ag.
A reaction was carried out in an annular batch reactor at an
Koci et al. [156] TiO, ambient temperature. The source of irradiation was a Hg N, +1/20;
lamp. Wavelength of irradiation: 254 nm.
Matejova et al. [157] TiO, powder and The addition of cerium to TiO; shifts the light absorption N, +1/20,

Cerium-doped TiO;

range of TiO; from UV to the visible region.




Sustainability 2024, 16, 2334

13 of 31

(d) Photocatalysis of halocarbons:

The photodegradation of HFC and HCFC on several semiconductor metal oxides was
studied by Tanaka and Hisanaga [158]. CO,, C17, and F~ were the main reaction products,
and the performance of the catalyst according to the rate of degradation was in the order of
TiO,-ZnO > Fe,Oz—kaolin. Tennakone and Wijayantha [159] reported the photocatalytic
mineralization of CFC with fine crystallites if TiO, was under UV radiation. The products
that were formed were CO,, C1~, F~, and Cl,. Thereafter, many scientists [160] have
studied the photodegradation of halocarbons under different reaction conditions. In most
cases, the photocatalyst used was TiO, in different forms (crystallites, powder, aqueous
suspension) or as its derivatives.

The aforementioned study reveals that TiO; stands out as the preferred photocatalyst
for the majority of photoreactions. This is due to its high photosensitivity, non-toxic nature,
low cost, and chemical stability. But it is UV-active because of its wide band gaps, which
creates a barrier to utilizing the solar light effectively, as only 5% of solar light is UV. To
resolve this problem efforts have been made to extend the absorption range of TiO; to a
visible region, which includes transition metal ion doping, non-metal ion doping, metal
deposition, semiconductor composites, and conjugated polymer modifications.

3.2. Mechanical Separation of Particulate Matter

Air pollution due to particulate matter is a severe problem in urban areas. SCPPs
can be used to mitigate urban air pollution with slight modifications. The separation of
particulate matter from air can be achieved in different ways:

e  The solar chimney raises polluted air to elevated altitudes.

e The integration of a filter at the entry to the collector inlet aids in air purification.

e  Spraying water either inside the chimney air or at the chimney exit contributes to the
purification process.

The polluted air passing through the large chimney can be exhausted to the tropo-
sphere level above the planetary boundary layer. This reduces ground-level pollution and
is applicable in high-haze areas, especially in cities. This is a method that transfers the
polluted matter to some zones rather than removing the pollutants. When the chimney
height is insufficient, these pollutants will linger in the lower zone, posing a potential risk
to human health. Therefore, the concept of the filter is added at the entry that separates very
small PM and exhausts clean air into the atmosphere. In this case, if the clean air is sent to
the troposphere, there is no use of clean air. This again becomes meaningless, because if the
chimney is smaller, then clean air can be used, but the suction action of a short chimney
will be significantly reduced, especially as pressure loss occurs at the filter. Then, to use the
clean air, a downdraft chimney can be used. This air is again scavenged by cooling water
or a cooling tower or heat exchanger. The aerosol that is present in the air is scavenged by
the water droplet passing through the hazy air, and then cleans the air. The mechanism of
scavenging involves Brownian diffusion, diffusiophoresis, and thermophoresis. Spraying
water both in summer and winter improves the performance of solar chimneys. If the
water is hot compared to the air, heat is transferred from the water to the air, raising its
temperature. This improves the updraft in the chimney. For cold water, it decreases the air
temperature. This raises the density of the air, which improves the natural downdraft in
the chimney, which is useful for a U-tube chimney; in that case, pumping power is required
to spray the water at the outlet of the chimney. Some hybrid systems with cooling pond
systems may also provide this benefit.

Over the past few years, various scientists have put forth geoengineering initiatives
centered around solar chimneys, and numerous researchers have constructed prototypes
aimed at addressing the issue of haze and enhancing urban air quality. Table 6 provides a
concise overview of these endeavors.
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Table 6. Overview of mitigation strategies.

Source Techniques Location Considered
Zhou et al. [72] No-filter, large-height (1 to 1.5 km) solar chimney China, Beijing

Cao et al. [71] With and without filter -

Tan et al. [161] Filter-containing urban updraft tower (FUUT) China, Beijing

Cao etal. [162] Filter Xi’an, China
Ghanbari and Rezazadeh [163] No filter, effect of the tower City of Tehran
Daghistani [164] No filter, only the effect of the street pole Riyadh, Saudi Arabia
Hachicha et al. [165] Filter and its location Case study in Sharjah
Yoo et al. [166] Filter’s impact on power generation and air cleaning -

Gong et al. [167] Filter, cooling tower, and water spray -

4. Case Studies of SCPPs for Air Pollution Mitigation

CO; is a major contributor to global warming and accounts for a 65% share of the
total well-mixed long-lived GHGs [168]. To reduce the concentration of carbon dioxide
and thus slow down global warming, several innovative solutions like Carbon Capture
and Storage (CCS), Bioenergy with Carbon Capture and Storage (BECCS), and Direct air
capture (DAC) were developed by scientists. De_Richter et al. [113] first proposed the idea
of hybridization of SCPPs with a giant photocatalytic reactor for artificial photosynthesis by
semiconductor photocatalysis. The photocatalytic conversion of CO, not only reduces the
concentration of CO; but also produces fuels in a continuous-flow photocatalytic reactor
with natural sunlight.

The photocatalytic reduction of carbon dioxide occurs according to the following
reaction:

CO; + HyO + hv + photocatalyst — carbonaceous products + O, )

Several photocatalysts and methods were used by researchers for the photoreduction
of carbon dioxide. The most common catalyst is TiO; and its derivatives. The products
of the reaction are generally methane or methanol with other products [119,169-173].
The yield and product distribution depend on the photocatalyst that is used and the
reaction conditions. The best yield is obtained after 6 to 24 h of illumination in batch
reactors. This implementation of the process requires a photoreactor. Mostly, three types of
photocatalytic reactors are available, plate, honeycomb, and tubular [174].

Figures 5 and 6 show the two possible implementations of hybrid SCPPs proposed by
de-Richter et al. [113]. This choice depends upon the process parameters and, of course,
the photocatalyst that is used. The up-scaling to the size of an SCPP assumes that the
photocatalytic conversion of CO; occurs only once. They reported that 1.938 mol of carbon
dioxide (85 gm) can be reduced per gm of catalyst per year if two cycles of 6 h can be
operated every day throughout the year. If 3452 tons of CO, can be captured daily by the
solar tower, 737 tons of catalyst is theoretically needed to convert 5% of the captured CO,
to fuel every day.
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Figure 5. Location of flat photocatalytic reactor in SCPP (inside translucent photocatalyst),
de-Richter et al. [113].
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Figure 6. Top view and side view of tubular photocatalytic reactor (inside translucent photocatalyst),
de-Richter et al. [113].

Although CO; is the main GHG, it is not possible to slow down global warming by
only controlling CO,. It can be seen from Table 7 that GWPs of CHy are 28 times more
potent than that of CO, over 100 time periods, which means that 1 kg of methane emitted
today would exert 28 times as much global warming over the next 100 years as 1 kg of CO,
emitted today would. Similarly, the warming effect of 1 kg of NoO emitted today would
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be the same as 298 kg of CO; released today over the next 100 years. Thus, the removal of
non-CO, GHGs is also necessary to mitigate climate change.

Table 7. Concentrations and GWP of major GHGs as per IPCC (IPCC_ARS5 2013) [14].

Concentrations Radl.ahv‘e *GWP (100-Year A.tmos.phenc
GHG Type in 2011 Forcing in 2011 Time Horizon) Life Time
(W/m?) (Years)
Carbon dioxide 391 £ 0.2 ppm 1.82 = 0.19 1 100-300
Methane 1803 £ 2 ppb 0.48 + 0.05 28 12
Nitrous oxide 324 + 0.1 ppb 0.17 £0.03 298 121

*GWP is the measure of global warming potential.

Ming et al. [175] proposed a combination of SCPP-PCR to efficiently remove N,O, one
of the important GHGs, from the atmosphere. This proposal was an extension of the idea
introduced by de-Richner et al. (2013) [113] for the catalytic conversion of atmospheric CO;.
de Richter et al. [114] introduced a hybrid SCPP-PCR that will eliminate GHGs in addition
to producing renewable energy. They also mentioned that the effectiveness of this new
technology at an ambient temperature and relative humidity depends on the fulfillment of
the following conditions:

> The presence of an efficient visible-light photocatalyst for effective conversion of
non-carbon dioxide greenhouse gases.

Higher solar radiation for several hours for the activation of the photocatalyst.

A higher and continuous air flux bringing the irradiated photocatalyst in touch with
polluted air containing non-CO, GHGs, like nitrous oxide, methane, and halocarbons.

>
>

Here, an SCPP appears to be a good candidate to fulfill the above criteria, as it has the
following characteristics:

> A very large solar collector for a higher GH (green house) effect that gives a wide
illuminated area for a photocatalytic reaction.

A large chimney for a better draft.

A provision for a thermal energy storage layer below the absorber to store energy for
nighttime operation.

>
>

Finally, an SCPP contains severable turbines which generate decarbonized renewable
energy. For a 200 MW SCPP, the area of the GH collector is 38 km?, the volume of airflow
through the collector is 17 km3/ day, and the amount of solar radiation that is received
is >2200 kW m~2 year~!. Then, with the current atmospheric concentration, this SCPP
air flow will contain 7900 tons of methane, 3900 tons of nitrous oxide, and nearly 42 tons
of halogenated compounds. Figures 7 and 8 show the proposed configurations of the
SCPP-PCR. In the SCPP, the air flow direction is constant, and it occurs radially towards
the collector center. In Figure 7, the best direction of solar radiation is mostly maintained.
The presence of partition walls prevents the disturbance from external rapid crosswinds
and maintains the slow flow of hot air below the GH. The partition walls also guide the
movement of the ambient crosswind passing below the GH by the front compartment and
toward the air turbines, located near the chimney base. The inner side of the glass collector
of the SCPP is covered with translucent photocatalysts. The ground under the GH collector
is also equipped with another type of photocatalyst. In Figure 7, multiple translucent layers
of photocatalysts are suggested at the entry to the SCPP for maximizing the contact hours
between the GHGs that are present in the inlet air and the photocatalyst coating. The use
of multiple layers improves the surface volume and mass transfer, but the intensity of the
visible light decreases progressively at the same time for multiple layers of coated glass
or polymeric sheets. Moreover, in Figure 7, a very large photocatalyst area may allow for
a longer contact time and photocatalyst illumination, but the rate of mass transfer can be
poorer due to thicker boundary layers.
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Figure 7. Positions of translucent photocatalyst inside glass canopy of SCPP [114].
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Figure 8. Multiple layers of photocatalysts installed under the GH around the circumference of the
SCPP [114].

Roughly, one atmospheric volume could undergo purification over a span of 15 years
as it passes through SCPPs, assuming the installation of 50,000 SCPPs. These plants, each
with a capacity of 200 MW or 680 GWh at a 39% capacity factor, could potentially meet the
anticipated future energy demand of 10,000 GW under the given assumptions.

Ming et al. [176] investigated the performance and influencing factors of photocatalytic
oxidation of methane by the SCPP-PCR system (Figure 9). They used the CFD model for
their study. They selected a honeycomb monolith photoreactor to design a PCR, and the
internal channel surface of the honeycomb monolith PCR was assumed to be coated with
TiO,. The geometry of the SCPP was the same as the original SCPP built in Manzanares.
The result revealed that 21.312 kg of methane can be degraded per day with this SCPP-PCR
system under the solar radiation conditions of Qianyanzhou, China, when the channel
diameter of the PCR is set at 4 mm and the channel length is 8§ m.
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Figure 9. Overview of SCPP-PCR system with different components of SCPP [176], (a) three-dimensional

view, and (b) two-dimensional view.

Recently, Xiong et al. [177] carried out a comprehensive numerical analysis to study the
potential of an SCPP-PCR for methane removal. The study revealed that an SCPP integrated
with an HPCR (honeycomb photocatalytic reactor) exhibits better performance compared
to a PPCR (flat photocatalytic reactor) for the degradation of atmospheric methane under
ambient crosswind. When the velocity of the ambient crosswind (ACW) = 0 m/s, the
rate of degradation of methane with an SCPP-PPCR is 0.89 g/s, and with an SCPP-HPCR,
it is 0.54 g/s. But with the increase in the flow rate of the ambient crosswind, the rate
of degradation of methane with an SCPP-PPCR decreases quickly and then stabilizes at
0.11 g/s, whereas with an SCPP-HPCR, the rate of degradation of methane stabilizes at
0.41g/s.

The integration of an SCPP with a PCR not only addresses environmental issues like
global warming and ozone layer depletion but also provides a sustainable solution to the
global energy crisis. From an economic point of view, a hybrid SCPP-PCR system is also
advantageous.

As the SCPP infrastructure provides the support for the PCR, the installation of a
hybrid SCPP-PCR requires a minimum additional investment. With the following as-
sumptions, the amount of photocatalysts needed to build up the hybrid system would be
1000 tons (as the density of TiO, is approximately 3900 kg per m?).

Nano-TiO, will be used as a photocatalyst.
Photocatalysts will be applied at the center of the GH collector, and a radius of 2.5 km
will be covered with the photocatalysts.

e A single layer of coating contains 50 g per m? of nano-sized TiO,.

Considering the price of bulk nano-sized TiO, of 3300 USD per ton, the cost of 1000 tons
of nano-sized TiO, would be around USD 3-4 million. The overall estimated cost of the
coating process would be USD 20 million, which is less than 2% of the cost of the SCPP [114].

Apart from this, atmospheric clean-up by the successful implementation of an SCPP-
PCR system can provide a benefit that is comparable to that of the Montreal Protocol [178].

An SCPP with a filter for both electricity and cleaning the air was studied numerically
by Hachicha et al. [165]. The research utilized the geometric dimensions of Manzanares as
a basis for their investigation. The schematic diagram with the filter is shown in Figure 10.
Multi-objective optimization to find the correct filter location and maximize the power is
carried out at different locations by using response surface methodology. The connection
of the filter is established at both the inlet of the collector and the inlet of the chimney.
The filter locations at the collector entry show better performance. The power output for
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the hybrid system is 8.3 kW, and the flow rate of clean air is 447 m3/s. They revealed that
the reduction in power is 6% because of the filter addition.
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Figure 10. Schematic diagram of SCPP with filter [165].

Cao et al. [71] presented numerical findings on a Solar-Assisted Large-Scale Cleaning
System (SALSCS) with a height of 500 m. The system is designed to effectively segregate
PM; 5 and larger particulate matter using a filter bank. The numerical analysis incorporated
a substantial collector area, featuring a radius dimension of 2500 m. A fluid flow and heat
transfer study was carried out with and without filter. The use of a filter decreases the
airflow velocity but raises the overall system'’s pressure drop and temperature. They set a
requirement that their system should be able to clean air of 2.64 x 10° m3/s. Furthermore,
Cao et al. [165] investigated, both experimentally and numerically (in Xi’an, China), a
system with 60 chimney and solar collectors of 43 x 60 m? and showed a 73.5% filter
efficiency for PM; 5.

In their 2015 study, Zhou et al. [72] employed a solar updraft tower with heights
of 1 km and 1.5 km, excluding a collector, to redirect haze-laden air to higher altitudes.
The collector effect is induced by an urban heat island (UHI), and this facility can generate
electrical power on days with lower pollution levels. Their study was related to the study
considering the environment in Chinese cities. Apart from the performance study, a cost
analysis of the updraft tower was included in their investigation. Using air in an urban heat
island (UUI), Tan et al. [161] proposed a filter-based urban updraft tower to produce power
as well as electricity. The filter is mainly for removal of air pollution of particulate matter
up to PMy 5, considering metropolitan cities in China, such as Beijing in 2012. The UHI
effect is observed more in metropolitan cities at day and night. The dimensions of the
chimney are, as per Zhou et al. [72], a chimney height of 1 km and a diameter of 0.11 m.
The researchers analyzed the plant’s performance and assessed the associated health- and
economic benefits. Their findings demonstrate that the plant has the potential to achieve a
reduction of 6.72 pg/m3 in the first year.

Daghistani [164] repurposed a streetlight pole as a solar chimney to eliminate air
pollutants near the street surface. This innovative system offers the advantage of not
requiring additional space for implementation, providing cleaner air for pedestrians. In this
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setup, solar energy heats the air through the wall. The pole has a large hole at the bottom for
air entry. Some small holes with transparent covers are distributed at the walls to transfer
solar energy for a convective flow of the air. Therefore, the passive movement of polluted
air due to a buoyancy force goes upward through the pole to a higher elevation. A solar
panel is fixed at the top of the pole for streetlights. At night or in low-sunlight conditions,
the photovoltaic cell powers an exhaust fan that is fitted at the top to generate the active
flow of air through the pole. The proposed pole is shown in Figure 11. The numerical work
shows an updraft air magnitude of 6.97 m®/min on a summer day in Riyadh, Saudi Arabia.
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Figure 11. View of street light pole acting as a solar chimney [164].

Yoo et al. [166] conducted a numerical study on a hybrid system combining an SCPP
and an SALSCS, commonly referred to as filter-equipped SCPP (FSCPP). The simulations
utilized the dimensions from the Manzanares plant. In addition to investigating the
fluid flow and heat transfer, the study involved a comprehensive performance comparison
among SCPPs, SALSCSs, and FSCPPs, with a detailed focus on numerical methods. Notably,
the filter in the FSCPP was positioned at the chimney entry. The results revealed a 20-40%
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solar chimney

collector

power reduction for the FSCPP compared to the SCPP alone, while the air purification in
the FSCPP exhibited a 2-4% reduction compared to the SASLCS.

In their 2019 study, Ghanbari and Rezazadeh [163] employed solar chimneys ranging
from 100 to 300 m in length, with a diameter of 40 m, for dispersing polluted air in urban
areas. Their numerical investigation specifically examined how the atmospheric conditions
influence the ventilation efficiency of the chimney. The findings indicate that the chimney
performs more effectively in unstable conditions and at lower ambient temperatures.
Moreover, the study highlights superior performance in cities that are situated near the sea
level, exemplified by the city of Tehran.

In their 2017 study, Gong et al. [167] advocated for the adoption of an inverted U-type
cooling tower, depicted in their work (Figure 12), as a solution focused on mitigating air
pollution rather than generating power. In their numerical work, they considered the
impact of filters, cooling towers, and water sprays on controlling clean air. The basic
dimensions of the solar chimney were taken from the Manzanares plant. A filter is attached
at the collector entry to filter PM; 5 and other particles, and a water-spraying system is
connected in the bending of the U-tube for evaporative cooling. The air becomes heavier
and falls automatically because of the downdraft, and clean air goes to the atmosphere and
improves the quality of the air. According to their research, the facility generates purified
air with a volumetric flow rate of 810 m?/s.

corner joint

| o U-type cooling tower

tower outlet

collector inlet

Figure 12. Incorporation of water spraying system in U-type cooling tower [167].

The summary of the above case studies for the removal of PM as well as greenhouse
gases is tabulated in Table 8.
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Table 8. A summary of different case studies for the removal of PM as well as greenhouse gases.

Authors Type of Study Phoz::g‘ly“ Key Controlling Parameters Gas/PM/Air Removal Results
Mitigation of atmospheric CO,
g . . concentration.
de-Richter et al. . . Prematt}re stage. Difficult to identify key .. Generation of fuels and/or value-added
[113] Theoretical TiO, controlling parameters. Of course, Carbon dioxide chemicals
selection of catalyst is important. Simultaneous production of carbon-free
renewable electricity.
. s (i) Natural sunlight irradiation (>2000
g;:lﬂ_r:isiuzzn%tgmofnﬂrsrég fr kw/m? /year). Transformation of N,O to Nj and O,, which
. . . P 2 (ii) Continuous air flow under solar are harmless for ozone layer.
Ming et al. [175] Theoretical chimney glass . N,O . .
(ii) Metal-exchanged zeolites at chimney. Simultaneous generation of carbon-free
base of solar chi rr%ne (iii) Ambient temperature of hot arid renewable electricity.
y climate countries.
(i) Type of reactor (PPCR or HPCR) Removal of atmospheric non-CO, GHGs
de Richter et al (ii) Location of photocatalyst under éCPP can provide benefit which is equivalent to
' Theoretical TiO, s > P Y . " CHy, N;O, Halocarbons  removal of 1600 ktons of CO, per year.
[114] (ii) Light availability and penetration to . . . .
hotoatalvst Requires minimum additional investment
photocatalyst. for integration with PCR.
Integration of SCPP with PCR can degrade
Pore diameter and channel length of 21.3 kg methane per day under intense
Ming et al. [176] Numerical TiO, honeycomb monolith photocatalytic sunlight (10 h/day) such as in Qianyanzhou,
reactor. China, provided pore diameter and length
of PCR are 4 mm and 8 m, respectively.
Photodegradation rate of methane depends
(i) Choice of reactor (PPCR or HPCR). on flow rate of ambient crosswind.
Xiong et al. [177] Numerical P-25 (ii) Velocity of ambient crosswind Performance of SCPP-HPCR is better

(ACW).

compared to SCPP-PPCR under strong
ambient crosswind conditions.
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Table 8. Cont.

Authors

Photocatalyst

Type of Study Used

Key Controlling Parameters

Gas/PM/Air Removal

Results

Hachicha et al.
[165]

Numerical -

Filter.

PM

Perfect filter locations are at collector
entry.

6% reduction in power because of used
filter.

Cao et al. [71]

Numerical -

Filter.

PM2'5

Filter addition decreases airflow
velocity but raises overall system
pressure drop and temperature.

Cao et al. [162]

Numerical /Experimental

Filter.

PM;5

Predicts 73.5% filter efficiency for
PM; 5.

Zhou et al. [72]

Numerical -

Air dispersion by solar updraft tower.

Air

Cost analysis is carried out.
Reduction in pollutants is 6.72 jg/m?3
in first year.

Tan et al. [161]

Numerical -

Filter.

PMip

Proposed reduction is 6.72 ug/ m? in
first year.

Conducted economic capability
analyses.

Daghistani [164]

Numerical -

Streetlight as chimney.

Air

Street light is used as solar chimney.

Updraft air magnitude of 6.97 m3/min
in one day.

Yoo et al. [166]

Numerical -

Filter.

PM

Reduction in power is 20-40% due to
the filter.

Ghanbari and
Rezazadeh [163]

Numerical -

Air dispersion by chimney.

Air

Chimney performs more effectively in
unstable conditions and at lower
ambient temperatures.

Gong et al. [167]

Numerical -

Filter.

PM2'5

Generates purified air with volumetric
flow rate of 810 m3/s.
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5. Conclusions and Recommendations

In conclusion, this comprehensive review underscores the multifunctional potential of
Solar Chimney Power Plants (SCPPs) in tackling urban air pollution. The prescribed strate-
gies, including elevation mechanisms, filter integration, and photocatalytic reactors, present
versatile solutions for addressing both particulate matter and greenhouse gases. The inte-
gration of photocatalytic reactors (PCRs) proves to be superior in methane degradation,
showcasing promising results for GHG removal. Case studies, ranging from filter-equipped
SCPPs to innovative Solar-Assisted Large-Scale Cleaning Systems (SALSCSs), demonstrate
the versatility of SCPP applications in real-world scenarios. The challenges associated
with filter integration and optimizations for power generation and air purification are
meticulously evaluated, providing valuable insights for future research. Furthermore,
recent geoengineering actions based on solar chimneys open new avenues for urban air
quality management.

This review serves as a foundational resource, emphasizing the urgency of adopting
holistic approaches to combat air pollution while harnessing renewable energy sources. As
we stand at the intersection of technological innovation and environmental stewardship,
SCPPs emerge as promising tools for sustainable urban development, cleaner air, and a
healthier planet.

Concluding with a synthesis of insights, this review serves as a guide for researchers
and policymakers, emphasizing the need for multifaceted approaches to address the intri-
cate nexus of air pollution, renewable energy generation, and climate change mitigation.

In conclusion, this study holds economic and social importance through its ability to
promote the cost-effective generation of clean energy, spur job creation, enhance public
health, broaden access to sustainable energy, and play a role in global initiatives aimed at
mitigating climate change.

This assures the researchers of better utilization of a plant after geometry modification
and hybridization. All types of utilizations in combination may improve the performance
of a plant. This will guide the researchers in such practical endeavors.
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