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Introduction: As a result of the rapid increase in population and depletion of
natural resources, particularly energy and water, approximately 200 million people
are expected to face hunger by 2030. Going forward, the sustainability of energy,
water, and food (EWF) resources can be enhanced by considering a nexus
approach, which supports effective resource management by identifying
synergies and trade-offs. Furthermore, the regeneration of biomass into value-
added products, such as biochar (BC), can reduce cross-sectoral environmental
impacts and support the EWF nexus.

Methodology: This research investigates the optimum options for utilizing BC
within the context of the EWF nexus for both wastewater treatment and soil
applications whilst considering the optimal blending ratio of various biomass
(camel manure, date pits, sewage sludge, and coffee waste) for both single-
end use and multi-end use stages to ful�ll various objectives within de�ned
scenarios based on maximum savings in energy, water, cost, and emissions.

Results and discussion: The single-end use stage considered using BC for
wastewater treatment (WWT) and as a soil amendment (SA) individually, and
18 optimal solutions were collected for this stage. The optimization of the
multi-end use stage resulted in 70 optimal solutions, where BC was applied for
both WWT and SA. The solutions that leaned toward SA application suggested
that BC should consist of 97%–99% of date pits with relatively smaller
proportions of the other biomass. On the other hand, the other solutions
that leaned toward the WWT pathway suggested that the optimum biomass
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mix should consist of relatively equal proportions of camel manure, sewage
sludge, and coffee waste of 29%—33% and smaller amounts of date pits of
approximately 2%–5%.

KEYWORDS

biochar, energy, water, and food nexus, optimization, circular economy, biomass,
sustainability

1 Introduction

Solid waste generation increased from 6.94 million tons in 2021 to
7.39 million tons in 2022, in which 3.83 and 4.19 million tons were
recycled globally in 2021 and 2022, respectively (National
Environment Agency, 2019). Furthermore, global municipal solid
waste generation is expected to increase by approximately 70% to
reach 3.4 billion metric tons in 2050 due to population growth,
urbanization, and economic growth (Tiseo, 2021). Production,
incineration, and transportation for the removal of waste result in
greenhouse gas emissions, whereas global waste output contributes to
3.2% of global CO2 emissions (Ritchie and Roser, 2020).

After decades of economic growth and technological advances in
agriculture, achieving global food security remains a growing
challenge (Campi et al., 2021; D. Poudel and Gopinath, 2021).
The World Food Summit conceptualized that “food security exists
when all people, at all times, have physical, social and economic access
to suf�cient, safe and nutritious food to meet their dietary needs and
food preferences for an active and healthy life” (Summit, 1996). The
Food and Agriculture Organization (FAO) estimated that between
720 and 811 million people in the world faced hunger in 2020, where
nearly one in three did not have access to adequate food, resulting in
118 million more people facing hunger in 2020 compared to 2019.
Furthermore, due to the lasting effects of the COVID-19 pandemic
on global food security, approximately 300 million people may still
face hunger in 2030 (FAOSTAT, 2022).

Food security is very tightly linked with water security. Water is
vital for all forms of life, essential to public health and human
wellbeing, and smoothens the path toward ending poverty
(Irannezhad et al., 2022). High water scarcity impacts
approximately 3.2 billion rural people, where one-sixth of the
world’s population live in agricultural areas (FAOSTAT, 2022)
and 40% live in dryland (Stringer et al., 2021). In addition, more
than 170 million hectares, which is approximately 60% of irrigated
croplands, are subject to high water stress (FAOSTAT, 2022). Water
scarcity has led to economic losses, social con�icts, and an increasing
international competition for water resources (Kumar et al., 2022),
which in turn affects both the food and energy sectors. Planet Earth
has limited freshwater resources. The total global volume of water is
1.4 billion km3, but only 35 million km3 of this resource is
freshwater, and much of it is locked in the form of ice. Thus,
only 105,000 km3 of freshwater is accessible for use as water supply,
and 70% of all withdrawals of freshwater are currently used for
agriculture, primarily for food production (Khokhar, 2017; Falconer,
2021). For example, in 2020, 48% of Afghanistan’s population had
access to water supplies, while only 28% had access to clean water
free of contaminants. Meanwhile, in Canada, approximately 99% of
its population has access to clean water supplies (WHO/UNICEF,
2021), which highlights the disproportionate distribution of water

resources around the world and, thus, hinders the progression
toward achieving global water and food security.

The increase in water and food insecurities will create barriers
that restrict the development of modern society (Falconer, 2021;
Yuxi et al., 2021; Vieira da Silva Filho et al., 2022). Attaining food
and water security requires the management of these natural
resources through a comprehensive policy structure. The United
Nations introduced the Sustainable Development Goals (SDGs) in
September 2015 as targets to be achieved by 2030; these goals seek to
reconcile economic growth, environmental balance, and social
progress, ensuring that all people have the same opportunities. In
this regard, SDG 2 focuses on achieving zero hunger by ending all
forms of malnutrition (Herrmann and Rundshagen, 2020), whereas
SDG 6 aims to provide clean and sanitized water, addressing the
quality and sustainability of water resources (Requejo-Castro et al.,
2020; Partzsch et al., 2021), which are critical to the survival of
people and the planet (Haas and Ivanovskis, 2022).

Today, resources are stressed because of rapid population
growth, the increasing demand and consumption of various
products and services, scarcity of resources, and elevated
greenhouse gas (GHG) emissions leading to climate change (Hao
et al., 2022; Schmidt et al., 2022). Therefore, it is necessary to manage
these resources while considering the external pressures and the
inherent interdependencies that exist between them in what is
known as the nexus of the three resources: energy, water, and
food (Bazilian et al., 2011; Al-Ansari et al., 2015; Allan et al.,
2015; De Laurentiis et al., 2016; Mannan et al., 2018; Ghiat and
Al-Ansari, 2021). The energy–water–food (EWF) nexus was �rst
recognized in 1983 by the United Nations University in their
Food–Energy Nexus Program and was �rst proposed at the Bonn
conference held in Germany in 2011 (Sachs and Silk, 1990). The
nexus alludes to the inextricable linkages, synergies, and trade-offs
between energy, water, and food sectors and technology sub-systems
(Bonn 2011 Conference, 2012). The management of EWF resources
leads to optimum consumption of resources, minimizes
environmental impacts (Endo et al., 2017; Owen et al., 2018),
enhances resilience (Govindan and Al-Ansari, 2019; Sukhwani
et al., 2019), and ultimately promotes security of food, water, and
energy resources (Wong, 2015).

An important feature within the EWF nexus and the broader
sustainability agenda is the role of waste in value-added products
(Fouladi et al., 2021). Numerous waste-to-energy technologies have
been established, including gasi�cation and pyrolysis
thermochemical processes, where the former mainly produces
syngas whilst the latter mainly produces biochar. These processes
can be in�uenced by several factors, including the composition of
the feedstock and the process parameters (Al-Rumaihi et al., 2021;
Al-Rumaihi, Shahbaz, et al., 2022; AlNouss et al., 2022; Mariyam
et al., 2022; Parthasarathy, Al-Ansari, et al., 2022). In pyrolysis,
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biomass, which is a carbon-based renewable organic material
generated from animals and plants, is converted into value-added
products in the absence of oxygen: biogas, bio-oil, and biochar
(Elkhalifa et al., 2019; Shahbaz et al., 2021). BC is utilized in modern
society for multiple agricultural and environmental purposes in the
framework of circular economy (CE) (Jindo et al., 2020), where
different strategies for BC utilization have been considered: a) as a
soil amendment, increasing the crop yield, reducing chemical
fertilizer (CF) requirements, sequestering carbon in the soil by
absorbing it from the atmosphere to mitigate climate change, and
enhancing the water retention due to its porous structure
(Mukherjee and Lal, 2013; Mylavarapu et al., 2013; Smith, 2016);
b) as a means for water treatment with an approximate 85% recovery
of wastewater of high purity (Gupta et al., 2022); and c) as a source of
energy replacing non-renewable resources. Evidently, biochar
demonstrates potential in reducing environmental impacts and
climate change, contributing toward optimizing EWF nexus
systems while contributing toward a circular economy
(Alherbawi et al., 2020; Kua et al., 2020; Almanassra et al., 2021;
Hu et al., 2021).

Considering an EWF approach requires the identi�cation of the
existing synergies and trade-offs between the energy, water, and food
sectors (Al-Ansari et al., 2015; Alherbawi et al., 2021). Analysis of the
interactions between the EWF resource system will facilitate
integrated planning and decision making (Rosales-Asensio et al.,
2020). Applying one of the different levels of decision-making
tools—strategical, tactical, or operational—will ensure continuous
access and enable ef�cient management of spatially distributed EWF
resources toward the development of a resilient and sustainable
EWF nexus system (Namany et al., 2019; Haji et al., 2022). Examples
of decision-making tools include life cycle assessment (LCA),
optimization, machine learning, and agent-based modeling
(Namany and Al-Ansari, 2021). Optimization can solve large
problems concisely and analyze the solutions using linear and
non-linear formulations, which identify the best �t solutions
(Singh, 2012). In terms of EWF nexus studies, optimization was
implemented to achieve several objectives: maximizing the resilience
of EWF systems, minimizing CO2 emissions, optimizing the
regulation of water, soil, and energy resources, improving
regional cropland management techniques for developing
sustainable circular agriculture, and boosting the economic
development of disadvantaged rural communities (Cansino-Loeza
et al., 2021; H; Li et al., 2022; M; Li et al., 2022; Núñez-López et al.,
2022). Optimization models aim to quantify the interactions within
the EWF nexus and analyze trade-offs between the three sectors in
terms of their utilization ef�ciency, economic bene�ts, and
environmental impact (M. Li et al., 2021).

In this study, a multi-objective optimization tool is used to assess
the utilization of BC from four different types of biomass: camel
manure, date pits, sewage sludge, and coffee waste. Two pathways
were considered for the end-use: biochar-based fertilizer for SA and
biochar-based adsorbent for WWT. Novel to this study is the objective
of investigating the best biomass blend and end-use mix for the
production and application of biochar that contributes the largest
toward achieving EWF resource security within the highest energy,
water, cost, and global warming potential (GWP) savings possible.

The structure of this study is as follows: Section 2 reviews previous
EWF nexus studies in addition to reviewing biochar and its various

applications. Section 3 introduces the methodology, which includes
three main steps: BC production, BC utilization analysis, and multi-
objective optimization. Section 4 discusses the results obtained from
each step, and �nally, Section 5 concludes the study.

2 Literature review

As this research paper is built on a solid background from the
literature, this section reviews EWF nexus studies in addition to
water, energy, and food resource security. It also reviews the
production of biochar, its applications, and its relation with the
EWF nexus economy and circular economy.

2.1 Energy–water–food nexus

The world is challenged by freshwater scarcity, drying of
groundwater resources, increased food consumption, and the
depletion of non-renewable resource availability (Mannan et al.,
2018; Al-Enazi et al., 2021; Bilal et al., 2021). Adopting a nexus
approach to the management of critical resources may support
alleviating some of the burdens on the environment and society,
in addition to enhancing the security of energy, water, and food
resources. In the literature, the EWF nexus is multi-dimensional,
covering various objectives, case studies, methodologies, and
approaches. Bieber et al. (2018) developed a methodology to
support resilient and sustainable planning at the city level for
multiple sectors and applications within urban energy systems
and the EWF nexus. The results highlighted that investment to
supporting Ghana’s infrastructure and agriculture intensi�cation
will effectively increase the share of renewable energy and carbon
emissions. Rasul and Sharma (2016) discussed the potential
synergies and trade-offs between the three sectors, which
provided a conceptual framework for effective adaptation
responses to climate change. Highlighting the impact of global
environmental and economic changes on Brazil, Mercure et al.
(2019) identi�ed governance shortcomings in the context of the
EWF nexus and analyzed the complex interdependence of
developments at both the global and local levels. Namany et al.
(2021) developed a methodology to assess the performance of EWF
sectors in Qatar based on the analytical hierarchy process. The
results unveiled the vulnerability of the three sectors to internal and
external risks, which is represented by integrated resilience indexes
of 0.21, 0.17, and 0.10 for the food, water, and energy sectors,
respectively. Compared to the other sectors, the water system
displayed the lowest security level with a high criticality score of
0.14, whilst the food system was found to be the least sustainable. Al-
Ansari et al. (2015, 2017) integrated greenhouse gas control
technologies within an EWF nexus tool and evaluated the
environmental impact of a hypothetical food product system of
40% food self-suf�ciency. As a result of this study, the global
warming potential was reduced by approximately 98% for the
different scenarios through the integration of bio-energy carbon
capture and storage (BECCS) and solar energy. Ghiat et al. (2021)
evaluated the effectuality of BECCS or utilization pathways by
utilizing carbon dioxide (CO2) for enriching food systems and
reducing GHG emissions within the EWF nexus concept. The
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results of this study revealed that the CO2 captured from an energy
sub-system is utilized to enhance the food sub-system by increasing
the yield by 13.8% and reducing crop water requirements by 28%,
therefore achieving negative CO2 emissions of 24.6 kg/m2 year.

Whilst many researchers focused on attaining the security of
food, water, and energy resources, some researchers were more
involved in obtaining the security of only one of the
aforementioned sectors. For instance, Namany et al. (2019)
assessed both technology alternatives and environmental
performance for a domestic food production case in Qatar, and
the study indicated that diversifying the energy and water mix
introduces more than 70% of renewable energy technologies,
which can be used as a sustainable alternative by the food
sector. De Laurentiis et al. (2016) studied the potential of LCA
in assessing the performance of food service providers by applying
an EWF approach. The study identi�ed improvement measures in
line with the promotion of shifts in both production and
consumption patterns. Al-Thani et al. (2020) evaluated the
possibility of maximizing the nutritional value of agricultural
output through the optimal allocation of water and energy
resources. The study concluded that dates and �sh are strategic
crops due to their contribution to food security, whilst poultry and
meat groups are not recommended due to their high water and
energy requirements.

Marttunen et al. (2019) developed a structured and systematic
method to assess water security and its future trends in Finland via a
framework that established a criteria hierarchy for water security
consisting of four main themes; this enabled the analysis of
relationships between the water security criteria as well as
between EWF security. Mirzaei et al. (2019) estimated
groundwater withdrawal from electric-powered irrigation wells,
examined agronomic productivity in Iran through the lens of the
EWF nexus, and shed light on some of the root causes of water
shortening problems of the nation. Nepal et al. (2021) identi�ed
promoting the development of Nepal’s hydropower potential to
provide energy for pumping, where only 1.4 billion cubic meters of
groundwater reserves were pumped to irrigate 613 K ha of
agricultural lands with a potential economic gain of $1.1 billion
annually. This study concluded that a nexus-based approach is
required for effective water management, promotion of energy-
based industry, food security, and local employment.

Ogbolumani and Nwulu (2022) proposed a meta-model-based
EWF nexus system for addressing the issue of natural resource
allocation for food and energy security with maximum economic
bene�t as its objective function. The study determined that utilizing
the EWF resources for food production in open �elds and
undercover greenhouses was more pro�table than the production
of electrical energy from bio-energy systems. Fetanat et al. (2021)
assessed different technologies for energy recovery from wastewater
treatment processes, considering energy, water, and food security
principles, and concluded that the up-�ow anaerobic sludge blanket
reactor technology was the most appropriate option. Tan and Yap
(2019) investigated the impact of different energy scenarios in
Malaysia within the context of the EWF nexus. The key �ndings
of this study included the importance of allowing a reasonable
penetration of 20% of renewable energy for the long term, in
addition to proper consideration for nuclear energy due to its
low running costs and high power density.

2.2 Circular economy and the
energy–water–food nexus

Moving toward an EWF nexus approach requires reducing
waste, keeping products and materials at the highest value at all
times, and extracting all possible by-products from resources.
Hence, this approach can be made possible when applying the
principle of circular economy, as the two concepts share common
aims of resource sustainability and waste minimization (Del
Borghi et al., 2020; Al-Thani and Al-Ansari, 2021; Parsa et al.,
2021). CE uses theory and principles from industrial ecology; it
aims to close the loop of materials and substances to reduce the
cross-sectoral environmental impacts of the EWF nexus
(Jurgilevich et al., 2016; Del Borghi et al., 2020). Its main
principle is to manage and utilize the generated waste of any
process and integrate it within the system as this will a) minimize
the environmental impacts and reduce pollution (Ferronato et al.,
2019), b) keep the products and materials in use (Stahel, 2013), c)
secure the availability of natural resources (Khajuria et al., 2022),
and d) improve resilience through diversity (Jurgilevich et al.,
2016). CE can be applied to water through the reclamation of
water in wastewater treatment plants for reuse within irrigation
for food production, industrial processes, groundwater recharge,
and potable water supply (Sgroi et al., 2018; Smol et al., 2020). It
also applies to the food sector through the redistribution of
surplus edible food to people in need and the utilization of the
inedible food as a feedstock for other processes (i.e., organic
fertilizers) (Stabnikova et al., 2005).

Many researchers have highlighted the importance of the
linkages between the CE and EWF nexus. Brandoni & Bo
njakovic (2018) indicated that a CE framework can support
interlinkages between energy, water, and food resources within
the European Union (EU). Paiho et al. (2020) denoted that in a
circular city, a nexus approach can identify the synergies and trade-
offs amongst diverse urbanization challenges by providing a broader
and more holistic analysis. D’Odorico et al. (2018) conceptualized
that for enhancing the resilience of global water, energy, and food
security, it is critical to analyze the interlinkages of the EWF nexus in
a CE paradigm. Laso et al. (2018) indicated that circularity without
nexus thinking does not necessarily propose the best possible
options for environment and natural resource management; thus,
the application of CE needs a deeper analysis from the nexus
approach. Slorach et al. (2020) quanti�ed the impact of four
treatment options on resource recovery from household food
waste within the context of the CE and EWF nexus. The results
showed that anaerobic digestion is environmentally the most
sustainable option with the lowest overall impact on the nexus,
while in-vessel composting is the worst option overall. Rodias et al.
(2021) summarized the bene�ts of reusing resources on the EWF
nexus; this includes natural resource savings, reductions in GHG
emissions due to the production of synthetic fertilizers, and
reductions in fossil fuel use. Haitsma Mulier et al. (2022)
identi�ed the interactions and interdependencies in the
energy–water–nutrients–food nexus to formulate options for
circularity in urban farming, where the results indicated that the
reuse of resources in urban waste has the potential to reduce
stormwater nuisances, energy needs for water, nutrients, and
food transport, irrigation, and wastewater pumping.
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2.3 Biomass and the energy–water–food
nexus

Biomass, which is the organic matter derived from plants and
animals, accounts for 9.4% of the global energy supply and 10% of
chemical feedstock (IEA, 2020). Nowadays, biomass is the only
large-scale organic carbon source that can be a source of organic
fuels and chemicals (Deng et al., 2022). It is considered a renewable
energy and carbon-neutral source with the highest potential to
contribute to the energy needs of modern society (Seow et al., 2022).

The modern industry uses technologies that require high energy
consumption. However, this rapid and dependent consumption of
petroleum resources has led to an increase in the concentration of
GHG in the atmosphere (Ke et al., 2022). Deployment of alternative
energy resources, including biomass, is highly favored as it has widely
contributed to attaining sustainability in the EWF sectors. Zheng et al.
(2022) proposed the co-optimization of cropland distribution and
biomass utilization pathways based on the impacts of water shortage
and the implementation of carbon prices; the obtained results showed
that corn and wheat are the primary crops, and for economic
purposes, bioethanol production was advised. Fouladi et al. (2021)
developed a systematic approach for the integration of industrial
parks across the EWF nexus in which wastewater and biomass were
integrated. In this study, the optimized scenario resulted in a 30%
reduction in the total GWP with an exergy ef�ciency of 28% at a 3%
cost increase within the economic objective. AlNouss et al. (2019)
analyzed the utilization strategy of biomass feedstock in gasi�cation
for the poly-generation of different products from an EWF nexus
perspective. The results demonstrated that urea production and
power generation are the most viable utilization techniques that
maximize sustainability indices for EWF resources. An EWF nexus
tool was developed by Al-Ansari et al. (2015, 2017) to evaluate the
different pathways for a hypothetical 40% food self-suf�ciency in
Qatar. The sub-systems in this study consisted of a biomass-
integrated gasi�cation combined cycle and a carbon capture sub-
system. This integration resulted in a 7.8 × 107 kg/year reduction in
natural gas consumption, and the maximum achievable negative
emission was 1.09 × 109 kg CO2-eq/year.

Different types of biomass—including camel manure, date pits,
sewage sludge, and coffee waste—were used in several studies. Camel
manure is the organic camel waste that can be found in hot and arid
regions, and it was found to contribute to 18% of GHG emissions
(Parthasarathy et al., 2023). However, it is mainly composed of
protein, lignocellulose, lipid, and inorganic ash content; it can also
be utilized as an organic fertilizer due to being rich in nutrients, such
as nitrogen, potassium, and phosphorus (Parthasarathy et al., 2021;
Liu et al., 2023). Al-Rumaihi et al. (2021) compared the pyrolysis
degradation characteristics of camel dung waste with its gasi�cation
decomposition behavior; the results showed that Gibbs free energy
and enthalpy values of the pyrolysis degradation were lower than in
the case of the gasi�cation decomposition. Date pits are hard-coated
seeds, ventrally grooved with a small embryo, that are mainly found
in arid regions. They represent a vital biomass resource due to their
low ash and high carbon contents (Al-Rumaihi, Alherbawi, et al.,
2022). As a byproduct of the date processing industry, date pits are
frequently abundant and easily accessible locally in Qatar. Due to
this, obtaining this type of biomass can have less of an impact on the
environment and on transportation expenses. Ouedrhiri et al. (2022)

investigated the adsorption performance of methyl orange dye from
wastewater by using activated carbon derived from date pits, which
resulted in a maximum adsorption capacity of 334 mg/g of methyl
orange dye. Sewage sludge is the residue resulting from the
treatment of wastewater released from various sources, such as
homes and medical facilities (Zuloaga et al., 2012). Converting
this type of waste to biochar can reduce the burden on land�lls
and incineration in Qatar, as signi�cant amounts of sewage sludge
are produced as a result of the wastewater treatment processes
locally. Moreover, utilizing this locally available resource can
reduce transportation expenses and the dependency on importing
other types of biomass, which promotes sustainable resource
utilization. K. Li et al. (2022) derived biochar from feedstock
mixtures, where each was made from different ratios of pine
sawdust and sewage sludge. This biochar was used for the
adsorption of CO2 gas to mitigate GHG emissions. Coffee is one
of the most important traded agricultural products and the most
consumable beverage worldwide (Campos-Vega et al., 2015). Its
waste is produced as a result of brewing coffee (spent coffee
grounds). This waste contains valuable organic materials such as
lipids, amino acids, polysaccharides, minerals, and other valuable
materials. Therefore, its direct disposal at land�ll sites can create
ecotoxicological and environmental problems (Atabani et al., 2022).
Ahn et al. (2021) evaluated the removal of formaldehyde (an air
pollutant) in indoor environments by the co-pyrolysis of spent
coffee waste with acid mine drainage sludge. The results showed
that the addition of coffee waste increased the removal of
formaldehyde by 18.4-fold higher than before using it.

2.4 Biochar

Biochar is the solid product of biomass pyrolysis (Weber and
Quicker, 2018). It has received increasing attention due to its unique
features, such as its high carbon content and cation exchange capacity,
large speci�c surface area, and stable structure (S. Li and Skelly, 2023;
Lu et al., 2023; Wang and Wang, 2019). These features helped it to be
widely used for the generation of heat and power, as a good additive to
soil as fertilizer and carbon sequestration agent, and for adsorption
applications in the form of activated carbon (Amin et al., 2016; Yang
et al., 2023). Biochar has been recently used as a modern and
sustainable solution to achieve lower environmental impacts and
lower GHG emissions by being utilized in different applications
(Parthasarathy, Sajjad, et al., 2022; Al-Rumaihi et al., 2023; Liberati
et al., 2023), as discussed in the following.

2.4.1 Biochar-based fertilizers
Chemical fertilizers are substances added to the soil to increase

crop productivity due to the presence of essential nutrients
(including nitrogen, phosphorous, and potassium) that are
required by plants. Therefore, fertilizers have been widely used in
conventional agricultural systems (Naher et al., 2018). For example,
the total annual quantity of CF applied increased from 1.82 × 108

tons in 2002 to 2.45 × 108 tons in 2017, and correspondingly, the
total annual amount of grain yield increased from 76.7 × 108 tons to
11.0 × 109 tons during the same period (FAOSTAT, 2020). However,
this increase in CF utilization intensity leads to a series of
environmental burdens due to the high carbon and water
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footprint, high non-renewable resource input, and high cost of
production (Hasler et al., 2015; Jiang et al., 2021; S. Li et al.,
2020). A study was conducted by Guo et al. (2021) using the
LCA tool to analyze the environmental bene�ts under optimized
fertilizer and pesticide inputs (i.e., reduction of 24.7% nitrogen,
35.6% phosphorus pentoxide, 18.8% potassium oxide, 17.1% organic
fertilizer, and 30.9% pesticides) compared to traditional farmer
inputs. The results illustrated that the optimized inputs reduced
energy depletion by 24.7%, water depletion by 6.4%, and global
warming by 28.8%. Today, biochar-based fertilizers have been
widely used to replace CF due to several advantages: i) improves
soil structure and its sorption capacity, ii) enhances soil nutrient
retention and water-holding capacity, iii) immobilizes contaminants
from soil (sorption), and iv) reduces GHG emissions and soil
nutrient leaching losses while stimulating the growth of a plant
(Rombel et al., 2022; Samoraj et al., 2022). In an investigation
conducted by Mikos-Szyma�ska et al. (2019), biochar and brown
coal were used as raw materials for fertilizer production, whereas BC
was used for the coating purposes of the urea superphosphate
granules. This application had a positive impact on the grain
yield per plant of spring wheat, with an increase of 55%
compared to when applying nitrogen–phosphorus–potassium

(NPK) fertilizers. A meta-analysis conducted by Bai et al. (2022)
to investigate the effect of applying biochar and the co-application of
biochar with inorganic fertilizers on crop yield showed an increase of
25.3% and 35.3%, respectively. Pradhan et al. (2020) assessed the
conversion of four different vegetable wastes (cauli�ower, cabbage,
banana peels, and corn cob residues) into BC to be used for soil
amendment. The best feedstocks determined were cauli�ower and
banana peels, which produced biochar at an optimum temperature
of 400 °C for pyrolysis. This study demonstrates that pyrolysis of
dried vegetable wastes is a suitable waste valorization approach to
producing biochar with good agricultural properties.

2.4.2 Biochar-based adsorbents
Water contamination is a global problem that threatens the

environment and human life and ultimately contributes to water
scarcity. Clean water and sanitation is one of the United Nations
SDGs that needs to be achieved by 2030 (Wennersten and Qie, 2018;
Sun et al., 2021), and therefore, new technologies continue to be
developed to provide clean water. Adsorption technology has received
increased attention for the removal of organic pollutants and
contaminants from wastewater (Anderson et al., 2022). Activated
carbon (AC) adsorbents and biochar-based adsorbents have been

FIGURE 1
Scope of the study.

FIGURE 2
Process �ow diagram.
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widely used for wastewater treatment applications due to their high
adsorption capacity of contaminants (X. Huang et al., 2018). Chung
et al. (2022) used AC derived from sucrose, melamine, and urea for the
removal of methylene blue from wastewater; the adsorption capacity of
methylene blue reached a maximum of 454.57 mg/g with an
adsorption cost of 4.42$/g. AC is extensively used not only for
removing pollutants from wastewater streams but also for
adsorbing contaminants from drinking water sources, e.g.,
groundwater, rivers, lakes, and reservoirs. However, the widespread
use of AC is restricted due to its high cost and high energy
consumption (Thompson et al., 2016; Crini et al., 2019). Malik
(2004) developed an effective carbon adsorbent from mahogany
sawdust for the removal of dyes from wastewater; the results
indicated that the resultant adsorbent had a lower cost compared to
the commercial AC adsorbent. Biochar technology represents a new,
cost-effective, and environmentally friendly solution for WWT (Xiang
et al., 2020). An investigation conducted by Patra et al. (2017) indicated
that using BC under optimum conditions removed 99% of cadmium
(Cd), lead (Pb), and zinc (Zn) from wastewater.

To the best of our knowledge, many papers have focused on
investigating sustainable methods for biochar production. However,
there is a gap in investigating the optimum and sustainable biochar
production and utilization pathway in the context of the EWF nexus.
As such, this study investigates various types of biomass used to
produce biochar, namely, camel manure, date pits, sewage sludge, and
coffee waste, including determining the optimal blending ratio when
using the resultant biochar for either WWT, SA, or both. This helps
ensure the highest energy, water, cost savings, and carbon emission
reductions. The overall scope of the study is illustrated in Figure 1,
where its main objective is to investigate the most optimal utilization
option of biochar prepared from the best optimal biomass mix that
includes camel manure, date pits, sewage sludge, and coffee waste. The
aforementioned wastes, which are rich in nutrients, were selected
because of their abundance in hyper-arid regions, which include
countries in the Gulf Cooperation Council (GCC) such as Qatar.
These end-use utilization options will include WWT only, SA only,
and the application of the two pathways. First, a comparison is
conducted between the application of BC and NPK fertilizer to the
soil, as the energy, water, cost, and emissions required for the
production and application were collected from the literature and
used to �nd the savings when applying BC.

Then, AC and BC are evaluated as adsorbents for WWT
application in terms of energy, water, cost, and emission savings
when considering both their production and application. These
objectives are followed to compare the two end-use applications
and the different biomass used in the preparation of BC in order to
subsequently determine the optimal solution.

3 Methodology

In this study, the biomass blend prepared from camel
manure, date pits, sewage sludge, and date pits is pyrolyzed, as
illustrated in Figure 2. The rationale for favoring pyrolysis over
other treatment processes, such as gasi�cation, is due to the high
BC yield produced, which is the main product that is required in
this study to be assessed for both SA and WWT pathways. The
methodology adopted in this study consists of three steps and is
described in the following.

3.1 Biochar production

The product distribution of the pyrolysis process based on
multiple biomass sources and the char’s biogenic carbon
composition are estimated using the empirical prediction model of
Neves et al. (2011). However, the process energy requirement is
estimated according to literature reports (Cheng et al., 2020). The
former model is utilized to evaluate the production of biochar using
four different types of biomass: camel manure, date pits, sewage
sludge, and coffee waste. The aforementioned biomass feedstocks are
selected due to their local availability in the GCC region. The process
is conducted at an operating temperature of 300 °C, a drying ef�ciency
of 90%, a 5L/min.tonne nitrogen �owrate, and a reaction time of
30 min. The elemental analysis for each biomass is collected from the
literature, as detailed in Table 1, where the analysis is on a dry ash and
sulfur-free basis. Meanwhile, the system’s economics based on
multiple feedstocks are evaluated considering Qatar’s case study.
The key operating and equipment costs are derived from technical
reports (Wright et al., 2010; Humbird et al., 2011) and then scaled up
and in�ated to the base year of analysis (2019) according to the
Chemical Engineering Plant Cost Index (CEPCI) using Eqs. 1, 2. On
the other hand, the levelized cost of biochar is estimated using Eq. 3.

The prices of camel manure, date pits, sewage sludge, and coffee
waste from the literature are 25$/tonne, 15$/tonne, and 88$/tonne,
respectively (Marufuzzaman et al., 2015; Kamil et al., 2019;
Alherbawi et al., 2021). However, the price of date pits is quoted
locally at 100$/tonne.

Costdesign � Costbase p
Capacitydesign

Capacitybase
� �

scaling factor

. (1)

Costdesign,$2019 � Costdesign,$i •
CEPCI2019

CEPCIi
� �. (2)

Levelized cost of char
$

kg
� � �

Capex + �lifespan
1 Opex 1 + Discount Rate( )� �lifespan�

�lifespan
1 char yield 1 + Discount Rate( )� �lifespan�

.

(3)

TABLE 1 Elemental analysis of biomass feedstocks.

Biomass %C %H %O %N %S %Cl Ash (%) Moisture (%) Reference

Camel manure 36.73 5.55 34.74 2.62 0.42 0 19.94 4.34 Al-Ansari et al. (2020)

Date pits 46.48 6.54 44.69 0.89 0 0 1.40 0.33 Al-Ansari et al. (2020)

Sewage sludge 46.93 6.83 23.23 7.40 0.54 0.07 2.6 82.2 (J. Poudel et al., 2015)

Coffee waste 79.30 5.01 12.49 2.10 1.10 0 11.10 4.20 Uwaoma et al. (2021)
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In addition, a life cycle assessment is conducted as per the ISO
14044 standard (Finkbeiner et al., 2006). The assessment is
performed from “cradle to gate,” covering the key biochar
production stages from the acquisition of biomass to
transportation, plant construction, pre-processing, and �nally, the
key processing stage “pyrolysis.” The selected impact categories of

interest include the global warming potential, energy consumption,
and water footprint. The impact categories are evaluated per 1 kg of
biochar, which represents the functional unit (FU) of the analysis.
Furthermore, GWP is evaluated according to the second assessment
report released by the Intergovernmental Panel on Climate Change
(IPCC, 1995).

TABLE 2 Variables used in the equations.

Abbreviation Term Abbreviation Term

X Application percentage of AC adsorbent Y Application percentage of NPK fertilizer

RD Amount of AC required per 1 m3 wastewater RF Amount of NPK fertilizer required to grow tomato per 1 m2

CF1 Conversion factor between AC and BC RW Water needed when applying NPK fertilizer per 1 m2

CAC (P) Production cost of AC adsorbent CF2 Conversion factor between NPK and BC

CBC (P) Production cost of biochar adsorbent CNPK (P) Production cost of NPK fertilizer

EAC (P) Energy required for AC production ENPK (P) Energy required for NPK production

EAC (A) Energy required for AC application for WWT ENPK (A) Energy required for NPK application for SA

EBC (P) Energy required for biochar production EBC (A,S) Energy required for biochar application for SA

EBC (A,W) Energy required for biochar application for WWT WNPK (P) Water required for NPK production

WAC (P) Water required for AC production GWPNPK (P) Carbon emissions of NPK production

WBC (P) Water required for biochar production GWPNPK (A) Carbon emissions of NPK application for SA

GWPAC (P) Carbon emissions of AC production GWPBC (A,S) Carbon emissions of BC application for SA

GWPAC (A) Carbon emissions of AC application for WWT GWPBC (A,W) Carbon emissions of BC application for WWT

GWPBC (P) Carbon emissions of BC production

FIGURE 3
Biochar within the EWF nexus.
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At the acquisition and transportation stage, biomass is
assumed to be transported to the biore�nery for a distance of
100 km via heavy diesel trucks. The water consumed at this stage is
negligible. However, the emissions released are calculated as a
function of transportation distance and biomass weight (Beeson,
2018). On the other hand, the energy consumed is calculated based
on the heating value of the consumed diesel (36 MJ/L) throughout
the trip.

For the plant’s construction stage, the land area required is
estimated according to the re�nery siting workbook as a function of
the plant’s capacity (Re�nery Siting Workbook: Appendices A and B,
1980), whereas the required energy, water, and associated emissions
per construction area unit are adapted from the literature (Klufallah
et al., 2014; European Commission, 2020). However, the embodied
energy, water, and emissions of machinery are neglected.

At the pre-processing and processing stages, which are meant to
dry and then pyrolyze biomass, the energy required in the form of
heat and electricity and their associated emissions are calculated
based on Cheng et al.’s (2020) energy model, assuming that natural

gas is used as an energy carrier. Moreover, the emissions released
during the processing stage are calculated based on the product
distribution, as previously elaborated. In addition, the cooling water
per product mass unit is estimated based on a technical report (Jones
et al., 2013).

3.2 Pathway utilization analysis

Figure 3 illustrates conceptually the manifestation of BC within
the EWF nexus, where it can be used to provide green energy,
enhance water retention, and enhance soil properties for agricultural
purposes. Simultaneously, all three sectors contribute to the
production of BC as water and energy are needed for the
production process, whereas the food sector provides its waste to
be utilized as a precursor for this process.

The selection of the most sustainable utilization pathway
depends on the analysis of each end-use. A comparison is
conducted between BC and its substitute in each pathway to
evaluate the possible positive outcomes of utilizing BC in terms
of energy, water, cost, and GWP. Table 2 represents the variables
used in the equations for the calculations of this section.

3.2.1 Pathway 1: wastewater treatment
A comparison is conducted between AC and BC as adsorbents

used for the wastewater treatment process. The data collected from the
literature showed that the amount of AC adsorbent used to treat 1 m3

of wastewater is equal to 0.076 kg; this value was used in the equations
as the adsorbent requirement (Jeswani et al., 2015). An amount of
1.12 kg BC is found to be equivalent to 1 kg AC (Jjagwe et al., 2021)
when considering the adsorption capacity of Pb2+ ions as a reference.
The equations in Table 3 present the total requirements of the
different variables when a) applying 100% AC and b) reducing the

TABLE 3 Equations of cost, energy, water, and energy requirements for the WWT pathway.

Variable Equation for requirement calculations Equation for savings calculations

Cost 4) Cost � X • [CAC (P) • RD] + CF1 • (1 � X) • [CBC (P) • RD] 8) Cost savings � C1 � C2

Energy 5) E � X • [(EAC (P) • RD) + EAC (A)] + CF1 • (1 � X) • [(EBC (P) • RD) + EBC (A,W)] 9) Energy savings � E1 � E2

Water 6) W � X • [WAC (P) • RD] + CF1 • (1 � X) • [WBC (P) • RD] (10) Water savings � W1 � W2

GWP 7) GWP � X • [(GWPAC (P) • RD) + GWPAC (A)]
+CF1 • (1 � X) • [(GWPBC (P) • RD) + GWPBC (A,W)]

(11) GWP reduction � GWP1 � GWP2

TABLE 4 Equations of cost, energy, water, and energy requirements for the SA pathway.

Variable Equation for requirement calculations Equation for savings calculations

Cost (12) C � (Y • RF • CNPK(P)) + (CF2 • (1 � Y).RF • CBC(P)) (16) Cost savings � C1 � C2

Energy (13) E � Y • (RF • ENPK(P) + ENPK(A)) + CF2 • (1 � Y) • (RF • EBC(P) + EBC(A,S)) (17) Energy savings � E1 � E2

Water (14) W � (Y • (RF • WNPK(P) + Rw)) + [(1 � Y).(CF2 • RF • WBC(P) + 0.7Rw)] (18) Water savings � W1 � W2

GWP (15) GWP � Y • [(GWPNPK (P) • RF) + GWPNPK (A)]
+CF2 • (1 � Y) • [(GWPBC (P) • RF) + GWPBC (A,S)]

(19) GWP reduction � GWP1 � GWP2

TABLE 5 Mathematical formulation for the optimization problem.

Objective functions Constraints

(20) Maximum energy savings: �
2

j�1
�
4

i�1
YjXiEij

X1+X2+X3+X4 = 1

(21) Maximum water savings: �
2

j�1
�
4

i�1
YjXiWij

Y1+Y2 = 1

(22) Maximum cost savings: �
2

j�1
�
4

i�1
YjXiCij

Xi, Yj �0

(23) Maximum GHG emission savings: �
2

j�1
�
4

i�1
YjXiGij
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application of AC with an increase in the application of BC. The data
from the literature showed that high amounts of carbon emissions are
released when producing AC from sewage sludge, with a value equal
to 11.096 kg CO2-eq for each kg of AC produced (C. Huang et al.,

2022). Alternatively, relatively equal amounts are released when
applying AC and BC for treating 1 m3 of wastewater, equal to
0.399 kg CO2-eq/m3 and 0.318 kg CO2-eq/m3 (Jeswani et al., 2015),
respectively. In addition, 2.57$ and 167.63 MJ are required to produce
each 1 kg of AC adsorbent, which are relatively high compared to the
cost and energy needed to produce biochar that are provided in
Table 7; the energy needed to apply the AC adsorbent is 5.009 MJ/m3.
However, for the BC adsorbent, it was found to be equal to 0.36 MJ/m3

(Jeswani et al., 2015; Rayburn, 2012). Notably, the water requirements
for AC production are much lower than the one for BC, which is
approximately 0.202 m3/kg AC (C. Huang et al., 2022), where it is only
needed for washing. The data are inserted into the requirement
equations (eqs. 4–7), and then, the mean is calculated and used to
determine the savings when applying each different biomass.

3.2.2 Pathway 2: soil amendment
In this pathway, the application of biochar for soil enhancement is

evaluated based on the comparison with NPK fertilizer application. To

FIGURE 4
Product distribution: (A) date pits, (B) sewage sludge, (C) camel manure, and (D) coffee waste.

TABLE 6 Objectives to be obtained in each scenario.

Scenario Objectives obtained

1 Maximize energy, cost, emission, and water savings

2 Maximize energy and cost savings

3 Maximize energy and emission savings

4 Maximize energy and water savings

5 Maximize emission and cost savings

6 Maximize emission and water savings

7 Maximize water and cost savings
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achieve this objective, tomato is selected as the reference crop, where it
is found that the amount of NPK fertilizer needed to grow tomato per
each m2 is equal to 0.05 kg/m2, and whilst applying it, the water
requirement is found to be equivalent to approximately 1.5 m3/m2

(Ziane et al., 2021). The data from the literature indicate that the GWP
when producing and applying NPK fertilizer is much higher than
when using BC, with values equal to 0.2 (Walling and Vaneeckhaute,

2020), 0.069 (Brentrup and Palliere, 2008), and 0.024 kg CO2-eq/m2

(Majumder et al., 2019), respectively. It requires 0.8$/kg, 7.7 ×
10�3 m3/kg, and 12.54 MJ/kg to produce NPK fertilizer (Gellings
and Parmenter, 2004; Wu et al., 2021; Samoraj et al., 2022); these
values are greater compared to the cost, water, and energy required to
produce BC, as detailed in Table 7. Meanwhile, for the application
segment, water and energy are found to be slightly lower when using

FIGURE 5
Biochar utilization analysis for the wastewater treatment pathway: (A) cost, (B) energy, (C) water, and (D) GWP.

TABLE 8 GWP, cost, water, and energy savings when utilizing biochar from each biomass for each pathway, where FU is per 1 kg of biochar.

WWT (%) SA (%) GWP reduction (kg CO2-eq) Cost savings ($) Water savings (m3) Energy savings (MJ)

Camel manure 100 0 4.576 1 �1.917 91.44

0 100 1.6 0.283 2.564 4.966

Date pits 100 0 4.67 0.941 �2.15 91.38

0 100 1.65 0.233 5.714 4.95

Sewage sludge 100 0 5.07 0.423 0.058 100.5

0 100 1.716 �0.33 6.571 4.65

Coffee waste 100 0 4.11 1.03 �0.078 89.97

0 100 1.73 0.33 6.0 5.05

TABLE 7 GWP, cost, water footprint, and energy footprint for different biomass feedstocks, where the functional unit is per 1 kg of biochar.

Biomass GWP (kg CO2-eq) Cost ($) Water footprint (L) Energy footprint (MJ)

Camel manure 0.178 0.116 0.250 1.009

Date pits 0.168 0.201 0.300 1.033

Sewage sludge 0.277 1.353 0.063 1.714

Coffee waste 0.134 0.016 0.368 0.829
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biochar of approximately 0.545 m3/m2 and 0.434 MJ/m2 than when
using NPK of values equal to 0.771 m3/m2 and 0.615 MJ/m2 (Gellings
and Parmenter, 2004; Ji et al., 2020; Jiang et al., 2021). The data are
then inserted into the equations presented in Table 4, where a
reduction in fertilizer usage is considered. C1, E1, W1, and GWP1

are calculated when considering the 100% application of NPK
fertilizer only. Subsequently, C2, E2, W2, and GWP2 represent the
utilization of BC combined with a reduction in the utilization of the
fertilizer. Finally, the savings are calculated and used for the
optimization component.

3.3 Optimization

Based on the analysis conducted in the previous sections, a multi-
objective mathematical optimization is performed using the genetic
algorithm tool within MATLAB. This optimization considers the
following objectives: a) maximum GWP reduction, b) maximum cost
saving, c) maximum water saving, and d) maximum energy saving.
The equations used to achieve these objectives are presented in
Table 5, in addition to the constraints that are adopted to provide
equal relative weights to the four objectives.

Genetic algorithms are heuristic adaptive search techniques based on
the mechanisms of natural selection and natural genetics (Kanyilmaz
et al., 2022). These algorithms aim to explore part of the set of possible
solutions to determine the most optimal solution by selecting a narrower
set of solutions at each step and using them as parents to produce the
following solutions (Alherbawi et al., 2021; Estran et al., 2022). First,
thousands of solutions are initially generated randomly as individuals,

and the �tness level of each solution is calculated. Then, a second
generation is obtained using two operators for generating the
offspring population: crossover and mutation. The crossover operator
combines two selected solutions to derive a new solution that is close to
both parent solutions, while the mutation operator alters the existing
solutions to create new solutions. This process is repeated until the
optimal solutions meet the acquired objectives. This multi-objective
optimization was conducted in two stages. The �rst relates to the
biomass mix when treating each pathway individually ful�lling the
four objectives at once. On the other hand, the other stage is more
broadly focused on the most optimal mix of biomass for multi-end use,
providing a broader insight to decision makers. The second stage is
conducted based on seven scenarios, where each stage is concerned with
two or more objectives, as detailed in Table 6.

4 Results and discussion

For each step followed in the methodology, the results are
collected and discussed in the following subsections.

4.1 Biochar production

The biochar yield, as shown in Figure 4, is the highest for
date pits and the lowest for sewage sludge with values equal to
43% and 6%, respectively. BC produced, composed of 67.9%
carbon, 4.5% hydrogen, and 27.6% oxygen, has a heating value
equal to 24.54 MJ/kg and the empirical formula C H0.79 O0.30 for

FIGURE 6
Biochar utilization analysis for the soil amendment pathway: (A) cost, (B) energy, (C) water, and (D) GWP.
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all biomasses. The total electricity required to produce biochar is
1.824, 1.731, 3.614, and 1.820 MJ/kg when using camel manure,
date pits, sewage sludge, and coffee waste, respectively. GWP,
cost, water footprint, and energy footprint are quanti�ed for
each type of biomass, as detailed in Table 7. The resulting data
illustrate that despite the fact that sewage sludge has the lowest
water footprint of 0.063 L/kg biochar, it is highest in terms of
highest carbon emissions, cost, and energy footprint, whilst
coffee waste has the lowest values and is the most sustainable
biomass to be used for BC production.

4.2 Pathway utilization analysis

When evaluating the changes to energy and GWP with the
increased reduction in AC adsorbent requirements, it is found to
be inversely proportional equivalent for all types of biomass. As the

amount of AC reduced and the amount of BC increased, the energy
required and carbon emissions released associated with the WWT
pathway decreased, as shown in Figure 5 and detailed in Table 8.
Despite the fact that utilizing biochar from camel manure, date pits,
and coffee waste for WWT is more cost effective, sewage sludge-based
biochar adsorbents are found to be more expensive relative to AC
adsorbents. Notably, the utilization of biochar adsorbent obtained
from sewage sludge is a more sustainable option to treat wastewater
than AC adsorbent from a water-saving perspective.

The results, as shown in Figure 6 and detailed in Table 8, for
the soil amendment pathway conclude that substituting NPK
fertilizer with biochar-based fertilizer is a more sustainable
option for the four different types of biomass. This comes as
a result of reducing energy and water consumption, carbon
emissions, and costs. Utilizing NPK fertilizer can only be
considered a sustainable choice when comparing it to using
sewage sludge-based biochar for soil from a cost perspective.

FIGURE 7
Optimal solutions for the WWT pathway.
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4.3 Optimization

As it is a multi-objective optimization, it was impossible to
compute a single solution as there are contradicting objectives that
cannot be ideally and collectively ful�lled in a single solution. Thus,
the genetic algorithm tool performs a trade-off between the four
different objectives, and therefore, 18 and 70 solutions are obtained
in single- and multi-end use stages, respectively.

4.3.1 Single-end use
For the WWT pathway, optimal solutions are mainly considered

due to the high energy savings achieved by utilizing BC adsorbents and
the increased reduction in GHG emissions, as shown in Figure 7.

The use of a BC adsorbent was not a good option from a water-
saving point of view. The biomass mix varied for each solution, favoring
the sewage sludge-based BC adsorbents and a lower composition of
other biomass. One of the solutions was considered an optimal mix of

3% camel manure, 8% date pits, 77% sewage sludge, and 12% coffee
waste. On the other hand, another solution considered 7% camel
manure, 0% date pits, 39% sewage sludge, and 54% coffee waste as
an optimal alternative mix.

For the SA pathway, the results, as displayed in Figure 8,
illustrate that all 18 solutions agreed on an optimal mix of
biomass, where mostly coffee waste is utilized and no sewage
sludge is to be used. This mix consists of approximately 95%
coffee waste, 4% date pits, 1% camel manure, and 0% sewage
sludge. When the model selects optimal solutions based on
multiple objectives, it initially investigates the inputs that satisfy
each objective separately and tries to perform a trade-off between the
different objectives. For the WWT pathway, most of the solutions
are leaned toward sewage sludge-based adsorbent, as it contributes
to the lowest water footprint due to its high moisture content. This is
why it has been suggested to be part of the blend to satisfy the
objective of minimizing the water footprint. On the other hand, the

FIGURE 8
Optimal solutions for the SA pathway.
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FIGURE 9
Scenario 1—maximum energy, water, emission, and cost savings for (A) optimal biomass blend, (B) optimal biochar end-use mix, and (C) optimal
solutions of the scenario. (C) Scenario 2 (two objectives: maximize energy and cost savings).

FIGURE 10
Scenario 2—maximum energy and cost savings for (A) optimal biomass blend, (B) optimal biochar end-use mix, and (C) optimal solutions of the
scenario.
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FIGURE 11
Scenario 4—maximum energy and water savings for (A) optimal biomass blend, (B) optimal biochar end-use mix, and (C) optimal solutions of the
scenario.

FIGURE 12
Scenario 5—maximum emission and cost savings for (A) optimal biomass blend, (B) optimal biochar end-use mix, and (C) optimal solutions of the
scenario.
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FIGURE 13
Scenario 6—maximum emission and water saving for (A) optimal biomass blend, (B) optimal biochar end-use mix, and (C) optimal solutions of the
scenario.

FIGURE 14
Scenario 7—maximum cost and water savings for (A) optimal biomass blend, (B) optimal biochar end-use mix, and (C) optimal solutions of the scenario.
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optimal biomass blend suggested for the SA pathway consisted of
high proportions of coffee waste as it contributes to the lowest cost,
energy, and carbon footprint. Another reason could be its high
carbon content, which accounts for 79.3% of its content when being
compared to other biomass.

4.3.2 Multi-end use
When considering the two different end-uses of BC, more

optimal solutions are collectively obtained. Approximately
70 solutions are collected for each scenario, as illustrated in
Figure 9, Figure 10, Figure 11, Figure 12, Figure 13, Figure 14,
excluding scenario 3, which was concerned with achieving the
maximum energy and emission savings resulted in one single
optimal solution. Some of the solutions obtained were as follows:

(a) Scenario 1 (four objectives: maximize water, energy, cost, and
emission savings)

The end-use share varied randomly; however, with this variation,
there are speci�c ratios for each biomass required in the blend. Most of
the solutions, as shown in Figure 9, that lean toward the soil application
pathway have very high proportions of date pits in the mix within the
range 97%–99% with relatively smaller proportions of the other
biomass of approximately 0.1%–1%. On the other hand, the other
solutions that lean toward the WWT pathway suggested that the
optimum biomass mix should consist of relatively equal proportions
of camel manure, sewage sludge, and coffee waste of approximately
29%–33% and smaller amounts of date pits of approximately 2%–5%.
One of the proposed solution involved using a biomass blend consisting
of 0.1% camel manure, 99.5% date pits, 0.1% sewage sludge, and 0.3%
coffee waste to produce biochar that will be utilized with 19% serving as
an adsorbent for WWT and the remaining 81% as a fertilizer for soil.
Another optimal solution suggested using a biomass blend composed of
31.7% camel manure, 4.9% date pits, 31.6% sewage sludge, and 31.9%
coffee waste to prepare biochar that will be used, with 97.5% serving for
WWT application and 2.6% for soil application.

(b) Scenario 2 (two objectives: maximize energy and cost savings)

When only considering maximum energy and cost savings, biochar
should be exclusively used as an adsorbent for wastewater treatment
applications, as shown in Figure 10. Most of the optimal solutions
agreed on utilizing sewage sludge in the highest ratio, approximately
45%, followed by coffee waste, camel manure, and date pits, respectively.
One of the solutions that proposed 100% utilization toward WWT
suggested the proportions as follows: 19.6% camel manure, 2.2% date
pits, 43.4% sewage sludge, and 34.9% coffee waste.

(c) Scenario 3 (two objectives: maximize energy and emission
savings)

To obtain the highest energy and emission savings, the most
optimal biomass blend consists of 6.1% camel manure, 13.8% date
pits, 66% sewage sludge, and 14.2% coffee waste. This blend should
be utilized as approximately 100% for WWT application and only
0.1% as a fertilizer for soil.

(d) Scenario 4 (two objectives: maximize energy and water savings)

No speci�ed end-use is favored in this scenario. However, when
considering 50% utilization of biochar in each pathway, the highest
proportion to be utilized is 72.5% of date pits, followed by 23.7% of
coffee waste, 3.15% of camel manure, and the least, which is 0.7% of
sewage sludge, as shown in Figure 11.

(e) Scenario 5 (two objectives: maximize emissions and cost
savings)

Achieving the highest emission and cost savings requires the
utilization of 100% biochar in WWT applications, as shown in
Figure 12, where the biomass blend mix varies between camel
manure, sewage sludge, and coffee waste as the constituents of
the highest proportion, although it was agreed that the least amount
to be used is of date pits. One of the solutions suggested the
utilization of approximately 29.5% each of camel manure and
sewage sludge, 41% of coffee waste, and 0.5% date pits.

(f) Scenario 6 (two objectives: maximize emission and water
savings)

For the different proportions of the end-use mix, the changes
in the proportion of biomass varied continuously and randomly, as
shown in Figure 13. One of the solutions proposed utilizing 0.9%
camel manure, 54.2% date pits, 0.2% sewage sludge, and 44.8%
coffee waste when applying biochar, with 43.15% for WWT and
57% for SA.

(g) Scenario 7 (two objectives: maximize cost and water savings)

Considering the highest cost and water savings, the highest
proportion of biomass mix is suggested to be coffee waste as it
guarantees achieving the objectives. As Figure 14 illustrates, one of
the optimal solutions proposed using a biomass blend of 13.2%
camel manure, 4.3% date pits, 5.9% sewage sludge, and 76.7% coffee
waste to produce biochar that will be utilized, with 62.3% serving as
an adsorbent for WWT and 37.8% as a fertilizer for soil.

5 Conclusion

The deployment of biomass as an alternative energy
resource has been widely used as a modern solution for
providing green energy and reducing dependence on non-
renewable resources. Pyrolysis is one of the processes
concerned with the conversion of biomass into energy
value-added products, including biochar. BC has been
utilized in many applications within the context of the EWF
nexus; it can provide a source of energy replacing fossil fuels,
can be used as fertilizer for soil applications, and can also be
used to treat wastewater and enhance water retention.

This study has provided insights into the end-use sustainable
solutions in the use of biochar from an energy, water, and food
perspective. It also investigated optimized methods for end-use
utilization options, considering the most optimum biomass mix
for wastewater treatment and soil amendment applications, using a
structured approach consisting of a literature review, model
simulation, and multi-objective optimization using the genetic
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algorithm tool in MATLAB. The results of this study are acquired
in two different stages, where 18 solutions are collected for the
single-end use stage, considering the four objectives: maximum
emission reduction and maximum energy, water, and cost savings.
When considering the WWT pathway alone, the biomass mix
leaned toward favoring the sewage sludge-based biochar
adsorbents, with a lower composition of other biomass.
However, if 100% of biochar was planned to be used as
fertilizer for soil, the optimal mix proposed should consist of
approximately 95% coffee waste, 4% date pits, 1% camel
manure, and 0% sewage sludge. For the second stage for multi-
end use, around 70 optimal solutions are obtained for each
scenario except for scenario three, which resulted in only one
solution. In the �rst scenario, the four objectives were achieved:
maximum emission reduction and maximum energy, water, and
cost savings. The optimal solutions that favored utilizing BC for
soil application require a higher ratio of date pits to the other
biomass of an approximate proportion of 98%, while the solutions
that leaned toward wastewater treatment application favor a
relatively equal amount of camel manure, sewage sludge, and
coffee waste (29%–33%) but a smaller amount of date pits of
approximately 2%–5%.

This study is novel as it provides sustainable solutions
(environment and economic perspectives) for decision makers and
researchers to utilize biochar depending on the objectives they desire
to achieve as a function of the type of biomass. Furthermore, there are
few limitations to the study to be considered for future work.

i. This model is biomass speci�c, so for new biomass, resource-
intensive analysis and optimization have to be conducted again.
Therefore, a machine learning approach may be employed in
future studies to be able to predict the model response whenever a
new biomass is introduced without the need for intensive analysis.

ii. The process is studied under �xed operating conditions for all
biomass blends, which may not correspond to the optimal
conditions in each scenario. Therefore, it is crucial to
understand the correlation between biomass composition,
blending ratios, and the optimal operating conditions to
maximize biochar production.

iii. This model is only concerned with the utilization of biochar
produced from the pyrolysis process; future studies can use this
model to investigate the sustainable utilization options of the
other pyrolysis products, including bio-oil and biogas.
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