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a b s t r a c t 

SARS-CoV-2 has aroused drastic effects on the global economy and public health. In response to this, personal pro- 
tective equipment, hand hygiene, and social distancing have been considered the most important ways to prevent 
the direct spread of the virus. SARS-CoV-2 would be possible survive in wastewater for a few days, leading to sec- 
ondary transmission via contact with water and wastewater. Thus, the most economical and practical approaches 
for decentralized wastewater treatment are renewable energies such as the solar energy disinfestation process. 
However, as freshwater requirements increase and fossil fuels become unsustainable, renewable energy becomes 
more attractive for desalination applications. Solar photovoltaic, membrane-based, and electricity desalination 
technologies are becoming increasingly popular due to their lower energy requirements. Several aquatic environ- 
ments could be benefitted from solar energy wastewater disinfection. Besides, utilizing solar energy during the 
day can inactivate SARS-CoV-2 to nearly 90%. However, conventional membrane-based desalination practices 
have also been integrated, including reverse osmosis (RO) and electrodialysis (ED). Several exciting membrane 
processes have been developed recently, including membrane distillation (MD), pressure-reduced osmosis (PRO), 
and reverse electrodialysis (RED). Such operations can produce clean and sustainable electricity from brine and 
impaired water, generally considered hazardous to the environment. As a result, neither PRO nor RED can pro- 
duce electricity without mixing a high salinity solution (such as seawater or brine and wastewater, respectively) 
with a low salinity solution. Herein, we critically review the progress in applying renewable energy such as solar 
energy and geothermal energy for generating electricity from wastewater treatment and uniquely discuss the ef- 
fects of these two types of renewable energy on SARS-CoV-2 in air and wastewater treatment. We also highlight 
the significant process made on the membrane processes utilizing renewable energy and research gaps from the 
standpoint of producing clean and sustainable energy. The significant points of this review are: (1) among various 
types of renewable energy, solar energy and geothermal energy have been predominantly studied for wastewater 
treatment, (2) effects of these two types of renewable energy on SARS-CoV-2 in air and wastewater treatment are 
critically analyzed, and (3) the knowledge gaps and anticipated future research outlook have been consequently 
proposed thereof. 
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. Introduction 

Several contaminants are common in wastewater systems, including
rine and faeces ( Table 1 ) ( Foladori et al. 2020 ). Various pathways
an lead to SARS-COV-2 RNA ( Figs. 1 and 2 ) getting into wastew-
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ter systems, emphasizing the virus’s potential transmission path
 Ahmed et al., 2021 ). For example, hospitals and isolation centres can
ischarge wastewater containing SARS-COV-2 ( Zhang et al., 2020 ).
 recent study reported that approximately 67% of stool samples

rom infected people were tested positive for SARS-COV-2 RNA. Also
oted is that SARS-COV-2 RNA may still be detected in stool even
fter the respiratory infection has resolved; respiratory samples are
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Fig. 1. Network visualization of terms associated with wastewater treatment and SARS-CoV-2. 

Fig. 2. (a) Key mutation in the spike protein (b) Mechanism of coronavirus. 
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Table 1 

The detection of infectious SARS-CoV-2 in human feces and diarrhoea. 

SARS-CoV-2 found 
in human feces (%) 

People diagnosed 
with diarrhea (%) Key results Refs. 

29 - In the stool samples from two patients without diarrhea, there was evidence of live 
SARS-CoV-2. 

( Wang et al., 2020 ) 

47.7 24.2 Despite having positive feces and GI symptoms in 22/42 (52.4%), there were no GI 
symptoms in 9/23 (39.1%), though positive feces were present. 

( Lin et al., 2020 ) 

53.4 - Positive stool results occurred from 1 to 12 days after patients were negative in respiratory 
tests - 23.3% of patients were positive in stool tests after their respiratory test was negative. 

( Xiao et al., 2020 ) 

80 30 There are only three symptoms of diarrhea, and no other gastrointestinal symptoms reported ( Xu et al., 2020 ) 
55 - Positive fecal samples did not seem to be associated with GI symptoms; Positive feces 

persisted for an average of 11.2 days after negative respiratory samples. 
( Wu et al., 2020 ) 

15.3 22 Positive fecal and urine sample. ( Cheung et al., 2020 ) 
48.1 12.5 Even after negative respiratory samples were taken, virus RNA was still found in stool. ( Cheung et al., 2020 ) 
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W  
egative ( Jones et al., 2020 ). Moreover, according to the Luo study,
he gastrointestinal tract can replicate viruses ( Luo et al., 2021 ). As
 result, contaminated wastewater may contain significant infectious
iruses ( Crank et al., 2022 ). In addition, in low-income countries,
astewater can spread SARS-COV-2 if discharged directly into surface
aters without proper treatment. Due to this, groundwater resources
re not safe because they could also be contaminated with viruses from
echarged groundwater ( Peccia et al., 2020 , Randazzo et al., 2020 ). 

Increasing population and industrial development drive global en-
rgy demand to an all-time high. Over the past two generations, there
ave been significant increases in population, especially in developing
ountries ( Flow chart 1 ). A significant challenge of the 21st century is
voiding energy crises ( Brosemer et al., 2020 , Rosa et al., 2021 ). Due to a
rowing population, energy demand is increasing rapidly. In order to es-
ablish themselves in the world, different countries have different strate-
ies, plans, policies, and control measures. The global population is
rowing, and resources are depleted ( Qazi et al., 2019 ). Therefore, con-
ideration of energy sources plays a crucial role in satisfying the world’s
eeds and population ( Shahsavari et al., 2018 ). Many factors affect the
nergy level available to people, including a country’s development pro-
le ( Neofytou et al., 2020 ), economic status ( Mofijur et al., 2021 ), and
echnological advancements within the nation ( Sütterlin et al., 2017 ).
ffects on the ecosystem have been substantial due to the emission of
arious gases caused by the burning of fossil fuels, which are readily
vailable and are frequently used to satisfy the world’s energy demands
 Yoshida et al., 2019 ). 

It is clear from the geographical location of ancient civilizations and
ities that freshwater sources have been critical to the growth of civi-
ization since ancient times ( Manuel et al., 2018 ). Water consumption
as increased massively in the past few decades due mainly to improved
iving standards, increased population, and a highly industrialized econ-
my ( Xie et al., 2018 ). Thus, the lack of fresh water has become a severe
oncern for many countries around the world. Also, there is a strong
orrelation between the amount and the development of civilization
n water-stressed areas ( Kummu et al., 2011 ). According to UN-Water,
ore than half of the world’s population will have no access to clean
rinking water by 2025 (Almost one out of every ten people live with-
ut access to essential drinking water, and approximately 771 million
eople are without safe drinking water). In spite of the fact that wa-
er covers 75% of the earth’s surface, the majority of the water con-
ained in reservoirs cannot be used directly ( Tortajada et al., 2018 ).
ost fresh water in the world comes from conventional sources, such

s rivers ( Jackson et al., 2013 ), lakes ( Sinang et al., 2015 ), and ground-
ater ( Gude 2018 ). Therefore, drinking water, however, is primarily

ound in groundwater. Furthermore, freshwater resources in different
arts of the world are not distributed proportionally to the population
nd water usage. There is no doubt that these statistics support the idea
f obtaining portable water from non-conventional sources, such as the
ea, rivers, and lakes located in water-stressed areas ( Rozemeijer et al.,
021 ). 
3 
Currently, replacing fossil fuels with sustainable energy is high on
he international political agenda for climate protection due to the en-
rgy turn ( Kåberger 2018 ). This issue is addressed by several European
nitiatives and strategies that will help shape the energy industry’s future
 Jensen et al., 2018 ). A temperature rises of 2°C or less is the goal of the
020 Sustainable Development Goals. There now are three additional
argets added to the 2030 climate & energy framework: a minimum 40%
eduction in greenhouse gas emissions and 27% renewable energy us-
ge by 2030 and improvement in energy efficiency by 27% ( Knopf et al.,
015 ). Research into low-carbon technologies and their development is
stablished in the Strategic Energy Technology Plan. Globally, Sustain-
ble Development Goals focus, among other things, on ensuring every-
ne has access to energy that is affordable, reliable, sustainable, and
odern ( Fig. 3 ) ( Amesho 2019 ). Since it is regarded as a resource ac-

essible to every household without interruption, wastewater attracts
ttention in this context ( Kollmann et al., 2017 ). 

Nevertheless, Solar energy ( Pandey et al., 2021a , b ), wind energy
 Shoaib et al., 2019 ), hydropower ( Kougias et al., 2019 ), and geother-
al ( Bayer et al., 2019 ) are all eco-friendly energy sources ( Fig. 4 ). For
any reasons, solar energy may prove to be the best choice for the fu-

ure: The first demonstration of solar energy’s abundance is that the sun
mits about 3.8 1023 kW of solar energy daily, out of which the earth
ntercepts about 1.8 1014 kW. Besides light and heat, solar energy is
eceived by the Earth in different forms. The bulk of this energy is ab-
orbed, scattered, and reflected by clouds as it travels. Several studies
evealed that solar energy could fulfill most of the world’s energy needs
ecause it is abundant in nature and free to use. As a second reason for
ts promise, it is a source of energy that can be used indefinitely with
table and progressively higher output efficiencies than any alternative
nergy source ( Fig. 5 ) ( Elsheikh et al., 2019 ). 

However, wastewater treatment plants (WWTPs) are primarily de-
igned to remove undissolved and dissolved matters from wastewater
cooking fats, oils, road grit, and nutrients) ( Tian et al., 2021 ). In this
ay, WWTPs play a crucial role in the control of water pollution as
ell as sanitary engineering. Increasingly, wastewater professionals are
ecoming interested in the additional energy generation potential of
WTPs beyond that of on-site digester gas combustion or cogeneration

 Capodaglio et al., 2020 ). The concept of wastewater as an energy source
ust be reconsidered, such as utilizing digested sewage sludge for in-

ineration and electricity generation can provide a significant amount
f energy recovery ( Wang et al., 2021 ). Furthermore, on-site energy
eneration at WWTPs could allow nutrient recycling from wastewater
nd reuse of treated wastewater for irrigation and industrial processes
 Marangon et al., 2020 ). Thus, wastewater-related research focuses on
astewater treatment plants operating as control components in en-

rgy distribution systems, wastewater treatment plants utilized as en-
rgy storage systems, and metallurgical phosphorus recycling to turn
astewater sludge into energy, fertilizer, and iron ( Cudjoe et al., 2020 ).

Although recent research initiatives and publications related to
WTPs have made significant contributions in energy generation from
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Flow chart 1. With the increasing demand for water, sustainable energy demand is essential to the sewage treatment process. 
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astewater, the research could focus more on electrical optimization
nd self-sufficiency ( Yan et al., 2020 )). The issue of thermal energy
eems to be playing only a minor role ( Yang et al., 2017 ). It is esti-
ated that Austrian WWTPs using anaerobic digestion may reach high

evels of electric self-sufficiency with optimal wastewater treatment and
ogeneration ( Gandiglio et al., 2017 ). On the other hand, WWTPs us-
ng anaerobic digestion have lower chances of achieving thermal self-
ufficiency than biogas combustion and heat recovery ( Duarte et al.,
018 ). Technologically, there are three primary approaches for gener-
ting or recovering heat at wastewater treatment plants: (a) combustion
f digester gas via cogeneration, application of in-sewer heat exchang-
rs ( Nourin et al., 2021 ), (b) external heat pumps for wastewater heat
ecovery ( Reiners et al., 2021 ), and (c) use of solar thermal generation
 Verma et al., 2019 ). In addition to sewage sludge incineration, heat can
lso be generated ( Tarpani et al., 2018 ). However, in recent decades,
4 
mpressive technological advancements have led to the introduction of
ew chemicals, materials, and processes involving a variety of complex-
ties, leading to increased releases of pollutants into the environment,
esulting in a requirement for the efficient removal of these pollutants
 Levine et al., 2004 ). Besides, numerous studies have been conducted on
arious aspects of wastewater treatment technologies, concluding that
arious techniques have been developed to remove pollutants as well
s treat them ( Sonune et al., 2004 ). Sedimentation ( Song et al., 2000 ),
otation ( Rubio et al., 2002 ), filtration ( Hube et al., 2020 ), coagulation
 Lee et al., 2012 ), and flocculation ( Lee et al., 2014 ) are conventional
ethods of removing solid particles from wastewater. Advanced oxi-
ation processes (( Miklos et al., 2018 )), adsorption ( Zahmatkesh et al.,
020 ), and membrane processes ( Asif et al., 2021 ) are more appropriate
or removing organic and inorganic compounds from biological treat-
ent than conventional treatment. Despite the effectiveness of water
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Fig. 3. An increase in the use of sustainable energy in wastewater treatment around the world. 
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reatment methods used today, they have some drawbacks, such as those
hat require high levels of energy, cause fouling, and generate many
yproducts. 

Furthermore, using electrochemical methods in water treatment has
dvanced to new levels. Electrochemical treatment is characterized by
 high removal efficiency, clean energy conversion, pollution avoid-
nce because no emissions are generated, and straightforward opera-
ion ( Guo et al., 2022 ). Several electrochemical processes are discussed,
ncluding electro-coagulation ( Kumari et al., 2021 ), electro-flotation
 Akarsu et al., 2021 ), electro-oxidation ( Guo et al., 2022 ), electro-
isinfection ( Rivas et al., 2019 ), and electro-reduction ( Koparal et al.,
002 ). The electro-coagulation process occurs when metal ions are re-
eased into a solution by an anode made of aluminum or iron. Accord-
ng to much research, the use of the alkaline solution in the removal of
hemical oxygen demand (COD) is preferable to a neutral or weak acidic
olution in aluminum anodes ( Wang et al., 2013 , Liao et al., 2014 ). In
ddition to its advantages, electrocoagulation generates reactive coagu-
ant in-situ and features compact equipment setup ( Butler et al., 2011 ).
here are many ways to use electroflotation, such as recovering fine
ineral particles, de-inking recycled paper, and separating oil from wa-

er ( Wang et al., 2009 ). Anodic oxidation can be classified into direct
5 
nd indirect ( Panizza et al., 2006 ). The hydroxyl radicals (·OH) or active
xygen (MOx + 1) absorbed by the anode surface directly oxidize pollu-
ants in the direct electrooxidation ( Linares-Hernández et al., 2010 ). The
rocess of indirect anodic oxidation commonly uses chlorine, hypochlo-
ite, Fenton’s reagent, peroxodisulphate, and ozone as oxidizing agents
 Martinez-Huitle et al., 2006 ). Electro-reduction is also categorized into
irect and indirect reduction, as with electrooxidation ( Yao et al., 2019 ).
itrogen gas is formed from reacting electrons from the cathode surface
ith nitrate compound, while hydroxyl ions are formed as a byproduct.

t is known as a direct reduction process. Electro-reduction is commonly
sed to treat dye vat wastewater ( Roessler et al., 2003 , Yao et al., 2019 ).

By converting membranes into a renewable energy source, desalina-
ion can be made more environmentally friendly and sustainable. Mem-
rane operations focus primarily on reverse osmosis (RO) and electro-
ialysis (ED) as renewable desalination methods. Despite this, some ex-
iting membrane processes emerge with a potentially significant impact
n desalination. In addition to membrane distillation (MD) and forward
smosis (FO), there are new processes called renewable energy desalina-
ion (RED) and Pressure Retarded Osmosis (PRO). Using these methods
an harness/ produce renewable energy and solve issues associated with
onventional desalination ( Ali et al., 2018 ). 
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Fig. 4. Network visualization of terms associated with renewable energy. 

Fig. 5. Electricity produced from renewable sources worldwide by 2020. Renewable energy sources include hydropower, solar energy, wind energy, biomass. Other 
sources include geothermal, wave, tidal, and waste. 
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The purpose of this article is to review the aforementioned promising
pproach of using renewable energy to generate electricity in wastew-
ter treatment as well as the critical technology during SARS-CoV-2.
urthermore, describe the effect of solar and geothermal energy on
astewater treatment during SARS-CoV-2. finally, challenges to and fu-

ure needs in the use of solar energy for treating wastewater containing
ARS-CoV-2 

.1. Routes of SARS-CoV-2 RNA in the aquatic systems 

Several channels for transmission of SARS-CoV-1 are identified in
partment buildings with wastewater plumbing systems. SARS-CoV-2
6 
an be transmitted through aerosols or drops of water, much like the
ARS-CoV-1 virus ( Gormley et al., 2017 ). It has been reported that the
ARS-CoV-1 and SARS-CoV-2 viruses have similar stability in aerosols
nd on surfaces ( Leung et al., 2020 ). It is possible to remain infectious
or several days on surfaces as well as in aerosols if the inoculum is shed
 Van Doremalen et al., 2020 ). Similarly, Ong et al., (2020) investigated
ARS-CoV-2 survival in air, surfaces, and personal protective equipment
f healthcare workers and disease carriers ( Ong et al., 2020 ). SARS-CoV-
 can be transmitted by stool samples obtained from air outlet fans,
oor handles, sinks, and toilet bowls, which proves that SARS-CoV-2
an be spread through stools. The following percentage of samples that
ested positive for SARS-CoV-2 were collected by Hu et al., (2020) from
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Fig. 6. Sources and routes of SARS-CoV-2 in aquatic systems 
( Adelodun et al., 2020 ). 
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3 high-touch surfaces of a quarantine room: 70% (in the bedroom),
 50% (in the bathroom), > 33% (in the corridor) ( Hu et al., 2020 ).

n addition, the toilet bowl and the sewer inlet were among the areas
ith the highest levels of viral contamination in the room. As a result of

his transmission pathway, the sanitary plumbing (or wastewater) sys-
em may be responsible for contaminating the surrounding environment
nd spreading the COVID-19 virus to the nearby cities. Accordingly,
ormley et al., (2020) provided recommendations recently to minimize

he transmission of pollutants through the wastewater plumbing sys-
em. Fig. 2 summarizes some valuable suggestions to avoid the risk of
preading the pathogen through the wastewater plumbing system in the
uildings ( Gormley et al., 2020 ). 

Diverse ways are available for SARS-CoV-2 RNA to spread through
quatic environments ( Fig. 6 ), which may lead to the transmission of
OVID-19 ( Adelodun et al., 2020 , Carducci et al., 2020 ) These routes
onsist of wastewater from hospitals, isolation wards, and quarantine
tations ( Wang et al., 2020 ). It has been confirmed that the discharged
ontamination is transmitted via contamination of water bodies ( Prüss-
stün et al., 2019 ). Hence, water sources can become polluted in sev-
ral different types of ways. Surface waters (streams and lakes) where
astewater is frequently discharged directly without appropriate treat-
ent could be a prospective vehicle for SARS-CoV-2 to spread via wa-

erways to different parts of communities that depend on these water
ources for low-income nations daily requirements. 

Furthermore, groundwater sources could also become contaminated
ith disease-causing viruses during the replenishment process because

hey could be replenished with contaminated water. Hospital waste can
lso cause disease transmission if disposed of into aquatic bodies with-
ut appropriate treatment ( Adelodun et al., 2020 ) underlined a number
f studies in which peppermint virus and surface and groundwater have
een reported to contain other human enteric viruses-protecting routes
hrough the aquatic system to prevent SARS-CoV-2 and other pathogens
rom unintentionally reaching these water sources. There is a higher
isk of spreading these viruses and pathogens in areas where the wa-
er supply is inadequate. Workers involved in wastewater treatment are
lso at risk of infection ( Silva et al., 2020 ). Nevertheless, the half-life
f SARS-CoV-2 in wastewater has been reported to be highly depen-
ent on temperature ( Hart et al., 2020 ), UV ozone ( Yao et al., 2020 ),
nd chlorine-based disinfectants ( Zhang et al., 2020 ). The half-life of
t

7 
ARSCoV2 in hospital effluents has been estimated to range from 4.8 to
.2 h at 20°C, and the nucleotide sequence agreement and spike glyco-
rotein similarity between SARS-CoV-2 variations is 99.9% ( Hart et al.,
020 ). 

. Renewable energy 

Since 2000, wastewater treatment systems powered by renewable
nergy have drawn significant attention ( Fig. 7 ) ( Yang et al., 2021 ). Due
o their ability to reduce carbon dioxide emissions, these systems can
lso provide sanitation and reuse of water in remote and isolated areas.
n addition, renewable energy (solar, geothermal, wind, and tidal/wave)
as become increasingly affordable in recent decades ( Fig. 8 ), which has
ed to its widespread use and application in wastewater treatment facil-
ties ( Kollmann et al., 2017 ). In the event that energy grids are down
fter a natural disaster, a wastewater treatment system powered by re-
ewable energy might be the best option ( Ali et al., 2020 ). However, wa-
er, resources, and potential energy can all be recovered by membrane
rocesses in wastewater treatment. There are several different types of
embrane processes depending on how they are driven ( Zhang et al.,
019 ): First, the filtration process can be pressure-based (microfiltra-
ion, ultrafiltration, nanofiltration, and reverse osmosis). Secondly, elec-
ricity is required for electrodialysis, and other electro-membrane pro-
esses and a gradient of concentration (forward osmosis) is essential.
inally, using membrane distillation and membrane evaporation to pro-
uce a thermal gradient. 

For wastewater treatment and reuse, renewable energy can be uti-
ized in various ways, such as electricity generation, heat generation
thermal gradient), wind flow (for evaporation), and concentration gra-
ient generation (( Charcosset 2009 )). 

.1. Using renewable energy to generate electricity in wastewater treatment 

Renewable Energy Sources are commonly recognized as beneficial in
ncreasing the sustainability of energy use at WWTPs and reducing the
ost of energy supply ( Fig. 9 ). Using on-site renewable energy sources,
uch as wind, solar, water, and waste generated on-site, can effectively
educe the energy supply’s economic costs ( Mook et al., 2014 ). Eco-
riendly technologies like bioenergy must be added to WWTPs in order
o improve environmental efficiency. 
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Fig. 7. Rate of growth of renewable energy in wastewater treatment worldwide. 

Fig. 8. There is a wide observation that re- 
newable energy sources are widely used today 
( Ghandriz et al., 2021 ). 
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Solar photovoltaic (PV) systems have gained popularity due to con-
erting sunlight into electric currents without implying any environmen-
al harm ( Makrides et al., 2010 ). This source has several uses, includ-
ng the water pump ( Meah et al., 2008 ), lamp ( Enaganti et al., 2020 ),
hargers of batteries ( Masoum et al., 2004 ), and supply of electric util-
ty grids ( Bhandari et al., 2014 ). Since the mid-1990s, the production
f PV modules has risen dramatically at an astounding rate, indicating
V systems’ great potential for the present and future ( Parida et al.,
011 ). Previous tests have demonstrated that the PV system is capable
f producing power regardless of the weather. In partial cloudy condi-
8 
ions, PV is capable of even generating 80% of their potential energy
 Pali and Vadhera, 2020 ), while in hazy or humid conditions, they can
enerate 50%; and in heavily overcast conditions, they can still generate
0% ( Ishii et al., 2013 ). 

Typically, two types of PV systems exist stand-alone systems and are
onnected to the grid. Stand-alone PV systems require batteries to op-
rate, and such systems can be installed in remote areas. In contrast,
rid-connected PV systems use the local power grid and produce solar
lectricity distributed through an independent power provider. For pub-
ic sector installations of PV systems, a variety of financial incentives are
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Fig. 9. Potential utilization of Renewable Energy for wastewater treatment and desalination purposes. 
Abbreviations: PV = Photovoltaic, RO = Reverse Osmosis, ED = Electrodialysis, MVC = Machinal Vapor Compression, MED = Multi-Effect Distillation, MSF = Multi Flash 

Distillation, TVC = Thermal Vapor Compression. 

Table 2 

Contaminants removed by electro-coagulation and electro-flotation during wastewater treatment. 

Method Sewage Removal (%) Using electrode and experimental Refs. 

Oil wastewater treatment COD a = 50 Color = 95 Anode: Al, Cathode: Fe 
Voltage: 12V, Current density: 20 mA cm2 
pH: 6, Duration: 10 min 
Temperature: 22 C, influent COD: 48500 mg/L, Initial 
color: 2120 m1 

( Inan et al., 2004 ) 

Textile wastewater 
treatment 

COD = 80 Anode: Al, Cathode: Al 
Temperature: 25 C, influent COD: 3422 mg/L 

( Can et al., 2006 ) 

Tannery wastewater 
treatment 

COD = 50 
TOC = 50 
Nitrate = 32 

Anode: Al, Cathode: Al 
pH: 6.8, Duration: 60 min 
Temperature: 23 C, influent COD: 46500 mg/L 

( Feng et al., 2007 ) 

Electrocoagulation Dairy wastewater 
treatment 

COD = 60 
Nitrate = 84 

Anode: Al, Cathode: Al 
pH: 6.8, Duration: 30 min 
Current density: 43 mA cm2 
Temperature: 22 C 

( Tchamango et al., 2010 ) 

Synthetic wastewater 
treatment 

Nitrate = 92 Anode: Steel sheet, Cathode: Steel sheet, 
Current density: 36 mA cm2 
Temperature: 20 C pH = 7 

( Escobar et al., 2006 ) 

Synthetic wastewater 
treatment 

Nitrate = 92 Anode: Fe, Cathode: Fe 
Influent Nitrate = 2500mg/l, pH: 7 
Temperature: 20 C, Current density: 1 mA cm2 

( Lacasa et al., 2011 ) 

Leachate Wastewater 
treatment 

COD = 50 
Nitrate = 39 
BOD b = 84 

Anode: Fe, Cathode: Fe 
Temperature: 21 C, Current density: 5 mA cm 

2 , Duration: 
90 min 

( Li et al., 2011 ) 

Synthetic (Juice and oil) 
Wastewater treatment 

Oil = 90 Anode: Graphite rod, Cathode: Ss screen 
Current density: 20 mA cm2, Duration: 30 min 

( Araya-Farias et al., 2008 ) 

Electroflotation Velvet wastewater 
treatment 

COD = 90 
BOD = 93 

Anode: Al, Cathode: Al 
pH:5, Duration: 20 min, Voltage: 20 V 

( Belkacem et al., 2008 ) 

Synthetic wastewater 
containing heavy metals 

Anode: Ruo/Ti plate, Cathode: Ss screen 

a Chemical Oxygen Demand b Biological Oxygen Demand. 

9 



S. Zahmatkesh, K.T.T. Amesho, M. Sillanpaa et al. Cleaner Chemical Engineering 3 (2022) 100036 

Table 3 

Applications of various technologies for Renewable Energy in WWTPs. 

Types of technologies for renewable energy 
production Critical applications and major obstacles Refs. 

Solar photovoltaic (PV) for electricity generation • The implementation is impacted by the magnitude and the 
site of the WWTP. 

• This technique is more predominant in small-scale plants 
as well as rural and decentralized areas where large spaces 
are accessible. 

• There is a significant difference in day and night discharge 
rates, and there is slight night-time wastewater discharge. 

Di Fraia et al. (2020) ; 
Strazzabosco et al. (2019) ; Han et al. 
(2013) 

Solar energy and biogas in anaerobic digestion to 
produce heat and electricity 

• Linking these technologies can enhance electricity control 
techniques’ ability and promote the electricity 
self-sufficiency of WWTPs and/or cities. 

• Solar installations require huge investments. 

Di Fraia et al. (2020) ; 
Strazzabosco et al. (2019) ; 
Arcos-Vargas et al. (2019) ; Mehr 
et al. (2017) . 

Solar PV cells combined with an electrochemical 
process 

• The combination of electrochemical systems and solar cells 
increases the sustainability of wastewater treatment 
systems. 

• Additionally, solar heat also enhances the oxidation of 
endothermic organic reactions. 

Di Fraia et al. (2020) ; 
Mook et al. (2014) ; Nie et al. (2020) . 

Wind aerators • Notwithstanding the substantial investment expenses, wind 
aeration systems in sewage treatment plants are considered 
attractive due to their low maintenance requirements, low 

sludge production, and low operating costs. 
• It may not work without a backup when there is not 

sufficient wind. 
• Wind tends to diminish at night, thus might not work well 

for forceful aeration requirements. 

Horan et al. (2006) . 

Low-temperature heat from geothermal energy • Geothermal energy can be used in cold weather zones to 
increase wastewater temperature to 30°C to boost 
treatment performance or heat anaerobic digesters. 

• Potential greenhouse emissions. 

Di Fraia et al. (2020) . 

Geothermal energy to produce heat and electricity • It uses heated groundwater to heat liquids with a lower 
boiling point than water, generating steam that powers 
turbines and generators. 

• Geothermal energy is location-specific. 

Rubio et al. (2020) . 

Hydropower generation technology • It helps reclaim clean and sustainable energy from 

wastewater while reducing carbon emissions by avoiding 
fossil fuel-based energy. 

• Limited plant locations and susceptible to droughts. 

Atallah et al. (2020) ; Kidmo et al. 
(2021) ; Lei (2021) . 

Biogas power generation technology • Heat is generated from biogas combustion, either in front 
of or in a gas engine or gas turbine. 

• It is essential to project the heat flow characteristics 
regarding temperature, power, energy carriers, and 
different heat applications, among other general attributes. 

• Few technological advancements. 

Karamichailidou et al. (2022) ; Sechi 
et al. (2021) ; 
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vailable in an effort to promote the use of renewable energy sources
nd boost environmental awareness ( Singh 2013 , Sobri et al., 2018 ). 

A few researchers have examined PV systems as power sources in
lectrochemical systems ( Table 2 ). Some have used textile wastewater
s an electrolyte solution to reduce organic compounds (such as BOD,
OD and so on) because organic compounds are incapable of break-

ng down during biological treatment. Textile wastewater contains azo
yes and their intermediates, which can be carcinogenic, toxic, and mu-
agenic. Hybrid PV is an electrochemical process that is able to remove
rganic compounds while also generating hydrogen gas at the same time
 Ganiyu et al., 2019 , Strazzabosco et al., 2019 ). 

PV systems typically include PV modules, batteries, a controller, and
n inverter. It is converted into electric energy (direct current) upon ab-
orbing solar radiation on the PV module ( Table 3 ). After the electric
nergy has been produced, the power is sent to the batteries through
 regulator. In the case of batteries, the regulator prevents them from
eing overcharged or discharged excessively. Backup electricity is gen-
rated using stored solar energy at night and during periods of low so-
ar radiation ( Sahu et al., 2016 ). During low solar radiation periods,
10 
 Dominguez ‐Ramos et al., 2010 ) reported that a PV setup without bat-
eries is inefficient to treat water, due to the inadequate backup power
upply. Furthermore, the treatment procedure can only be performed
uring the day without a battery. Among other things, an inverter con-
erts direct current (DC) into alternating current (AC) for devices that
eed AC power. 

.2. Membrane processes utilizing renewable energy 

It is practical to use renewable energies for membrane processes
ither directly (for example, to draw energy from the wind to evapo-
ate membranes) or indirectly (for instance, to drive reverse osmosis
sing the electricity generated by the wind turbine). In general, the di-
ect use of renewable energy is more energy-efficient because energy
onversion involves energy loss. However, the process and application
estrict the necessary energy form ( Charcosset 2009 ). Typically, mem-
rane processes are driven by electricity in order to treat wastewater.
embrane bioreactors (MBRs) are increasingly popular used renewable

nergy-driven membrane systems. Since numerous examples of photo-
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Table 4 

Evaluation of each membrane used in wastewater treatment. 

Membrane 
technology 

Membrane 
type 

Pore size 
(μm) 

Pressure 
required 
(bar) Contaminants removed Benefits Drawbacks 

MF Porous 10 − 1–10 1–3 Bacteria, fat, oil, grease, colloids, 
organics, micro-particles, algae, 
clay, etc. 

• Consumption of less energy, 
the cost of investment is 
relatively low. 

• The Operating system is easy 
to use and starts up quickly. 

• Other contaminants have 
been removed from the 
water. 

• Having a large production 
capacity. 

• The replacement of 
membranes and chemicals is 
more expensive. 

• If feed water quality 
changes, it could be 
adversely affected. 

• Conventional treatment is 
essential for a successful 
recovery. 

• A High-pressure operation 
may cause mechanical 
failures. 

UF Micro 
Porous 

10 − 3–1 2-5 Proteins, pigments, oils, sugar, 
organics, microplastics, colloids, 
viruses, etc. 

NF Tight Porous 10 − 3–10 − 2 5-15 Pigments, sulfates, divalent 
cations, divalent anions, lactose, 
sucrose, pesticides, sugars, 
detergents, soaps, radionuclides, 
cysts, viruses, etc. 

RO Semi Porous 10 − 4–10 − 3 15-75 All contaminants, including 
monovalent ions, aqueous salts. 
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oltaic and wind-powered MBRs have been installed worldwide, there
ave been no technology barriers to their implementation ( Zhang et al.,
019 ). Atlantic City was the first to build a WWTP powered by solar and
ind, including GE Zenon’s membrane bioreactor ( Sutherland 2007 ).
icrofiltration (MF) or ultrafiltration (UF) are typically applied in MBR

echnology, with pore sizes ranging from 0.4 to 0.02 𝜇m (( Li et al.,
017 )). Despite the fact that the application does not provide any in-
ormation on the scale of energy consumption related to municipal
BRs, which Krzeminski and colleagues report in their study as 0.5-0.7

Wh/m 

3 ( Krzeminski et al., 2012 ). Therefore, one solar panel should
roduce approximately 0.7 kWh/m 

2 of electricity to treat one cubic
eter of wastewater by MBR during the day in light of the PV pane’s

lectricity generation intensity of 0.7 kWh/m 

2 ( Björklund et al., 2001 ).
ue to its ability to filter via ultrafiltration membranes, MBR effluent is
apable of filtering particles, suspended solids, bacteria, and dissolved
ompounds; therefore, it can meet the standards for direct discharge
r surface water recharge ( Wei et al., 2014 ). Nanofiltration or reverse
smosis (RO) is one way to remove organic compounds and salts from
ater (i.e., to produce industrial water or indirect potable water). It typ-

cally takes 0.77 kWh of energy to refine one cubic foot of wastewater
sing NF or low-pressure RO ( Obotey Ezugbe et al., 2020 ). 

UF, NF, and RO membrane processes (driven by pressure) are not
he only way to reclaim domestic wastewater ( Table 4 ). In Forward
smosis (FO), a dense membrane produces gradients of concentration
o drive the membrane, ensuring that almost all wastewater pollutants
re retained. The desalination concentration or thermal evaporation
ethod can be applied to recover the diluted draw solution used in the

O process. For instance, the thermal evaporation method (membrane
istillation or MD) uses solar energy for power, while desalination-
oncentration (RO or electrodialysis or ED) uses electricity from pho-
ovoltaics (PVs) or a wind turbine ( Qtaishat et al., 2013 , Obotey Ezugbe
t al., 2020 ). 

Recent years have seen a focus on resource recovery from wastew-
ter. A bio-electrochemical cell can generate electricity using methane
rom the anaerobic degradation of nutrients (P, N, K). Membranes can
ecover nutrient elements. Recent studies have focused on phosphate
ecovery. Zhang et al.2009 have recovered phosphate using an electro-
ialysis stack explicitly designed for phosphate recovery (namely "elec-
rodialysis," SED). 

Due to the ability of ion exchange membranes to separate nutrients
sing electricity, they can be used to drive this process for resource
ecovery using renewable energy ( Liu et al., 2017 ). As with a con-
entional fuel cell, microbial fuel cells (MFC) rely on an ion-exchange
embrane ( Asensio et al., 2018 ). In a microbial fuel cell, mixed and
ure cultures of cellulose-degrading bacteria generate power from cel-
ulose. The process is beneficial in two ways: organic pollutants are de-
raded, and bioelectricity is produced; simultaneously, using electro-
hemistry, wastewater is treated for removing and recovering nutrients
11 
ons. ( Zhang et al., 2014 ) developed a bio-electrochemical system to re-
over phosphate. Bio-electrochemical systems consist of electrodes and
on-exchange membranes that remove phosphate and ammonia using
n electric field generated by bioanodes and hollow cathodes. Bioelec-
rochemical systems have been investigated for wastewater resource re-
overy ( Bajracharya et al., 2016 ). It has shown that the system involves
oth electricity generation and separation, which is complex and causes
he investigation to become increasingly complicated due to the interde-
endence of these two processes. On the other hand, in comparison with
hemical catalysis, BES is capable of producing high-value chemicals at
 lower cost using an inexpensive catalyst (protein catalysis). 

Membrane filtration systems such as MF and UF, which are used in
dvanced wastewater treatment, have the potential to block the trans-
ission of SARS-CoV-2 effectively. Furthermore, a modular membrane

ystem structure can help eliminate SARS-CoV-2 from effluent using cur-
ent WWTPs. The effectiveness of MF > 50 nm and UF 2–50 nm mem-
ranes at removing SARS-CoV-2 depends on the distribution of pore
iameters in relation to the target virus. Thus, UF membranes can ef-
ectively remove SARS-CoV-2 with a diameter of 10 to 100 nm under
ertain conditions ( Kitajima et al., 2020 ). In addition, SARS-CoVs can
e eliminated based on membrane surface characteristics based on elec-
rostatic and hydrophobic interactions. An MBR can use ultrafiltration
o enhance viral removal (not just for SARS-CoV) and steric removal,
dsorption, and inactivation during biological treatment. Due to this,
BRs have shown to be more effective at removing enteric viruses (re-
oving up to 6.8 logs) than conventional WWTPs (removing up to 3.6

ogs). SARS-CoVs could also be entirely removed by high-pressure mem-
rane systems using tighter and denser membranes (pore sizes < 2 nm)
uch as NF and RO ( Lv et al., 2006 ). 

.3. Solar energy 

There are many renewable energy sources worldwide, but solar en-
rgy is the most abundant. Some studies indicate that solar power prob-
bly can meet the entire world’s energy needs from just 1% of the arid
nd semi-arid areas. According to reported data, many the Middle East
nd North Africa areas receive solar insolation of 5-7 kW h per solar
ay ( Fig. 10 ). They are generally characterized by abundant brackish or
eawater but lack sufficient freshwater, so solar energy is ideal for de-
alination ( Yang et al., 2018 ). Desalination of saline water can be con-
ucted directly by using solar energy or converting it into electricity.
he first type mainly includes solar stills, humidification devices with
ehumidification, solar chimneys, etc., while the second type primar-
ly uses photoelectric modules ( Kasaeian et al., 2019 ). Solar power is
onverted into electricity with photovoltaic (PV) cells ( Singh 2013 ). In
rder to improve the efficiency of these cells, solar energy can be concen-
rated primarily. Although PV cells are attractive in cost-effectiveness,
verall lifecycle, and energy storage, they are not yet practicable. It is
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Fig. 10. Solar power generation (worldwide), 2020. The amount of electricity generated by solar is measured as terawatt-hours (TWh) per year. Source: Our 
World in Data based on BP Statistical Review of World Energy & Ember, BP Statistical Review of World Energy: https://www.bp.com/en/global/corporate/energy- 
economics/statistical-review-of-world-energy.html– Ember: https://ember-climate.org/data/ . 

Table 5 

Pros and cons of solar and geothermal energy. 

Renewable 
energy Pros Cons 

• The power produced by solar panels is not polluting and does not 
emit any greenhouse gases. 

• The cost of solar has dropped dramatically over the last ten years, 
becoming more cost-effective every day. Solar has high initial costs 
for material and installation and a long ROI (although Solar’s costs 
have dropped dramatically). 

• Become less dependent on foreign oil and fossil fuels. • There is not yet 100% efficiency, so a great deal of space is needed. 

• A source of renewable electricity can be generated on cloudy days; 
likewise, even during the winter. 

• Solar power is not available at night; therefore, large batteries are 
needed. 

Solar energy • Compared to utility bills, returns on investment are much higher. • It is more expensive to run devices directly from DC power. 

• Solar panels do not need maintenance for over 30 years. • The energy output of cloudy days is lower than on sun days. 

• The solar industry employs manufacturers, installers, etc., 
benefiting the economy. 

• The production of solar energy is lower during the winter. 

• A home or building can live entirely off the grid if all the power 
generated is sufficient. 

• Powering homes and buildings with solar energy or even a car can 
be achieved with solar power. 

Geothermal 
energy 

• Relatively green energy source. 
• Reliable sources of renewable energy. 
• Renewable and sustainable. 
• Stable and dependable energy supply. 
• Not dependent on weather conditions. 
• No noise pollution. 
• Significant future expansion prospects. 
• Low maintenance efforts and costs. 

• High upfront capitals for construction and installations. 
• Extraction of geothermal energy may cause greenhouse emissions. 
• Geographic dependence. 
• It is essential to have a large quantity of water on hand. 
• Geothermal reservoirs can be depleted eventually. 
• For geothermal energy, high temperatures are required. 
• Earthquakes may be caused by geothermal energy production. 

12 
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https://ember-climate.org/data/
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ossible to use PV thermal to produce thermal energy and electric power
imultaneously. Solar energy is used nowadays to generate steam to run
esalination units manually. Renewable desalination has gained high
opularity because of solar energy’s abundant availability and the fact
hat it can be converted to either electric or thermal power ( Table 5 )
 Wang, 2010 ). 

.4. Solar energy in wastewater treatment 

As one of the renewable energy sources, solar energy is most widely
sed in order to reduce sludge water content. Despite the low costs and
ittle maintenance, open solar drying beds were still used ( Zhang et al.,
018 ). Currently, greenhouse dryers are being used since they are more
nergy-efficient and aid in reducing pathogens and dry matter con-
ent. In greenhouse dryers, the air around the sludge or the bottom
f the greenhouse can be heated to increase drying efficiency ( Abdel-
hany et al., 2011 , Prakash et al., 2014 ). Supplemental heat can be
enerated through solar energy, such as through hot water pipes inside
he greenhouse, a solar water heater, or a heat pump that uses treated
astewater as a heat source. In addition to integrating solar energy with
ther energy sources, there are also proposals to improve thermal dry-
ng. In order to dry sludge and conduct anaerobic digestion, biogas is
enerated by anaerobic digestion of sludge coupled with a parabolic
rough collector fueled by biogas. CHP has provided enough electric
nergy for WWTP to meet its demand ( Bennamoun 2012 , Shao et al.,
015 ). 

The demand for freshwater has risen exponentially in recent years.
lobally, freshwater is of great importance. However, there are many
ays the environment and humans misuse water, including wasting it on
griculture. In addition, manufacturing has become increasingly depen-
ent on water in recent years. As a result, water is becoming scarce. In
articular, this technique has been developed to treat non-biodegradable
r regenerative wastewaters that cannot be successfully treated using
he industry’s conventional biological or medicinal treatment processes.
 heterogeneous photocatalytic method was used to oxidize untreated
ffluent from the pharmaceutical industry to improve the efficiency of
mpurity oxidation and preserve economics ( Pandey et al., 2021a , b ).
ypically, raw materials used for treating wastewater include ozone,
hlorine, hydrogen peroxide, and ferrous iron (Fenton’s reagent) and
ydrogen peroxide ( Kannan et al., 2016 ). 

Chemical pollutants such as persistent organic pollutants are found
n industries, household wastewater effluents, and water leachate from
astewater ( Loganathan et al., 2020 ). These filters need to be replaced

o ensure that our water sources remain clean. More and more tech-
iques were implemented throughout the year and used to kill the tox-
ns. Researchers have studied photocatalytic detoxification as an alter-
ative method for treating polluted water since 1976. Based on quan-
um mechanics, photocatalysts have a well-defined energy level struc-
ure ( Tsoutsos et al., 2005 ). 

Wastewater from industrial brines can now be treated with a solar-
owered system. Wastewater from industrial brines can now be treated
ith a solar-powered system. An integrated system for treating indus-

rial brine wastewater using solar energy has been developed, produc-
ng valuable benefits for the community. Water treatment techniques
ased on membranes and evaporation were integrated into the devel-
ped system. Various methods of evaporation, such as falling film and
orced convection, were employed. Thermodynamically, this system is
nalyzed under varied operating conditions using energy and exergy
pproaches ( Sansaniwal 2019 , Li et al., 2021 ). 

Solar system generation could be applied to future desalination
 Sharon et al., 2015 ), sterilization ( Li et al., 2018 ), and chemical pu-
ification ( Yang et al., 2018 ). Since photon control and thermal insula-
ion have developed accelerating, solar stems are being manufactured
y minimizing radiation, convection, and convective losses while im-
roving light transmission. As a result of studying the standard transpi-
ation mechanism in plants, researchers have proposed creating a 3D
13 
rtificial transpiration system with all components, which minimized
eat loss and relied predominantly on angular light absorption, pro-
ucing maximum solar system performance under a single sun. As well
s generating purified water from polluted heavy metal ions, the arti-
cial transpiration process results in a low carbon footprint, recycling
f heavy metals, and recycled heavy metals. Various technical solutions
ased on solar energy were presented, focusing on recent developments
n energy recovery technology ( Marcelino et al., 2015 , Borges et al.,
016 , Pandey et al., 2021a , b ). 

.5. Effect of solar energy on SARS-CoV-2 in air and wastewater treatment

Using solar energy for air purification is becoming more common in
ecent years since it provides excellent UV and other thermal radiation
ources that kill microorganisms and control pollution. There are several
ublications describing photocatalyst solar systems for air and water pu-
ification. A solar-energy-based photocatalyst degradation of formalde-
yde (HCHO) was investigated by ( Litter et al., 2020 ). A TiO 2 sol-gel
lm covered the inner surface of the borosilicate glass reactor. TiO 2 
as used as a light source, which provided a 5-Log reduction in HCHO

n about 60 min when using solar UV-A with 0.6 mW/cm 

2 . According
o ( Ma et al., 2019 ) air purification is required in houses, cars, offices,
nd other occupied spaces. HCHO is a major carcinogenic component of
ndoor air pollution, primarily composed of volatile organic compounds
VOCs). When the appropriate temperature is reached, HCHO can be ox-
dized to CO2 and H 2 O by TCR using transition metal oxides and noble
etals found in many building materials. In order to use solar energy as
 heating source, Sun et al. (2020) investigated the TC oxidation reaction
sing MnOx-CeO 2 . An experiment was conducted to study the effects of
nitial HCHO concentration, indoor air temperatures, solar irradiation,
nd ambient temperatures on the oxidation process. According to the
tudy, the initial HCHO concentration was vital compared to solar irra-
iation or ambient temperature. Using solar energy made it possible to
ignificantly reduce oxidation times, significantly reducing the thresh-
ld limit for the Chinese Indoor Air Quality (IAQ) standards ( Wang et al.,
004 ). 

Disinfestation methods based on solar energy lower the risk of trans-
ission from high concentration sites, particularly in tropical areas with

n abundance of solar energy. These methods are the most econom-
cal and practical for hospitals, isolation wards, and medical centers.
owever, solar energy wastewater disinfection in several aquatic envi-

onments is feasible and widely applicable. Water disinfection by so-
ar energy is a sustainable approach that is widely endorsed for disin-
ecting water. In addition, there are primarily three factors that deter-
ine the impact of solar radiation: solar intensity, physical and chemi-

al properties of wastewater, and type of virus. Solar radiation is higher
han 2000 kWh/m 

2 /y per year, making solar energy an available en-
rgy source. Several mechanisms can be used to disinfect wastewater.
or instance, the direct mechanism involves photon absorption directly
y viruses or endogenous components like proteins, nucleic acids, and
ther biomolecules. Thus, one advantage of UV treatment for water
reatment is that it is an effective disinfectant, as it is able to kill most
aterborne pathogens, as well as a few pollutants that are relatively

esistant to the treatment. Under UV light, phosphodiester bonds and
inks with molecules are broken, which leads to a breakdown of the viral
enome and proteins. Accordingly, the viral particles lose their ability
o infect and replicate. 

Furthermore, UV light is one of the most effective methods for disin-
ecting biologically contaminated water. Compared to other methods
ike chlorination, it does not generate harmful by-products and con-
rols the growth of microorganisms. According to their wavelengths, UV
ypes include UVA (315-400 nm), UVB (280-315 nm), and UVC (100-
80 nm), abbreviated as UVA, UVB, and UVC (UVA photons are low-
nergy, while UVC shows that photons are powerful enough to damage
he DNA of pathogens). However, Inactivating viruses occur through
V-B (280–315 nm) radiation; and hence, they absorb the UV-B radia-



S. Zahmatkesh, K.T.T. Amesho, M. Sillanpaa et al. Cleaner Chemical Engineering 3 (2022) 100036 

Fig. 11. SARS-CoV-2 can be removed effectively from wastewater via solar energy2.6 Geothermal energy. 
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ion. Viruses cannot be effectively disinfected by solar radiation because
ost UVB wavelengths cannot reach the earth’s surface; it may exacer-

ate the problem when UV intensity decreases. Under 550 W/m 

2 at 45°C
n the solar water disinfection simulation, coxsackievirus was wholly in-
ctivated after two hours ( Heaselgrave et al., 2011 ), but it could not be
ntirely inactivated by exposing it to 75 W/m 

2 for 6 h at a maximum of
4°C ( Alotaibi et al., 2011 ). In a recent study, ( Nicastro et al., 2020 ) in-
estigated how UV-B in sunlight inactivates viruses in various populated
ities worldwide. The result showed that the COVID-19 virus inactivated
n the summer comparatively more rapidly, indicating that solar radi-
tion has a vital role in its occurrence and spread. Finally, according
o several reports, more than 90% of COVID-19 viruses in world cities
ere inactivated by exposure to mid-day solar radiation after 11-34 min
 Fig. 11 ). 

An example of geothermal energy is the provision of steam and hot
ater from the Earth and then used to generate electricity. Geother-
al energy is suitable for many applications due to the wide range

f Earth’s temperatures ( Fig. 12 ). In order to use geothermal energy
 Table 5 ), either vaporize liquids with lower boiling points so that steam
an be manufactured or, based on the quality of the geothermal en-
rgy, heat a turbine directly. Geothermal energy technology has been
14 
roven for electricity production, although it is not widely used. Cur-
ently, geothermal energy serves more than 60 million people in 24
ountries worldwide, providing approximately 10,000 megawatts of en-
rgy ( Asif et al., 2007 ). A significant advantage of geothermal energy
s that it can be used directly for desalination, even though its net in-
talled capacity is less than wind power. A geothermal well can be used
or desalination if the depth exceeds 100 meters ( Goosen et al., 2010 ).
eothermal energy is an excellent energy source for areas with excel-

ent resources for water. A high-pressure geothermal source can be used
traight up for mechanically driven desalination, but high-temperature
eothermal fluid can generate electricity to power RO or ED plants.
ater’s thermal desalination can be performed using geothermal heat

rom a low-temperature energy source. In comparison with other re-
ewable energies, geothermal energy provides uninterrupted thermal
ower. 

In comparison to other renewable energy sources, geothermal energy
s unlike most other RES. It is not affected by intermittency; it is a suit-
ble source of electricity due to its reliability and continued availabil-
ty. Furthermore, the process is relatively standard on islands, usually
ocated at the juncture of two plates or originate from volcanic activity,
aking them very promising. During the geothermal process, heat is ex-
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Fig. 12. Installed geothermal energy capacity (worldwide), 2020. The cumulative installed capacity of geothermal energy, is measured in megawatts. Source: 
Statistical Review of World Energy - BP (2021), OurWorldInData.org/renewable-energy • CC BY, Link: https://www.bp.com/en/global/corporate/energy- 
economics/statistical-review-of-world-energy.html . 
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racted from porous or fissured rocks within Earth’s crust which contain
ot water or steam. Applications depend on the temperature of geo-
uids. For electricity generation, high-temperature fluids are used, such
s conventional (150-350°C) or binary (90-200°C) power plants, while
ow- and medium-temperature fluids are used for industrial, agricul-
ural, district heating, or space heating. In the future, binary geothermal
ower plants will likely become more popular due to the abundance of
ow-temperature geothermal energy sources and geo pressured ( Di Fraia
t al., 2019 , Di Fraia et al., 2020 ). 

.7. Effect of geothermal energy on SARS-CoV-2 in wastewater treatment 

Thermo-catalytic Inactivation (TCI) has been proposed to disinfect
ater against bacteria and viruses. When transition metal oxides such as
nO2, CuO, and TiO2 are used as thermal catalyst in Thermo-catalytic
eactors (TCR), a temperature range of 40-80°C is required ( Chen et al.,
018 ). Even at room temperature, disinfection can be accomplished us-
ng noble metals such as Pt, Pd, Au, and Ag for TCR. As a result, higher
emperatures adversely affect SARS-CoV-2 and its conservative surro-
ates ( Guo et al., 2021 ). Much research showed that the temperature
ange for SARS-CoV-2 disinfection is the same as that suggested for TCR
eactions for water purification. Researchers pursuing thermal inacti-
ation to combat SARS-CoV-2 are in the early stages of this research
 Harussani et al., 2021 ). Under various environmental conditions, the
CI of a surrogate for human norovirus, a virus, takes 40 days to re-
ain on diaper or feces for viral survival. Increase the temperature from
8°C to 30°C without any catalyst, and the inactivation time can be
hortened to even one hour at 56°C, reducing the time from 40 days
o 24 days. In addition, the virus appears to be susceptible to freez-
ng and thawing but remains stable at room temperature ( Parsa et al.,
021 ). 
15 
. Key challenge and future research needs in the use of solar 

nergy to treat 

All types of waste management are energy-intensive, which is chal-
enging to achieve during the global energy crisis. Plentiful solar energy
s proactively used to dispose of solid and liquid waste ( Pandey et al.,
021a , b ). Technologies such as solar pathogenic organic destruction,
olar photocatalytic degradation, solar thermal desalination, and distil-
ation are used to treat liquid waste ( Ugwuishiwu et al., 2016 ). Despite
he benefits of integers in each method, specific problems need to be
ddressed. Fig. 13 illustrates the significant challenges associated with
olar wastewater treatment. 

• Discarding waste after wastewater treatment has a negative impact
on the environment. As a result, recycling technology must be used
to treat waste residues, which increases overall cost-effectiveness. 

• Large-scale treatment facilities do not yet exist because of high capi-
tal costs. This is very relevant to the study for further analysis of the
model before building any wastewater treatment plant. 

• The downside of solar energy is that wastewater is treated only
during the day, while wastewater treatment plants are ineffective
at night. It is more expensive to install energy storage systems in
wastewater treatment plants. 

• Wastewater treatment plants are required to comply with Environ-
mental Impact Assessment (EIA) regulations and therefore vary by
location. As a result, firms lack skilled workers to boost productivity
( Sansaniwal, 2019 ). 

• Due to the lack of industrialization of laboratory research, scientific
innovation in solar wastewater treatment is lagging. 

• Solar desalination is a reliable way to disinfect brackish water into
drinking water. Even though the system is straightforward, the solar

https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html
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Fig. 13. Solar energy uses for wastewater treatment: critical challenges ( Pandey et al., 2021a , b ). 
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evaporation process must solve various problems, such as lacking a
cost-effectively operational feasible application component. 

• Removing heavy metals from liquid waste involves further techno-
logical development to improve efficiency. 

• For wastewater treatment plants that use solar energy, water must
also be treated for biological decontamination and to remove offen-
sive odors. 

• As SARS-CoV-2 is very sensitive to temperature, it can survive within
its environment for up to two days at low temperatures (4°C), room
temperatures (20–25°C), and hot temperatures (33–37°C), but not at
56°C or 70°C where it lasts for less than an hour (30 minutes and 5
minutes, respectively) at those temperatures. 

• Due to the lower rate of solar UV in cold seasons (specifical win-
ter), solar stills are not suitable for cold seasons (specifical winter).
A sufficient amount of UV is essential to prevent pathogens from
spreading by vapor and prevent pathogens from growing on solar
stills. 

Solar energy could be used for wastewater treatment to enhance
reatment significantly and solve water scarcity if researchers and sci-
ntists pay close attention to the above issues. 

. Conclusions 

According to reports in several parts of the world, it is highly likely
hat novel Coronavirus SARS-CoV-2 will appear in water and wastew-
ter. In water, coronaviruses are inactivated by the temperature and
re sensitive to moisture. SARS-CoV-2 is most commonly transmitted
hrough symptomatic people’s stools to water, sewage, and wastewa-
er. A current drinking water treatment process inactivates and destroys
ARS-CoV-2 in water efficiently and effectively. SARS-CoV-2 can be de-
16 
ected using frequent sewage and wastewater monitoring, thus mitigat-
ng the threat of pathogen transmission and adverse health effects. 

Furthermore, as part of the ongoing fight against COVID-19, this re-
iew article discusses the physical inactivation mechanisms that can be
sed to inactivate the SARS-CoV-2. Detecting viruses in the water is
larming for scientists because the virus could spread faster through
he water, worsening the country’s crisis during monsoon season. It
lso includes information on physical inactivation methods such as
V-inactivation and thermal-inactivation, which are used to eliminate
athogens and VOCs in air and water. As a method of disinfecting air
nd water, solar energy, an excellent source of UV and heat, is shown in
OVID-19. This review article further aims to answer specific questions
o understand better the application of renewable energy such as solar
nd geothermal energy in wastewater treatment. An important question
o be resolved is the scientific details, feasibility, and methods studied
o far for the mechanisms used to break down pollutants in wastewater
hile minimizing the spread of SARS-CoV-2 using solar and geother-
al energy. Critical analysis of critical issues such as pollutants present

n industrial and domestic wastewater, wastewater treatment methods,
nd environmental benefits of wastewater treatment. 

onsent to publish 

This version has been approved by all other coauthors. 

eclaration of Competing Interest 

The authors declare that they have no conflict of interest. 

cknowledgements 

This work did not receive any financial support. 



S. Zahmatkesh, K.T.T. Amesho, M. Sillanpaa et al. Cleaner Chemical Engineering 3 (2022) 100036 

R

A  

A  

 

 

A  

 

 

A  

 

A  

A  

 

A  

A  

 

A  

 

A  

 

A  

 

A  

A  

 

A  

 

B  

 

 

B  

B  

 

B  

B  

 

B  

 

B  

 

B  

 

B  

C  

C  

 

C  

 

C  

C  

 

C  

 

 

C  

C  

 

 

D  

 

D  

 

D  

 

D  

 

E  

 

E  

 

E  

 

F  

F  

 

G  

 

G  

 

 

G  

 

 

G  

G  

G  

 

G  

G  

 

G  

 

H  

H  

 

H  

 

H  

 

H  

 

H  

 

H  

 

I  

I  

 

J  

J  

 

 

eferences 

bdel-Ghany, A., Al-Helal, I., 2011. Solar energy utilization by a greenhouse: general
relations. Renewable Energy 36 (1), 189–196 . 

delodun, B., Ajibade, F.O., Ibrahim, R.G., Bakare, H.O., Choi, K.-S., 2020. Snowballing
transmission of COVID-19 (SARS-CoV-2) through wastewater: Any sustainable pre-
ventive measures to curtail the scourge in low-income countries? Sci. Total Environ.
742, 140680 . 

hmed, W., Tscharke, B., Bertsch, P.M., Bibby, K., Bivins, A., Choi, P., Nguyen, T.M.H.,
2021. SARS-CoV-2 RNA monitoring in wastewater as a potential early warning sys-
tem for COVID-19 transmission in the community: a temporal case study. Sci. Total
Environ. 761, 144216 . 

karsu, C., Kumbur, H., Kideys, A.E., 2021. Removal of microplastics from wastewater
through electrocoagulation-electroflotation and membrane filtration processes. Water
Sci. Technol. 84 (7), 1648–1662 . 

li, A., Tufa, R.A., Macedonio, F., Curcio, E., Drioli, E., 2018. Membrane technology in
renewable-energy-driven desalination. Renew. Sustain. Energy Rev. 81, 1–21 . 

li, S.M.H., Lenzen, M., Sack, F., Yousefzadeh, M., 2020. Electricity generation and de-
mand flexibility in wastewater treatment plants: benefits for 100% renewable elec-
tricity grids. Appl. Energy 268, 114960 . 

lotaibi, M.A., Heaselgrave, W., 2011. Solar disinfection of water for inactivation of en-
teric viruses and its enhancement by riboflavin. Food Environ. Virol. 3 (2), 70–73 . 

mesho, K. T. (2019). "Financing renewable energy in Namibia: a fundamental key chal-
lenge to the sustainable development goal 7: ensuring access to affordable, reliable,
sustainable and modern energy for all." 670216917. 

rcos-Vargas, A., Gomez-Exposito, A., Gutierrez-Garcia, F., 2019. Self-sufficient renewable
energy supply in urban areas: Application to the city of Seville. Sustainable Cities and
Society 46, 101450 . 

raya-Farias, M., Mondor, M., Lamarche, F., Tajchakavit, S., Makhlouf, J., 2008. Clar-
ification of apple juice by electroflotation. Innov. Food Sci. Emerg. Technol. 9 (3),
320–327 . 

sensio, Y., Fernandez-Marchante, C., Lobato, J., Cañizares, P., Rodrigo, M., 2018. In-
fluence of the ion-exchange membrane on the performance of double-compartment
microbial fuel cells. J. Electroanal. Chem. 808, 427–432 . 

sif, M., Muneer, T., 2007. Energy supply, its demand and security issues for developed
and emerging economies. Renew. Sustain. Energy Rev. 11 (7), 1388–1413 . 

sif, M.B., Zhang, Z., 2021. Ceramic membrane technology for water and wastewater
treatment: a critical review of performance, full-scale applications, membrane fouling
and prospects. Chem. Eng. J., 129481 . 

tallah, M.O., Farahat, M., Lotfy, M.E., Senjyu, T., 2020. Operation of conventional and
unconventional energy sources to drive a reverse osmosis desalination plant in Sinai
Peninsula, Egypt. Renewable Energy 145, 141–152 . 

ajracharya, S., Sharma, M., Mohanakrishna, G., Benneton, X.D., Strik, D.P., Sarma, P.M.,
Pant, D., 2016. An overview on emerging bioelectrochemical systems (BESs): technol-
ogy for sustainable electricity, waste remediation, resource recovery, chemical pro-
duction and beyond. Renew. Energy 98, 153–170 . 

ayer, P., Attard, G., Blum, P., Menberg, K., 2019. The geothermal potential of cities.
Renew. Sustain. Energy Rev. 106, 17–30 . 

elkacem, M., Khodir, M., Abdelkrim, S., 2008. Treatment characteristics of textile
wastewater and removal of heavy metals using the electroflotation technique. De-
salination 228 (1-3), 245–254 . 

ennamoun, L., 2012. Solar drying of wastewater sludge: a review. Renew. Sustain. Energy
Rev. 16 (1), 1061–1073 . 

handari, B., Lee, K.-T., Lee, C.S., Song, C.-K., Maskey, R.K., Ahn, S.-H., 2014. A novel
off-grid hybrid power system comprised of solar photovoltaic, wind, and hydro energy
sources. Appl. Energy 133, 236–242 . 

jörklund, J., Geber, U., Rydberg, T., 2001. Emergy analysis of municipal wastewater
treatment and generation of electricity by digestion of sewage sludge. Resour. Con-
serv. Recycl. 31 (4), 293–316 . 

orges, M., Sierra, M., Cuevas, E., García, R., Esparza, P., 2016. Photocatalysis with solar
energy: sunlight-responsive photocatalyst based on TiO2 loaded on a natural material
for wastewater treatment. Sol. Energy 135, 527–535 . 

rosemer, K., Schelly, C., Gagnon, V., Arola, K.L., Pearce, J.M., Bessette, D., Olabisi, L.S.,
2020. The energy crises revealed by COVID: Intersections of Indigeneity, inequity,
and health. Energy Res. Soc. Sci.s 68, 101661 . 

utler, E., Hung, Y.-T., Yeh, R.Y.-L., Suleiman Al Ahmad, M., 2011. Electrocoagulation in
wastewater treatment. Water 3 (2), 495–525 . 

an, O., Kobya, M., Demirbas, E., Bayramoglu, M., 2006. Treatment of the textile wastew-
ater by combined electrocoagulation. Chemosphere 62 (2), 181–187 . 

apodaglio, A.G., Olsson, G., 2020. Energy issues in sustainable urban wastewater man-
agement: Use, demand reduction and recovery in the urban water cycle. Sustainability
12 (1), 266 . 

arducci, A., Federigi, I., Liu, D., Thompson, J.R., Verani, M., 2020. Making waves: coro-
navirus detection, presence and persistence in the water environment: state of the art
and knowledge needs for public health. Water Res. 179, 115907 . 

harcosset, C., 2009. A review of membrane processes and renewable energies for desali-
nation. Desalination 245 (1–3), 214–231 . 

hen, Y., Ma, K., Wang, J., Gao, Y., Zhu, X., Zhang, W., 2018. Catalytic activities of two
different morphological nano-MnO2 on the thermal decomposition of ammonium per-
chlorate. Mater. Res. Bull. 101, 56–60 . 

heung, K.S., Hung, I.F., Chan, P.P., Lung, K., Tso, E., Liu, R., Tam, A.R., 2020. Gastroin-
testinal manifestations of SARS-CoV-2 infection and virus load in fecal samples from
a Hong Kong cohort: systematic review and meta-analysis. Gastroenterology 159 (1),
81–95 . 

rank, K., Chen, W., Bivins, A., Lowry, S., Bibby, K., 2022. Contribution of SARS-CoV-2
RNA shedding routes to RNA loads in wastewater. Sci. Total Environ. 806, 150376 . 
17 
udjoe, D., Han, M.S., Nandiwardhana, A.P., 2020. Electricity generation using biogas
from organic fraction of municipal solid waste generated in provinces of China: Tech-
no-economic and environmental impact analysis. Fuel Process. Technol. 203, 106381 .

i Fraia, S., Macaluso, A., Massarotti, N., Vanoli, L., 2019. Energy, exergy and economic
analysis of a novel geothermal energy system for wastewater and sludge treatment.
Energy Convers. Manag. 195, 533–547 . 

i Fraia, S., Macaluso, A., Massarotti, N., Vanoli, L., 2020. Geothermal energy for wastew-
ater and sludge treatment: an exergoeconomic analysis. Energy Convers. Manag. 224,
113180 . 

ominguez-Ramos, A., Aldaco, R., Irabien, A., 2010. Photovoltaic solar electrochemi-
cal oxidation (PSEO) for treatment of lignosulfonate wastewater. J. Chem. Technol.
Biotechnol. 85 (6), 821–830 . 

uarte, P.T., Duarte, E.A., Murta-Pina, J., 2018. Increasing self-sufficiency of a wastew-
ater treatment plant with integrated implementation of anaerobic co-digestion and
photovoltaics. 2018 International Young Engineers Forum (YEF-ECE). IEEE . 

lsheikh, A.H., Sharshir, S.W., Abd Elaziz, M., Kabeel, A., Guilan, W., Haiou, Z., 2019.
Modeling of solar energy systems using artificial neural network: a comprehensive
review. Sol. Energy 180, 622–639 . 

naganti, P.K., Dwivedi, P.K., Srivastava, A.K., Goel, S., 2020. Analysis of submerged
amorphous, mono-and poly-crystalline silicon solar cells using halogen lamp and com-
parison with xenon solar simulator. Sol. Energy 211, 744–752 . 

scobar, C., Soto-Salazar, C., Toral, M.I., 2006. Optimization of the electrocoagulation
process for the removal of copper, lead and cadmium in natural waters and simulated
wastewater. J. Environ. Manag. 81 (4), 384–391 . 

eng, J.-w., Sun, Y.-b., Zheng, Z., Zhang, J.-b., Shu, L., Tian, Y.-c., 2007. Treatment of
tannery wastewater by electrocoagulation. J. Environ. Sci. 19 (12), 1409–1415 . 

oladori, P., Cutrupi, F., Segata, N., Manara, S., Pinto, F., Malpei, F., La Rosa, G., 2020.
SARS-CoV-2 from faeces to wastewater treatment: what do we know? A review. Sci.
Total Environ. 743, 140444 . 

andiglio, M., Lanzini, A., Soto, A., Leone, P., Santarelli, M., 2017. Enhancing the energy
efficiency of wastewater treatment plants through co-digestion and fuel cell systems.
Front. Environ. Sci. 5, 70 . 

aniyu, S.O., Brito, L.R., de Araujo Costa, E.C., dos Santos, E.V., Martinez-Huitle, C.A.,
2019. Solar photovoltaic-battery system as a green energy for driven electrochemical
wastewater treatment technologies: application to elimination of Brilliant Blue FCF
dye solution. J. Environ. Chem. Eng. 7 (1), 102924 . 

handriz, Y., Noorbakhsh, S.M.Z., Gavagsaz-Ghoachani, R., Phattanasak, M., 2021. Ef-
fect of wide observation of nature in renewable energy engineering education. 2021
Research, Invention, and Innovation Congress: Innovation Electricals and Electronics
(RI2C). IEEE . 

oosen, M., Mahmoudi, H., Ghaffour, N., 2010. Water desalination using geothermal en-
ergy. Energies 3 (8), 1423–1442 . 

ormley, M., Aspray, T.J., Kelly, D.A., 2020. COVID-19: mitigating transmission via
wastewater plumbing systems. Lancet Glob. Health 8 (5), e643 . 

ormley, M., Aspray, T.J., Kelly, D.A., Rodriguez-Gil, C., 2017. Pathogen cross-transmis-
sion via building sanitary plumbing systems in a full scale pilot test-rig. PLoS One 12
(2), e0171556 . 

ude, V.G., 2018. Desalination of deep groundwater aquifers for freshwater supplies–chal-
lenges and strategies. Groundwater Sustain. Dev. 6, 87–92 . 

uo, Y., Wen, M., Li, G., An, T., 2021. Recent advances in VOC elimination by catalytic ox-
idation technology onto various nanoparticles catalysts: a critical review. Appl. Catal.
B 281, 119447 . 

uo, Z., Zhang, Y., Jia, H., Guo, J., Meng, X., Wang, J., 2022. Electrochemical methods
for landfill leachate treatment: a review on electrocoagulation and electrooxidation.
Sci. Total Environ. 806, 150529 . 

an, J., Lu, L., Peng, J., Yang, H., 2013. Performance of ventilated double-sided PV façade
compared with conventional clear glass façade. Energy and buildings 56, 204–209 . 

art, O.E., Halden, R.U., 2020. Computational analysis of SARS-CoV-2/COVID-19 surveil-
lance by wastewater-based epidemiology locally and globally: Feasibility, economy,
opportunities and challenges. Sci. Total Environ. 730, 138875 . 

arussani, M.M., Rashid, U., Sapuan, S.M., Abdan, K., 2021. Low-temperature ther-
mal degradation of disinfected COVID-19 non-woven polypropylene —based isolation
gown wastes into carbonaceous char. Polymers 13 (22), 3980 . 

easelgrave, W., Kilvington, S., 2011. The efficacy of simulated solar disinfection (SODIS)
against Ascaris, Giardia, Acanthamoeba, Naegleria, Entamoeba and Cryptosporidium.
Acta Trop. 119 (2–3), 138–143 . 

oran, N., Salih, A., Walkinshaw, T., 2006. Wind-aerated lagoons for sustainable treat-
ment of wastewaters from small communities. Water and Environment Journal 20
(4), 265–270 . 

u, X., Xing, Y., Ni, W., Zhang, F., Lu, S., Wang, Z., Jiang, F., 2020. Environmental con-
tamination by SARS-CoV-2 of an imported case during incubation period. Sci. Total
Environ. 742, 140620 . 

ube, S., Eskafi, M., Hrafnkelsdóttir, K.F., Bjarnadóttir, B., Á. Bjarnadóttir, M., Axels-
dóttir, S., Wu, B., 2020. Direct membrane filtration for wastewater treatment and
resource recovery: a review. Sci. Total Environ. 710, 136375 . 

nan, H., Dimoglo, A., Ş im ş ek, H., Karpuzcu, M., 2004. Olive oil mill wastewater treatment
by means of electro-coagulation. Sep. Purif. Technol. 36 (1), 23–31 . 

shii, T., Otani, K., Takashima, T., Xue, Y., 2013. Solar spectral influence on the perfor-
mance of photovoltaic (PV) modules under fine weather and cloudy weather condi-
tions. Prog. Photovoltaics Res. Appl. 21 (4), 481–489 . 

ackson, M.C., Grey, J., 2013. Accelerating rates of freshwater invasions in the catchment
of the River Thames. Biol. Invasions 15 (5), 945–951 . 

ensen, C.L., Goggins, G., Fahy, F., Grealis, E., Vadovics, E., Genus, A., Rau, H., 2018. To-
wards a practice-theoretical classification of sustainable energy consumption initia-
tives: Insights from social scientific energy research in 30 European countries. Energy
Res. Soc. Sci. 45, 297–306 . 

http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0001
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0002
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0003
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0004
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0005
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0006
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0007
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0010a
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0009
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0010
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0011
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0012
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref00145
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0013
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0014
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0015
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0016
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0017
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0018
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0019
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0020
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0021
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0022
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0023
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0024
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0025
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0026
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0027
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0028
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0029
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0030
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0031
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0032
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0033
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0034
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0035
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0036
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0037
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0038
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0039
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0040
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0041
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0042
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0043
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0044
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0045
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0046
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0047
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref00506
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0048
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0049
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0050
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref00544
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0051
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0052
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0053
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0054
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0055
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0056


S. Zahmatkesh, K.T.T. Amesho, M. Sillanpaa et al. Cleaner Chemical Engineering 3 (2022) 100036 

J  

 

 

K  

K  

K  

 

 

K  

 

K  

 

K  

 

K  

K  

 

 

K  

K  

 

K  

 

K  

K  

 

L  

L  

L  

 

L  

 

L  

 

L  

L  

 

L  

 

L  

L  

 

L  

 

L  

L  

 

L  

 

L  

 

L  

 

 

L  

 

L  

 

M  

 

M  

 

M  

M  

 

M  

 

M  

 

M  

 

M  

M  

 

 

M  

 

M  

 

 

M  

 

N  

N  

 

N  

 

N  

 

O  

O  

 

 

P  

 

P  

 

P  

 

P  

P  

P  

 

 

P  

 

P  

P  

 

 

Q  

 

ones, D.L., Baluja, M.Q., Graham, D.W., Corbishley, A., McDonald, J.E., Malham, S.K.,
Moura, I.B., 2020. Shedding of SARS-CoV-2 in feces and urine and its potential role in
person-to-person transmission and the environment-based spread of COVID-19. Sci.
Total Environ. 749, 141364 . 

åberger, T., 2018. Progress of renewable electricity replacing fossil fuels. Glob. Energy
Interconnect. 1 (1), 48–52 . 

annan, N., Vakeesan, D., 2016. Solar energy for future world:-a review. Renew. Sustain.
Energy Rev. 62, 1092–1105 . 

aramichailidou, D., Alexandridis, A., Anagnostopoulos, G., Syriopoulos, G., Sekkas, O.,
2022. Modeling biogas production from anaerobic wastewater treatment plants us-
ing radial basis function networks and differential evolution. Computers & Chemical
Engineering 157, 107629 . 

asaeian, A., Babaei, S., Jahanpanah, M., Sarrafha, H., Alsagri, A.S., Ghaffarian, S.,
Yan, W.-M., 2019. Solar humidification-dehumidification desalination systems: a crit-
ical review. Energy Convers. Manag. 201, 112129 . 

idmo, D.K., Bogno, B., Deli, K., Nsouandele, J.L.D.B., Aillerie, M., 2021. Prospects of
hydropower for electricity generation in the East Region of Cameroon. Energy Reports
7, 780–797 . 

itajima, M., Ahmed, W., Bibby, K., Carducci, A., Gerba, C.P., Hamilton, K.A., Rose, J.B.,
2020. SARS-CoV-2 in wastewater: state of the knowledge and research needs. Sci.
Total Environ. 739, 139076 . 

nopf, B., Nahmmacher, P., Schmid, E., 2015. The European renewable energy target for
2030–an impact assessment of the electricity sector. Energy policy 85, 50–60 . 

ollmann, R., Neugebauer, G., Kretschmer, F., Truger, B., Kindermann, H., Stoeglehner, G.,
Narodoslawsky, M., 2017. Renewable energy from wastewater-practical aspects of
integrating a wastewater treatment plant into local energy supply concepts. J. Clean.
Prod. 155, 119–129 . 

oparal, A.S., Öğütveren, Ü.B., 2002. Removal of nitrate from water by electroreduction
and electrocoagulation. J. Hazard. Mater. 89 (1), 83–94 . 

ougias, I., Aggidis, G., Avellan, F., Deniz, S., Lundin, U., Moro, A., Quaranta, E., 2019.
Analysis of emerging technologies in the hydropower sector. Renew. Sustain. Energy
Rev. 113, 109257 . 

rzeminski, P., van der Graaf, J.H., van Lier, J.B., 2012. Specific energy consumption
of membrane bioreactor (MBR) for sewage treatment. Water Sci. Technol. 65 (2),
380–392 . 

umari, S., Kumar, R.N., 2021. River water treatment using electrocoagulation for removal
of acetaminophen and natural organic matter. Chemosphere 273, 128571 . 

ummu, M., De Moel, H., Ward, P.J., Varis, O., 2011. How close do we live to water? A
global analysis of population distance to freshwater bodies. PLoS One 6 (6), e20578 .

acasa, E., Cañizares, P., Sáez, C., Fernández, F.J., Rodrigo, M.A., 2011. Removal of ni-
trates from groundwater by electrocoagulation. Chem. Eng. J. 171 (3), 1012–1017 . 

ee, C.S., Robinson, J., Chong, M.F., 2014. A review on application of flocculants in
wastewater treatment. Process Saf. Environ. Prot. 92 (6), 489–508 . 

ee, K.E., Morad, N., Teng, T.T., Poh, B.T., 2012. Development, characterization and the
application of hybrid materials in coagulation/flocculation of wastewater: a review.
Chem. Eng. J. 203, 370–386 . 

ei, L., Li, F., Kheav, K., Jiang, W., Luo, X., Patelli, E., … Chen, D., 2021. A start-up opti-
mization strategy of a hydroelectric generating system: From a symmetrical structure
to asymmetric structure on diversion pipes. Renewable Energy 180, 1148–1165 . 

eung, N.H., Chu, D.K., Shiu, E.Y., Chan, K.-H., McDevitt, J.J., Hau, B.J., Peiris, J., 2020.
Respiratory virus shedding in exhaled breath and efficacy of face masks. Nat. Med.
26 (5), 676–680 . 

evine, A.D., Asano, T., 2004. Peer Reviewed: Recovering Sustainable Water From
Wastewater. ACS Publications . 

i, J., Du, M., Lv, G., Zhou, L., Li, X., Bertoluzzi, L., Zhu, J., 2018. Interfacial solar steam
generation enables fast-responsive, energy-efficient, and low-cost off-grid steriliza-
tion. Adv. Mater. 30 (49), 1805159 . 

i, L., Visvanathan, C., 2017. Membrane technology for surface water treatment: advance-
ment from microfiltration to membrane bioreactor. Rev. Environ. Sci. Bio/Technol.
16 (4), 737–760 . 

i, X., Song, J., Guo, J., Wang, Z., Feng, Q., 2011. Landfill leachate treatment using elec-
trocoagulation. Procedia Environ. Sci. 10, 1159–1164 . 

i, Z., Xu, X., Sheng, X., Lin, P., Tang, J., Pan, L., Yamauchi, Y., 2021. Solar-powered
sustainable water production: state-of-the-art technologies for sunlight–energy–water
nexus. ACS Nano 15 (8), 12535–12566 . 

iao, Q., Zhang, J., Li, J., Ye, D., Zhu, X., Zheng, J., Zhang, B., 2014. Electricity generation
and COD removal of microbial fuel cells (MFCs) operated with alkaline substrates. Int.
J. Hydrogen Energy 39 (33), 19349–19354 . 

in, L., Jiang, X., Zhang, Z., Huang, S., Zhang, Z., Fang, Z., Mai, L., 2020. Gastrointestinal
symptoms of 95 cases with SARS-CoV-2 infection. Gut 69 (6), 997–1001 . 

inares-Hernández, I., Barrera-Díaz, C., Bilyeu, B., Juárez-GarcíaRojas, P., Campos-Med-
ina, E., 2010. A combined electrocoagulation–electrooxidation treatment for indus-
trial wastewater. J. Hazard. Mater. 175 (1-3), 688–694 . 

itter, M.I., Vera, M.L., Traid, H.D., 2020. TiO2 coatings prepared by sol-gel and electro-
chemical methodologies. In: Sol-Gel Derived Optical and Photonic Materials. Elsevier,
pp. 39–74 . 

iu, R., Wang, Y., Wu, G., Luo, J., Wang, S., 2017. Development of a selective electro-
dialysis for nutrient recovery and desalination during secondary effluent treatment.
Chem. Eng. J. 322, 224–233 . 

oganathan, B.G., Ahuja, S., Subedi, B., 2020. Synthetic organic chemical pollutants in
water: origin, distribution, and implications for human exposure and health. In: Con-
taminants in Our Water: Identification and Remediation Methods. ACS Publications,
pp. 13–39 . 

uo, R., Delaunay-Moisan, A., Timmis, K., Danchin, A., 2021. In: SARS-CoV-2 Biology
and Variants: Anticipation of Viral Evolution and What Needs to be Done, 23. Wiley
Online Library, pp. 2339–2363 . 
18 
v, W., Zheng, X., Yang, M., Zhang, Y., Liu, Y., Liu, J., 2006. Virus removal perfor-
mance and mechanism of a submerged membrane bioreactor. Process Biochem. 41
(2), 299–304 . 

a, S., Zhang, M., Nie, J., Tan, J., Yang, B., Song, S., 2019. Design of double-component
metal–organic framework air filters with PM2. 5 capture, gas adsorption and antibac-
terial capacities. Carbohydr. Polym. 203, 415–422 . 

akrides, G., Zinsser, B., Norton, M., Georghiou, G.E., Schubert, M., Werner, J.H., 2010.
Potential of photovoltaic systems in countries with high solar irradiation. Renew.
Sustain. Energy Rev. 14 (2), 754–762 . 

anuel, M., Lightfoot, D., Fattahi, M., 2018. The sustainability of ancient water control
techniques in Iran: an overview. Water History 10 (1), 13–30 . 

arangon, B.B., Silva, T.A., Calijuri, M.L., do Carmo Alves, S., dos Santos, V.J., de Sousa
Oliveira, A.P., 2020. Reuse of treated municipal wastewater in productive activities
in Brazil’s semi-arid regions. J. Water Process Eng. 37, 101483 . 

arcelino, R., Queiroz, M., Amorim, C., Leão, M., Brites-Nóbrega, F., 2015. Solar energy
for wastewater treatment: review of international technologies and their applicability
in Brazil. Environ. Sci. Pollut. Res. 22 (2), 762–773 . 

artinez-Huitle, C.A., Ferro, S., 2006. Electrochemical oxidation of organic pollutants for
the wastewater treatment: direct and indirect processes. Chem. Soc. Rev. 35 (12),
1324–1340 . 

asoum, M.A., Badejani, S.M.M., Fuchs, E.F., 2004. Microprocessor-controlled new class
of optimal battery chargers for photovoltaic applications. IEEE Trans. Energy Convers.
19 (3), 599–606 . 

eah, K., Ula, S., Barrett, S., 2008. Solar photovoltaic water pumping —opportunities and
challenges. Renew. Sustain. Energy Rev. 12 (4), 1162–1175 . 

ehr, A., Gandiglio, M., MosayebNezhad, M., Lanzini, A., Mahmoudi, S., Yari, M.,
Santarelli, M., 2017. Solar-assisted integrated biogas solid oxide fuel cell (SOFC) in-
stallation in wastewater treatment plant: Energy and economic analysis. Applied en-
ergy 191, 620–638 . 

iklos, D.B., Remy, C., Jekel, M., Linden, K.G., Drewes, J.E., Hübner, U., 2018. Evaluation
of advanced oxidation processes for water and wastewater treatment–a critical review.
Water Res. 139, 118–131 . 

ofijur, M., Fattah, I.R., Alam, M.A., Islam, A.S., Ong, H.C., Rahman, S.A., Mahlia, T.M.I.,
2021. Impact of COVID-19 on the social, economic, environmental and energy
domains: lessons learnt from a global pandemic. Sustain. Prod. Consumption 26,
343–359 . 

ook, W., Aroua, M., Issabayeva, G., 2014. Prospective applications of renewable energy
based electrochemical systems in wastewater treatment: a review. Renew. Sustain.
Energy Rev. 38, 36–46 . 

eofytou, H., Nikas, A., Doukas, H., 2020. Sustainable energy transition readiness: a mul-
ticriteria assessment index. Renew. Sustain. Energy Rev. 131, 109988 . 

icastro, F., Sironi, G., Antonello, E., Bianco, A., Biasin, M., Brucato, J., Tozzi, P., 2020.
Modulation of COVID19 epidemiology by UV-B and-A photons from the sun. Available
at SSRN, 3620694 . 

ie, B., Palacios, A., Zou, B., Liu, J., Zhang, T., Li, Y., 2020. Review on phase change
materials for cold thermal energy storage applications. Renewable and sustainable
energy reviews 134, 110340 . 

ourin, F.N., Abbas, A.I., Qandil, M.D., Amano, R.S., 2021. Analytical study to use the
excess digester gas of wastewater treatment plants. J. Energy Res. Technol. 143 (1),
012104 . 

botey Ezugbe, E., Rathilal, S., 2020. Membrane technologies in wastewater treatment: a
review. Membranes 10 (5), 89 . 

ng, S.W.X., Tan, Y.K., Chia, P.Y., Lee, T.H., Ng, O.T., Wong, M.S.Y., Marimuthu, K., 2020.
Air, surface environmental, and personal protective equipment contamination by se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from a symptomatic
patient. JAMA 323 (16), 1610–1612 . 

ali, B.S., Vadhera, S., 2020. Uninterrupted sustainable power generation at constant volt-
age using solar photovoltaic with pumped storage. Sustain. Energy Technol. Assess.
42, 100890 . 

andey, A., Kumar, R.R., Kalidasan, B., Laghari, I.A., Samykano, M., Kothari, R., Tyagi, V.,
2021a. Utilization of solar energy for wastewater treatment: Challenges and progres-
sive research trends. J. Environ. Manag. 297, 113300 . 

andey, P.C., Koutsias, N., Petropoulos, G.P., Srivastava, P.K., Ben Dor, E., 2021b. Land
use/land cover in view of earth observation: data sources, input dimensions, and clas-
sifiers —a review of the state of the art. Geocarto Int. 36 (9), 957–988 . 

anizza, M., Cerisola, G., 2006. Olive mill wastewater treatment by anodic oxidation with
parallel plate electrodes. Water Res. 40 (6), 1179–1184 . 

arida, B., Iniyan, S., Goic, R., 2011. A review of solar photovoltaic technologies. Renew.
Sustain. Energy Rev. 15 (3), 1625–1636 . 

arsa, S.M., Momeni, S., Hemmat, A., Afrand, M., 2021. Effectiveness of solar water
disinfection in the era of COVID-19 (SARS-CoV-2) pandemic for contaminated wa-
ter/wastewater treatment considering UV effect and temperature. J. Water Process
Eng. 43, 102224 . 

eccia, J., Zulli, A., Brackney, D.E., Grubaugh, N.D., Kaplan, E.H., Casanovas-Massana, A.,
Wang, ...M., 2020. Measurement of SARS-CoV-2 RNA in wastewater tracks community
infection dynamics. Nat. Biotechnol. 38 (10), 1164–1167 . 

rakash, O., Kumar, A., 2014. Solar greenhouse drying: a review. Renew. Sustain. Energy
Rev. 29, 905–910 . 

rüss-Ustün, A., Wolf, J., Bartram, J., Clasen, T., Cumming, O., Freeman, M.C., John-
ston, R., 2019. Burden of disease from inadequate water, sanitation and hygiene for
selected adverse health outcomes: an updated analysis with a focus on low-and mid-
dle-income countries. Int. J. Hyg. Environ. Health 222 (5), 765–777 . 

azi, A., Hussain, F., Rahim, N.A., Hardaker, G., Alghazzawi, D., Shaban, K., Haruna, K.,
2019. Towards sustainable energy: a systematic review of renewable energy sources,
technologies, and public opinions. IEEE Access 7, 63837–63851 . 

http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0057
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0058
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0059
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref00664
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0060
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref00666
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0061
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0062
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0063
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0064
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0065
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0066
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0067
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0068
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0069
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0070
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0071
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref00178
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0072
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0073
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0074
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0075
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0076
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0077
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0078
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0079
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0080
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0081
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0082
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0083
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0084
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0085
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0086
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0087
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0088
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0089
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0090
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0091
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0092
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0093
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0101a
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0094
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0095
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0096
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0097
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0098
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref01077
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0099
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0100
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0101
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0102
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0103
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0104
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0105
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0106
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0107
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0108
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0109
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0110
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0111


S. Zahmatkesh, K.T.T. Amesho, M. Sillanpaa et al. Cleaner Chemical Engineering 3 (2022) 100036 

Q  

R  

 

R  

 

R  

R  

R  

 

R  

 

 

R
 

 

R  

S  

S  

 

S  

 

 

S  

S  

S  

S  

 

S  

 

 

S  

 

S  

S  

S  

S  

S  

S  

S  

S  

 

T  

 

T  

 

T  

 

T  

 

T  

U  

V  

 

V  

 

W  

W  

 

W  

W  

 

W  

W  

 

W  

 

W  

 

X  

X  

 

X  

 

Y  

 

Y  

 

 

Y  

 

Y  

 

Y  

 

Y  

 

Y  

Z  

 

Z  

 

 

Z  

Z  

 

Z  
taishat, M.R., Banat, F., 2013. Desalination by solar powered membrane distillation sys-
tems. Desalination 308, 186–197 . 

andazzo, W., Truchado, P., Cuevas-Ferrando, E., Simón, P., Allende, A., Sánchez, G.,
2020. SARS-CoV-2 RNA in wastewater anticipated COVID-19 occurrence in a low
prevalence area. Water Res. 181, 115942 . 

einers, T., Gross, M., Altieri, L., Wagner, H.-J., Bertsch, V., 2021. Heat pump efficiency in
fifth generation ultra-low temperature district heating networks using a wastewater
heat source. Energy 236, 121318 . 

ivas, N.G., Reyes-Pérez, H., Barrera-Díaz, C.E., 2019. A minireview on recent advances
in water and wastewater electrodisinfection. ChemElectroChem 6, 1978–1983 . 

oessler, A., Jin, X., 2003. State of the art technologies and new electrochemical methods
for the reduction of vat dyes. Dyes Pigm. 59 (3), 223–235 . 

osa, L., Rulli, M.C., Ali, S., Chiarelli, D.D., Dell’Angelo, J., Mueller, N.D., D’Odorico, P.,
2021. Energy implications of the 21 st century agrarian transition. Nat. Commun. 12
(1), 1–9 . 

ozemeijer, J., Noordhuis, R., Ouwerkerk, K., Pires, M.D., Blauw, A., Hooijboer, A., van
Oldenborgh, G.J., 2021. Climate variability effects on eutrophication of groundwater,
lakes, rivers, and coastal waters in the Netherlands. Sci. Total Environ. 771, 145366 .

ubio, C.-L., García-Alcaraz, J.L., Martínez-Cámara, E., Latorre-Biel, J.I., Jiménez–
Macías, E., Blanco-Fernández, J., 2020. Replacement of electric resistive space heating
by a geothermal heat pump in a residential application–Environmental amortisation.
Sustainable Energy Technologies and Assessments 37, 100567 . 

ubio, J., Souza, M., Smith, R., 2002. Overview of flotation as a wastewater treatment
technique. Miner. Eng. 15 (3), 139–155 . 

ahu, A., Yadav, N., Sudhakar, K., 2016. Floating photovoltaic power plant: a review.
Renew. Sustain. Energy Rev. 66, 815–824 . 

ansaniwal, S.K., 2019. Advances and challenges in solar-powered wastewater treatment
technologies for sustainable development: a comprehensive review. Int. J. Ambient
Energy 1–34 . 

echi, S., Giarola, S., Lanzini, A., Gandiglio, M., Santarelli, M., Oluleye, G., Hawkes, A.,
2021. A bottom-up appraisal of the technically installable capacity of biogas-based
solid oxide fuel cells for self power generation in wastewater treatment plants. Journal
of Environmental Management 279, 111753 . 

hahsavari, A., Akbari, M., 2018. Potential of solar energy in developing countries for
reducing energy-related emissions. Renew. Sustain. Energy Rev. 90, 275–291 . 

hao, L., Wang, T., Zhao, L., Wang, G., Lü, F., He, P., 2015. The effect of adding straw on
natural solar sludge drying. Drying Technol. 33 (4), 414–419 . 

haron, H., Reddy, K., 2015. A review of solar energy driven desalination technologies.
Renew. Sustain. Energy Rev. 41, 1080–1118 . 

hoaib, M., Siddiqui, I., Rehman, S., Khan, S., Alhems, L.M., 2019. Assessment of wind
energy potential using wind energy conversion system. J. Cleaner Prod. 216, 346–360 .

ilva, A.L.P., Prata, J.C., Walker, T.R., Campos, D., Duarte, A.C., Soares, A.M., Rocha-San-
tos, T., 2020. Rethinking and optimising plastic waste management under COVID-19
pandemic: Policy solutions based on redesign and reduction of single-use plastics and
personal protective equipment. Sci. Total Environ. 742, 140565 . 

inang, S.C., Poh, K.B., Shamsudin, S., Sinden, A., 2015. Preliminary assessment of
cyanobacteria diversity and toxic potential in ten freshwater lakes in Selangor,
Malaysia. Bull. Environ. Contam. Toxicol. 95 (4), 542–547 . 

ingh, G.K., 2013. Solar power generation by PV (photovoltaic) technology: a review.
Energy 53, 1–13 . 

obri, S., Koohi-Kamali, S., Rahim, N.A., 2018. Solar photovoltaic generation forecasting
methods: a review. Energy Convers. Manage. 156, 459–497 . 

ong, Z., Williams, C., Edyvean, R., 2000. Sedimentation of tannery wastewater. Water
Res. 34 (7), 2171–2176 . 

onune, A., Ghate, R., 2004. Developments in wastewater treatment methods. Desalina-
tion 167, 55–63 . 

trazzabosco, A., Kenway, S.J., Lant, P.A., 2019. Solar PV adoption in wastewater treat-
ment plants: a review of practice in California. J. Environ. Manag. 248, 109337 . 

un, H., Yu, X., Ma, X., Yang, X., Lin, M., Ge, M., 2020. MnOx-CeO2 catalyst derived from
metal-organic frameworks for toluene oxidation. Catal. Today 355, 580–586 . 

utherland, K., 2007. Water and sewage: The membrane bioreactor in sewage treatment.
Filtr. Sep. 44 (7), 18–22 . 

ütterlin, B., Siegrist, M., 2017. Public acceptance of renewable energy technologies from
an abstract versus concrete perspective and the positive imagery of solar power. En-
ergy Policy 106, 356–366 . 

arpani, R.R.Z., Azapagic, A., 2018. Life cycle costs of advanced treatment techniques for
wastewater reuse and resource recovery from sewage sludge. J. Cleaner Prod. 204,
832–847 . 

chamango, S., Nanseu-Njiki, C.P., Ngameni, E., Hadjiev, D., Darchen, A., 2010. Treat-
ment of dairy effluents by electrocoagulation using aluminium electrodes. Sci. Total
Environ. 408 (4), 947–952 . 

ian, R., Dong, H., Chen, J., Li, R., Xie, Q., Li, L., Xiao, J., 2021. Electrochemical behaviors
of biochar materials during pollutant removal in wastewater: a review. Chem. Eng.
J., 130585 . 

ortajada, C., Biswas, A.K., 2018. Achieving universal access to clean water and sanitation
in an era of water scarcity: strengthening contributions from academia. Curr. Opin.
Environ. Sustain. 34, 21–25 . 
19 
soutsos, T., Frantzeskaki, N., Gekas, V., 2005. Environmental impacts from the solar
energy technologies. Energy policy 33 (3), 289–296 . 

gwuishiwu, B., Owoh, I., Udom, I., 2016. Solar energy application in waste treatment-a
review. Nigerian J. Technol. 35 (2), 432–440 . 

an Doremalen, N., Bushmaker, T., Morris, D.H., Holbrook, M.G., Gamble, A.,
Williamson, B.N., Gerber, S.I., 2020. Aerosol and surface stability of SARS-CoV-2 as
compared with SARS-CoV-1. N. Engl. J. Med. 382 (16), 1564–1567 . 

erma, S.K., Singhal, P., Chauhan, D.S., 2019. A synergistic evaluation on application
of solar-thermal energy in water purification: current scenario and future prospects.
Energy Convers. Manag. 180, 372–390 . 

ang, C.-T., Chou, W.-L., Kuo, Y.-M., 2009. Removal of COD from laundry wastewater by
electrocoagulation/electroflotation. J. Hazard. Mater. 164 (1), 81–86 . 

ang, K., Nakakubo, T., 2021. Strategy for introducing sewage sludge energy utilization
systems at sewage treatment plants in large cities in Japan: a comparative assessment.
J. Cleaner Prod. 316, 128282 . 

ang, W., Xu, Y., Gao, R., Lu, R., Han, K., Wu, G., Tan, W., 2020. Detection of SARS-CoV-2
in different types of clinical specimens. JAMA 323 (18), 1843–1844 . 

ang, Y.-H., Wang, B.-S., Pan, B., Chen, Q.-Y., Yan, W., 2013. Electricity production from
a bio-electrochemical cell for silver recovery in alkaline media. Appl. Energy 112,
1337–1341 . 

ang, Z., 2010. Prospectives for China’s solar thermal power technology development.
Energy 35 (11), 4417–4420 . 

ang, Z., Bai, Z., Yu, H., Zhang, J., Zhu, T., 2004. Regulatory standards related to build-
ing energy conservation and indoor-air-quality during rapid urbanization in China.
Energy Build. 36 (12), 1299–1308 . 

ei, P., Cheng, L.-H., Zhang, L., Xu, X.-H., Chen, H.-l., Gao, C.-j., 2014. A review of
membrane technology for bioethanol production. Renew. Sustain. Energy Rev. 30,
388–400 . 

u, Y., Guo, C., Tang, L., Hong, Z., Zhou, J., Dong, X., Qu, X., 2020. Prolonged presence
of SARS-CoV-2 viral RNA in faecal samples. Lancet Gastroenterol. Hepatol. 5 (5),
434–435 . 

iao, F., Tang, M., Zheng, X., Liu, Y., Li, X., Shan, H., 2020. Evidence for gastrointestinal
infection of SARS-CoV-2. Gastroenterology 158 (6), 1831–1833 e1833 . 

ie, X., Jia, B., Han, G., Wu, S., Dai, J., Weinberg, J., 2018. A historical data analysis of
water-energy nexus in the past 30 years urbanization of Wuxi city, China. Environ.
Prog. Sustain. Energy 37 (1), 46–55 . 

u, Y., Li, X., Zhu, B., Liang, H., Fang, C., Gong, Y., Shen, J., 2020. Characteristics of pedi-
atric SARS-CoV-2 infection and potential evidence for persistent fecal viral shedding.
Nat. Med. 26 (4), 502–505 . 

an, P., Shi, H.-X., Chen, Y.-P., Gao, X., Fang, F., Guo, J.-S., 2020. Optimization of recovery
and utilization pathway of chemical energy from wastewater pollutants by a net-zero
energy wastewater treatment model. Renew. Sustain. Energy Rev. 133, 110160 . 

ang, E., Mohamed, H.O., Park, S.-G., Obaid, M., Al-Qaradawi, S.Y., Castaño, P.,
Chae, K.-J., 2021. A review on self-sustainable microbial electrolysis cells for elec-
tro-biohydrogen production via coupling with carbon-neutral renewable energy tech-
nologies. Bioresour. Technol. 320, 124363 . 

ang, X., Lu, Z., Bai, Q., Zhang, Q., Jin, L., Yan, J., 2017. Thermal performance of a
shell-and-tube latent heat thermal energy storage unit: role of annular fins. Appl.
Energy 202, 558–570 . 

ang, Y., Zhao, R., Zhang, T., Zhao, K., Xiao, P., Ma, Y., Chen, Y., 2018. Graphene-based
standalone solar energy converter for water desalination and purification. ACS Nano
12 (1), 829–835 . 

ao, F., Yang, Q., Zhong, Y., Shu, X., Chen, F., Sun, J., Li, X., 2019. Indirect electrochemical
reduction of nitrate in water using zero-valent titanium anode: factors, kinetics, and
mechanism. Water Res. 157, 191–200 . 

ao, Y., Pan, J., Liu, Z., Meng, X., Wang, W., Kan, H., Wang, W., 2020. No association
of COVID-19 transmission with temperature or UV radiation in Chinese cities. Eur.
Respir. J. 55 (5) . 

oshida, T., Yamagata, Y., Murakami, D., 2019. Energy demand estimation using quasi-re-
al-time people activity data. Energy Procedia 158, 4172–4177 . 

ahmatkesh, S., Pirouzi, A., 2020. Effects of the microalgae, sludge and activated carbon
on the wastewater treatment with low organics (weak wastewater). Int. J. Environ.
Sci. Technol. 17 (5) . 

hang, D., Ling, H., Huang, X., Li, J., Li, W., Yi, C., Deng, S., 2020. Potential spreading
risks and disinfection challenges of medical wastewater by the presence of Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) viral RNA in septic tanks
of Fangcang Hospital. Sci. Total Environ. 741, 140445 . 

hang, F., Li, J., He, Z., 2014. A new method for nutrients removal and recovery from
wastewater using a bioelectrochemical system. Bioresour. Technol. 166, 630–634 . 

hang, Y., Rottiers, T., Meesschaert, B., Pinoy, L., Van der Bruggen, B., 2019. Wastewater
treatment by renewable energy driven membrane processes. In: Current Trends and
Future Developments on (Bio-) Membranes. Elsevier, pp. 1–19 . 

hang, Y., Sivakumar, M., Yang, S., Enever, K., Ramezanianpour, M., 2018. Application
of solar energy in water treatment processes: a review. Desalination 428, 116–145 . 

http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0112
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0113
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0114
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0115
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0116
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0117
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0118
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref01299
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0119
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0120
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0121
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref01336
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0122
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0123
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0124
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0125
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0126
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0127
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0128
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0129
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0130
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0131
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0132
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0133
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0134
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0135
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0136
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0137
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0138
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0139
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0140
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0141
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0142
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0143
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0144
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0145
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0147
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0148
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0149
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0150
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0151
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0152
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0153
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0154
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0155
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0156
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0157
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0158
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0159
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0160
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0161
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0162
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0163
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0164
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0165
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0166
http://refhub.elsevier.com/S2772-7823(22)00034-1/sbref0167

	Integration of renewable energy in wastewater treatment during COVID-19 pandemic: Challenges, opportunities, and progressive research trends
	1 Introduction
	1.1 Routes of SARS-CoV-2 RNA in the aquatic systems

	2 Renewable energy
	2.1 Using renewable energy to generate electricity in wastewater treatment
	2.2 Membrane processes utilizing renewable energy
	2.3 Solar energy
	2.4 Solar energy in wastewater treatment
	2.5 Effect of solar energy on SARS-CoV-2 in air and wastewater treatment
	2.7 Effect of geothermal energy on SARS-CoV-2 in wastewater treatment

	3 Key challenge and future research needs in the use of solar energy to treat
	4 Conclusions
	Consent to publish
	Declaration of Competing Interest
	Acknowledgements
	References


