& frontiers | Frontiers in Sustainability

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Oludunsin Arodudu,
Irish Manufacturing Research, Ireland

REVIEWED BY

Anna Liza Bais-Moleman,

Leiden University College the Hague

(LUC), Netherlands

Bing Shen How,

Swinburne University of Technology Sarawak
Campus, Malaysia

*CORRESPONDENCE
Tareq Al-Ansari
talansari@hbku.edu.qa

RECEIVED 04 April 2023
ACCEPTED 15 June 2023
PUBLISHED 05 July 2023

CITATION
Al-Rumaihi A, Alherbawi M, Mckay G, Mackey H,
Parthasarathy P and Al-Ansari T (2023)
Assessing plastic and biomass-based biochar’s
potential for carbon sequestration: an
energy-water-environment approach.

Front. Sustain. 4:1200094.

doi: 10.3389/frsus.2023.1200094

COPYRIGHT
© 2023 Al-Rumaihi, Alherbawi, Mckay, Mackey,
Parthasarathy and Al-Ansari. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Sustainability

Tvpe Original Research
PUBLISHED 05 July 2023
Dol 10.3389/frsus.2023.1200094

Assessing plastic and
biomass-based biochar’s
potential for carbon
sequestration: an
energy-water-environment
approach

Aisha Al-Rumaihi', Mohammad Alherbawi', Gordon Mckay?,
Hamish Mackey?, Prakash Parthasarathy® and Tareq Al-Ansari'*

*College of Science and Engineering, Hamad Bin Khalifa University, Qatar Foundation, Doha, Qatar,
2Department of Civil and Natural Resources Engineering, University of Canterbury, Christchurch, New
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Biochar from waste has emerged as a vital solution for multiple contemporary
issues. While the organic content and porous structure of biochar have granted
it multiple benefits. Where the use of biochar is proven to be beneficial for
enhancing the soil structure and water and nutrients retention ability, therefore,
saving water and boosting yields in arid regions. Moreover, biochar is capable to
sequester carbon from the atmosphere and permanently store it within the soil. As
such, this study evaluates the potential for carbon sequestration through biochar
obtained from the pyrolysis of feedstock mixtures including camel manure, date
pits, high-density polyethylene (HDPE) and low-density polyethylene (LDPE),
and how it can enhance water and food security. Multiple energy and water
supplying sources have been considered for different project scenarios to provide
a broader understanding of biochar potentials. The lifecycle analysis (LCA)
approach is utilized for the assessment of net emissions, while an economic
study is conducted in Aspen Process Economic Analyser (APEA) to evaluate the
feasibility of the different scenarios. Finally, single-objective optimization and
multi-objective optimizations were carried out using excel and MATLAB genetic
algorithm respectively to select optimal biomass blending and utilities options to
fulfill the low cost and negative emissions targets. The assessment conducted for
a Qatar case study indicates that the best waste blending scenario for maximum
carbon sequestration potential was obtained at a mixing ratio of 20.4% Camel
manure: 27% date pits: 26.3% LDPE: 26.4% HDPE. Furthermore, the optimum char
blend for maximum carbon sequestration corresponding to the minimum cost
of char mix was computed. The optimal biochar mixing percentage for highest
net emission was obtained at a feedstock mixing ratio of 96.8% of date pits,
1.5% of LDPE, and 1.7% of HDPE with 0% of camel manure with an optimal
cost of 313.55 $/kg biochar. Solar PV was selected as the best energy source
in this pyrolysis study due to its reduced carbon emissions in comparison to
other sources studied such as natural gas, coal and diesel. However, natural gas
is selected to fulfill the economic objective. Moreover, the optimal water source
was investigated including wastewater treatment, multi-stage flash and reverse
osmosis desalination, where treated wastewater is selected as the optimal supply
to fulfill both, economic and environmental objectives.
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1. Introduction

The global average temperature is expected to increase by
the end of the twenty-first century by 1.3-5.8°C. Moreover, the
availability of freshwater resources is also expected to decrease,
which will impact agriculture yields (Misra, 2014). As a result, food
and water security are expected to be impacted due to climate
change. The removal of CO; from the atmosphere is necessary,
which is a phenomenon known as negative emissions. Hence,
the production of bioenergy from renewable resources integrated
models are favorable to contribute toward reducing the global
temperature rise (Fuss et al., 2014). Additionally, the environmental
issues related to wastes, especially plastic waste, are a serious
global concern. The quantities of plastic waste around the globe
have been increasing, especially those derived from polystyrene
(PS) and high- and low-density polyethylene (HDPE and LDPE,
respectively). In Qatar, the usage of plastics has been increasing
for several reasons, including population and economy growth,
which has led to an increase in the demand for the packaging of
goods. While there are some alternatives for the use of plastics such
as papers and other biodegradable materials, but those materials
are relatively new and not yet available in the market. Moreover,
plastics are considered as a symbol of modernity and progress
which is associated with the convenience and efficiency of modern
life. As a result, there may be a reluctance to abandon the use
of plastics and use other sustainable alternatives (Ayeleru et al,
2020). Some of the aforementioned characteristics are the reason
for the difficulty in the disposal of plastic waste. Plastic’s resistant
nature results in an extraordinarily long decomposition time when
compared to its actual use time. Additionally, about 8.3 billion tons
of plastics have been produced since 1950, of which 6.3 billion tons
have ended in waste dumps (Impact Hub, 2019). With the current
annual global production exceeding 300 million tons, of which half
can be categorized as single use plastic, plastic waste is expected
to increase 400 times by 2050, because the current world recycling
capacity equals only a third of the total solid waste produced
(Impact Hub, 2019). This indicates a lack of infrastructure to ensure
adequate and appropriate disposal of plastic waste. Additionally,
Lopez-Aguilar et al. (2022) indicated the importance of increasing
plastic recycling by using material flow analysis (MFA), where
plastics wastes produced from packaging can be reused for other
purposes. It has been witnessed that the reduction of plastic use
is challenging, especially during the recent COVID-19 pandemic;
however, opportunities for single plastic use for food production
can be implemented (Molloy et al, 2022). Furthermore, new
plastic waste reuse policies have been developed, such as those
implemented in China, accelerating the reduction in plastic waste
(Shi et al., 2021).

The Planning and Statistics Authority of Qatar (PSA) estimates
that there are roughly 126,000 camels in Qatar (Economic Statistics,
2018). The majority of camels are found in the provinces of
Al-Rayyan and Al-Shahaniya in the country’s southwest (Barker
et al, 2002). Every year, these camels create around 120,000 tons
of manure which are responsible for nearly 5 kilotons of CO,
equivalent (Alherbawi et al, 2021a). Furthermore, Qatar is the
world’s sixteenth largest producer of dates. As of 2010, there were
581,336 date palm trees growing on an area of 2,469 ha, with a total
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date production of 21,491 mt. It is the most important fruit tree in
the country, accounting for 7.2% of total agricultural production
(Muhammed et al., 2015).

Considering the above, this study explores the potential of
biochar as a waste remediation strategy for both plastic and
biomass waste in combination and evaluates its potential within an
energy, water, and environment nexus methodology considering a
Qatar case study. The associated emissions of biochar production
from cradle to grave were evaluated using different local biomass
feedstocks such as date pits and manure mixed with plastic wastes
(LDPE and HDPE). In addition, the potential of biochar’s carbon
sequestration was evaluated, as well as its potential for water saving
when applied to soil. Two optimization models were developed
to select the optimal biomass blends that could lead to the lowest
biochar production cost and lowest emissions, as well as to identify
the optimal energy and water sources to run the process at lowest
cost and emissions. Economic analysis was conducted to identify
the maximum maximizing carbon sequestration in correspondence
to the lowest possible cost. The following section highlights the
background of the study and related literature prior to conducting
the necessary analysis to complete the objectives.

2. Co-pyrolysis of biomass and plastic

Global efforts to reduce carbon emissions have recently
shifted the focus on carbon sequestration via biochar as an
effective strategy that can be used to mitigate climate change.
Minx et al. conducted an extensive review of the literature
on negative emission technologies (NETs), analyzing a total of
2,900 publications. Of these, biochar was the most researched
topic (8.7%), while forest carbon sequestration (6.6%) and soil
enhancement (4.3%) were the other notable mentions in the top
19 keywords (Minx et al, 2017). Additionally, most of these
topics were interrelated. Understandably, biochar tops the list of
research when it comes to negative emission technologies (NETs)
as biochar-based carbon management networks (BCMNs) serve
the dual purpose of sequestering carbon in a stable biochar form
by transferring potential carbon emissions from the atmosphere
into the ground, while also providing additional benefits to the soil
through various complex interactions between the biochar and the
soil. Thus, BCMNss can achieve negative emissions through carbon
sequestration via biochar and reduce the usage of fuel sources
derived from fossil fuels (Belmonte et al., 2019). Furthermore, the
use of biomass in the production of bioenergy with CO; capture
and storage/utilization (BECCS/U) through its CO, negative
emission capacity is well thought-out as a principal component of
global mitigation strategies as per what was decided in the Paris
climate change agreement (Babel, 2018; Shahbaz et al., 2021).

Biomass gasification and pyrolysis are advanced and frequently
used methods for producing syngas, charcoal, and liquid fuels.
However, due to a lack of study on the optimal composition
of biochar material, industrial applications of biochar as a soil
amendment agent are limited (Ahmad et al., 2021). Recent research
has focused on blending biomass with plastic material to make
biochar that is effective for a variety of uses through the co-
pyrolysis process (Iftikhar et al., 2019). Co-pyrolysis of various
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types of plastic and biomass feedstocks reduces the economic cost
of production, enhances the process’s convenience, improves its
efficacy and efficiency in creating valuable products, and reduces
waste creation (Liew et al., 2021). Critically, co-pyrolysis may be
a viable means of waste management, resulting in overall waste
volume reductions, sparing land from being used as landfills,
lowering waste management and treatment costs, and thus solving
subsequent environmental problems caused by waste dumping in
landfills, all while providing an efficient and alternative source
of energy (Garforth et al, 2004; Abnisa et al., 2011). The co-
pyrolysis of biomass and plastics is extremely advantageous to the
environment since it does not only reduce the amount of plastic
waste while converting it into reusable energy, but it also allows
for the replenishment and replacement of chemicals and fossil
fuels (Aboulkas et al., 2008; Zanella et al., 2013). The major point
of the study is the synergistic effect of the interaction between
the interacting elements in the mixed feedstock. Co-pyrolysis is
a method of combining two processes. Many factors influence it,
including feedstock type, blend ratio, contact between the two
components, heating and temperature rates, the nature of the
catalyst, process duration, and the stabilization or removal of
volatile substances that form during the process (Johannes et al,
2013). As aresult of its efficient performance and cost-effectiveness,
co-pyrolysis of biomass and plastic feedstock is an important area
of research for the energy industry (Al-Rumaihi et al., 2022a).
Carbon sequestration using co-pyrolysis technology has been
studied for different biomasses and plastic types in different regions
depending on their availability. Dinesh et al. studied carbon
sequestration by pyrolyzing biomass waste including rice husk
and corn stover. When the biochar produced was applied to the
soil, it increased soil fertility while also increasing eggplant crop
growth. Furthermore, carbon mitigation was accomplished because
the biochar stayed stable in the soil, resulting in longer-term carbon
sequestration. Both chars can be utilized to sequester carbon and as
soil additives (Mohan et al., 2018). Qiushuang et al. conducted a life
cycle assessment study to investigate the carbon sequestered and
the environmental benefits of biochar. The results demonstrated
that converting 1t of crop residues into biochar could sequester
around 920 kg CO; equivalent (Yang et al., 2021). A meta-analysis
model was used to determine carbon reduction by increasing rice
product when applied to paddy soil (Bu et al., 2022). However,
the full reduction potential of biochar application is still not clear
as long-term field studies are required to validate the forecasts.
Although that there are several studies that has investigated carbon
sequestration potential for several feedstocks, none of them were as
accurate in terms of the results as there was always limitations and
uncertainties. Moreover, the unique blend of proposed feedstock
in this study was not considered which needs further investigation
considering waste availability in Qatar. However, it is considered as
one of the limitations due to the need of further lab testing to be
done to understand the synergies between the proposed mixture.

2.1. Energy-Water-Carbon-Waste nexus

The Energy-Water-Carbon-Waste (EWCW) nexus integrates
the representative subsystems to achieve productivity and the
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sustainability of resources. However, optimizing this nexus requires
the identification of the synergies and trade-offs within the system,
which can be achieved by research, decision-making tools, and
modeling to ensure the robust governance of systems, motivated
from the Energy-Water-Food (EWF) nexus that can support the
EWCW nexus (Mannan et al,, 2018; Govindan and Al-Ansari,
2019; Namany et al,, 2019). The EWF nexus is a decision-making
concept, mainly used to ensure effective management of the three
resources, while harnessing the intrinsic linkages between them
(Namany et al., 2021). Therefore, the current study suggests a novel
methodology that applies an EWCW nexus approach to influence
decision-making within the waste and energy sectors to ensure
sustainable resource use.

A study conducted by Feng et al. (2020) the issues raised
when modeling EWEN systems via different platforms and refers
to different case studies conducted across countries or regions
(Feng et al, 2020). Wang et al. (2018) performed a study to
identify the potential of Energy-Water-Food (EWF) nexus through
the pyrolysis, incineration, and gasification of different categories
of wastes including agricultural waste, wastewater, and municipal
solid waste (Stoyle, 2011). The study concluded that co-pyrolysis
is efficient for the generation of sustainable energy from waste.
AlNouss et al. (2021) presented a framework that maximized
the generation of biochar from the co-pyrolysis of biomass
in an EWF resource system (AlNouss et al., 2021). Similarly,
Belmonte et al. (2017) investigated biochar’s potential for carbon
sequestration when applied to the soil, linking it to an Energy-
Water-Agroecosystems nexus. Another study was carried out to
review and address the strategies to be implemented for carbon
management, while identifying the areas to implement a large-scale
biochar system (Belmonte et al., 2017). Nair et al. (2017) argued
that although there are benefits when applying biochar to the soil,
further research needs to investigate the large-scale application of
biochar considering that its composition can vary depending on the
type of feedstock used, parameters considered, and type of energy
used (Nair et al., 2017).

The gaps in the current research indicate a need to develop
a method to determine the carbon sequestration of biochar and
the potential for biochar generation from different feedstocks,
especially when the biochar is applied to arid regions such as Qatar,
considering its poor soil conditions. Hence, this study aims to
calculate the carbon sequestration and negative emissions when
pyrolyzing a mixture of plastic feedstock (LDPE and HDPE) and
a mixture of biomass (date pits and camel manure). Furthermore,
this study elaborates on the EWCW nexus, and does so for a case
study in the State of Qatar as described below.

2.2. Biochar and negative emissions

Many studies have evaluated the effectiveness of carbon
sequestration via biochar as a potential scalable method to achieve
negative emissions. Smith evaluated the effectiveness of multiple
NETs such as enhanced weathering, direct air capture, and
carbon capture and storage via afforestation. These NETs were
evaluated regarding the factors of cost, water requirements, land
requirements, and energy requirements. This study has proven
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that carbon sequestration through the addition of biochar to
soil can reduce carbon emissions equivalent to 0.7 Gigatons of
carbon equivalent per year. Additionally, BCMNs display more
advantages in terms of cost, water, land, and energy requirements
when combined with other methods of carbon capture and
storage, such as afforestation, with a few limitations including
reversibility and sink saturation (Smith, 2016). Abdelaal et al.
(2021) evaluated the carbon sequestration and soil amendment
potential of biochar produced from orange peels, concluding that
biochar could improve sustainable cultivation in areas with sandy
soils. Additionally, the study found that profitability increased with
an increase in plant size (Abdelaal et al., 2021). Agegnehu et al.
(2016) evaluated the effect of biochar on reducing carbon emissions
and improving soil fertility as well as the yield of maize crop.
The study revealed that the application of biochar enhanced the
content of C, N, and P in the soil, improved water retention, and
other indicators of crop health, such as leaf chlorophyll, which in
turn had a positive effect on the yield of maize crop. Also, while
biochar-amended soil displayed greater levels of CO, and N,O
emissions compared with soils treated with other amendments, the
overall levels of CO, and N,O emissions reduced with time, with
biochar-amended soil displaying the least number of emissions.
The study concluded that biochar had a positive impact on soil
fertility, soil nutrients, and crop yield, while also reducing overall
carbon emissions, as exhibited by other amendments (Agegnehu
etal., 2016).

Other studies have evaluated the scale of negative emissions
that can be achieved via BCMNSs. Stoyle evaluated the potential
of mitigating carbon emissions by converting 2,674 tons of
agricultural waste into biochar (Stoyle, 2011). The biomass
consisted of rice, cob, peanuts, manure, and husks. The study
revealed that carbon sequestration via biochar can reduce CO,
emissions by 1.2 billion tons, while the overall level of CO,
emissions in 2009 was 34.06 billion tons, thus indicating that
biochar sequestration can play a small but significant role in
reducing carbon emissions. Shahbaz et al. stated that pyrolysis is
a mature technology that could lead to carbon savings up to 2.2
Gt CO,/year by 2020-2050. Similarly, Timmons conducted a study
to evaluate the potential of carbon sequestration via biochar in
the state of Massachusetts, USA. Accordingly, an annual estimated
sustainable supply of 267,253 tons of biochar could mitigate 0.91%
of the total annual emissions of Massachusetts, while improving
the yield of crops and thus revenue for the farmers. Belmonte
et al. stated that to maximize the system-wide benefits of biochar
application, biochar must be customized to take advantage of the
differences in soil quality.

2.3. Energy-Water-Carbon-Waste nexus: a
Qatar case study

At a local level in Qatar, government reports have indicated
that about 7.6 million tons of municipal solid waste (MSW) was
produced in 2019 (Environmental Statistics, 2019). These insights
correspond to a daily generation of 2.5kg per capita per day or
almost 900 kg per capita per year. Around 60% of the total solid
waste generated, which is about 300 kg of MSW, is organic material.
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Some of this is composted in the Municipal Solid Waste Treatment
Center (MSWTC), however, above 80% is landfilled in the Um-
AlAfai landfill (Al-Maaded et al., 2012). Furthermore, it has been
estimated that approximately 140 Gt of biomass waste is produced
worldwide, which has the potential to produce 18,000 MWs of
energy (Liew et al, 2021). The State of Qatar, which produced
8 million tons of dates in 2019, produced 800,000 tons of waste
in the form of date pits (Al-Rumaihi et al., 2022b). Furthermore,
camels are also of a high importance to Qatar economically and
socially. In Qatar, there are 127,000 camels; a well-grown camel
excretes 0.95 tons of manure every year, resulting in 126,000 tons
of camel manure annually (Al-Rumaihi et al., 2021; Parthasarathy
etal., 2021).

The rapid increase in the volumes and varieties of MSW
produced in Qatar is due to factors such as the increasing migrant
population, improved public life quality, and ongoing construction
activities. Additionally, Qatar’s arid climate results in a greater
production of animal waste compared to plant residue (Al-Rumaihi
et al,, 2021). Currently, most solid waste, namely, HDPE and
LDPE plastics, date pits, and manure are dumped into landfills
(Al-Maaded et al., 2012). As such, this study is unique in terms
of its major goal, which is to improve water and food security
by utilizing the value-add obtained from recycled materials in the
form of biochar. The State of Qatar is also challenged by severe
water shortages due to its arid climate and infertile lands, with the
predominant soil types in Qatar being coarse sand, sandy loam,
and sandy clay loam, and most of the cultivation occurring on
clay loam soil. There are a multitude of problems associated with
this soil type as it relates to agriculture, including low levels of
nutrition, high levels of salinity, and a poor water infiltration rate
(Hassan, 1978). The application of biochar can improve soil quality,
reduce soil acidity and the emissions of greenhouse gases (GHG),
prevent nutrient leaching, improve soil fertility, and increase the
soil’s water retention capacity to reduce irrigation demand by 37%,
which is crucial for Qatar’s sandy loamy soil type. The capture and
utilization of carbon is an important strategy to mitigate carbon
emissions and promote carbon sequestrations. This can be achieved
in five ways: by converting carbon to useful by-products, oil
recovery, the direct utilization of carbon, biological conversion, and
mineral carbonization (Ghiat and Al-Ansari, 2021). The current
study suggests a novel optimization framework that adopts an
EWCW nexus approach to influence decision-making within the
food and energy sectors in Qatar to ensure sustainable resource use.
The data used in this study is drawn from several past pieces of
literature. The biochar will be produced from several types of solid
waste unique to Qatar and many countries in the middle eastern
region having similar climatic conditions, including date pits and
waste animal manure, in addition to HDPE and LDPE plastics.

3. Methodology

Figure 1 shows the system boundaries of the whole pyrolysis
process starting from the production or the collection of waste
including plastic (LDPE and HDPE) and biomass waste (date pits
and camel manure) to the use of biochar in the soil (cradle to grave).
After collection, the waste mixture is transported to the pyrolysis
plant where it is further treated. The distance from collection point
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to the plant is assumed to be 100 km. The feedstock undergoes
a pre-processing stage in which it is dried and shredded. The
pyrolysis of feedstock occurs in the next stage in the absence of
oxygen. The final products of the pyrolysis are bio-oil, syngas, and
biochar, as illustrated in Figure 1. Biochar can then be transported
to be sold or to the final user with an estimated 100 km distance.
Currently, most of these solid wastes are dumped into landfills,
which includes about 700,000 tons of plastic (Kabli et al., 2022),
3,000 tons of date pits (Johnson et al., 2015), and 126,000 tons
of camel manure per year (Al-Rumaihi et al., 2021; Parthasarathy
etal., 2021).

The scope of this study is to calculate the carbon and water
footprint to calculate carbon sequestration and net emissions. The
energy requirements considered are for the production of plastic
and the energy used to desalinate water used in the manufacturing
of plastic. For the biomass feedstock, the water requirements for
irrigation and camel consumption (drinking) were considered as
well as the energy used to desalinate the seawater using multi-stage
flash (MSF) technology. The energy used to transport feedstock and
for the pre-treatment and pyrolysis processes were also counted.
Carbon emissions for pyrolysis by-products were also allocated.
This research optimizes the biochar production based on different
feedstock, water, and energy sources, considering the minimal net
associated emissions and levelized costs. Economic analysis was
carried out as a last step in this study to determine the lowest cost
of energy and water sources used. The scope of emissions analysis
includes the process’ direct emissions and all emissions associated
with the energy and water provisions for the process from cradle
to grave, as well as the carbon sequestration and water-saving
potential of produced biochar. Data pertaining to waste generation
in Qatar were collected from statistics published by the government
of Qatar (Economic Statistics, 2018).

The ultimate and proximate analysis of the proposed feedstock
was collected from the literature as detailed in Table 1 below. The
models could accommodate different compositions. Average values
were used in this case study.

3.1. Carbon footprint estimation

3.1.1. Water-associated emissions

At the biomass processing level, the embodied water footprint
of the biomass was calculated using mass allocation for date pits and
camel manure and using economic allocation for LDPE and HDPE.

Both date pits and manure are types of waste generated within
the same process; therefore, a mass-allocation was considered as
the most representative allocation to distribute the environmental
burdens amongst the process products and wastes. However, for
waste plastics (LDPE/HDPE), economic allocation was considered,
where they are collected after the end-use of the product
and not during the manufacturing stage. The below equation
was used to determine the water-associated emissions using
economic allocation:

Mass allocation factor (Camel manure) (%) :

Manure produced per head(12L)

year

" Manure produced per head (%)erilk produced per head (J%)

x100% (1)
Mass allocation factor (Date pits) (%) :
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Date production (t
= Date production llon)year) 109 )
ate pits production (57%)

Economic allocation factor (Plastic) (%) :

_ Plastic waste price ($)

" Manufactured plastic price ($) x 100% ®3)

Data were collected from the literature. Table 2 shows the data
used and the allocation factor for each feedstock.

Subsequently, the energy required for the provision of water
for different water-supplying sources was calculated. For the
baseline scenario for the state of Qatar, the multi-stage flash (MSF)
desalination technique as the source of water and natural gas (NG)
as the source of energy were considered. To desalinate 1 m® of
water using a NG-based power plant, 11.4 M]J is required, which
emits around 1.81kg CO,-e/m? (Kamal et al, 2019). However,
when reverse osmosis (RO) and wastewater treatment (WWT)
are considered as the source of water for the other scenarios,
the associated energy footprint drops to 10.8 and 3.36 MJ/m?,
respectively (Alherbawi et al., 2021b).

3.1.2. Energy-associated emissions

The energy requirement for the production and application
of biochar covers the pre-processing stage (fuel for biomass
transportation to the biorefinery), processing stage (power and
heat supply for drying, grinding, and pyrolysis), and post-
processing stage (fuel for biochar transportation to the field).
At the pre-processing and post-processing stages, both the
raw biomass/plastics and produced biochar are assumed to be
transported over a distance of 100km using diesel lorries. The
fuel consumed over each trip was adapted from the literature
as a function of weight loaded and distance traveled, while
the transportation-associated emissions were calculated using the
emission factor for diesel and the amount consumed (Kristensson
et al, 2004). Transportation was assumed to be 100km from
the waste collection area to the pyrolysis plant. Additionally, the
transportation of the final biochar product from the plant to the
end user or agricultural farms was also assumed to be 100 km.

At the biomass processing stage, the carbon footprint was
determined based on the energy required to dry, grind, and
pyrolyze each feedstock, as well as the direct CO, emitted during
the process. Below, Equations 4 and 5 were used to determine the
total amount of energy (power and heat) required (Cheng et al.,
2020):

Required heat for drying:

H= [Masswater X AT X Cp—yater + Masspiomass X

AT x Cp—biomass + AHvap X Masswuter] /0.75 (4)

Cp—water: specific heat capacity of water = 4.2 kJ/kg°C.
Cp—biomass: specific heat capacity of biomass = 1.25 k]/kg”C.
AHy,p: specific heat of water evaporation = 2.26 M]/kg.
Required heat for pyrolysis:

H = AHygp X Massyater X Cp—biomass X Massfeedstock
x (T — 100) (5)

Whereas the average power requirement for a rotary dryer is
0.483 MJ/kg (Hong et al., 2009) and the average power requirement
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FIGURE 1
Co-pyrolysis process flow diagram.

TABLE 1 Elemental analysis of proposed feedstock.
Feedstock  Moisture (%) Ash (%) C (%) H (%) O (%) References
Camel manure 11 4+1.25 11.09 + 4.23 36.52 + 2.57 1.30 +2.31 62.16 + 3.37 Al-Rumaibhi et al., 2021
Date pits 0.33£0.13 1.39 £ 0.43 47.56 £ 0.79 6.69 £+ 0.26 45.73 £ 0.64 Al-Ansari et al., 2020
LDPE 0.05 1.04 76.4 12.07 11.43 Akgiin et al., 2021
HDPE 0.05 1.09945 76.6 11.37 11.98 Dubdub and Al-Yaari, 2020

to run grinding equipment is 0.256 MJ/kg (Onarheim et al., 2014). Char yield:

Different sources of energy were tested in this study including

. _ —2
natural gas (NG), coal, diesel-based power plants, and solar energy Yo p = 0.106 + 2.43 x exp(—0.66 x T x 10~ ) (6)

photovoltaic plants (PV). The emission factors for these energy
sources were 0.159 (Gurriaran et al., 2023), 0.285 (Karmaker et al.,
2020),0.260 (Al-Thani et al., 2020), and 0.011 kgCO,-e/M]J (Nawaz
and Tiwari, 2006), respectively.

3.1.3. Process direct emissions

The direct emissions released through the pyrolysis process
as part of the pyrogas was calculated based on existing product
distribution prediction model (Neves et al., 2011; Pachauri et al.,
2014). Carbon dioxide and methane are the key greenhouse gases
released in the process. The global warming potential of methane is
considered to be 25 times that of CO, for a time scale of 100 years
(Pachauri et al., 2014). Equations 6-9 were used to determine the
pyrolysis products distribution and pyrogas composition (Neves
etal., 2011).
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where: “Y”, i is char yield with respect to biomass and “T” is
the operating temperature (°C).
Pyrogas composition:

Yiy, b= 1145 x (1 —exp (—0.11 x T x 1072))”** (7)

0.0429
(8)

—7.23
T
1+ (@)

Yeu,, = 0.146 x Yco, p — (2.18 x 107%) (9)

Hco) F = YHz, F/(3 X 1074 +

Whereas the CO, composition in pyrogas was calculated
through the following mass balance Equations 10-12:
Carbon balance:

YC,biomuss = YC,chur* Ychar+ YC,bio—oil* Ybio—oil
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TABLE 2 Mass and economic allocation for proposed feedstock.

10.3389/frsus.2023.1200094

Biomass ltem Value Unit References

Camel manure | Water consumed per camel 65.7 Ton/year Abdel-Rahman et al., 2020
Number of camels 127,000 head Al-Rumaihi et al., 2021; Parthasarathy et al., 2021
Manure produced per camel 0.9448 Ton/year Alherbawi et al., 2021a
Milk generated per head 1.825 Ton/year Sharma and Singh, 2014
Total product mass 2.769 Ton/year Calculated
Allocation factor (for manure) 34.11 % Calculated

Date pits Quantity of dates (seedless) 25,385.5 Ton/year Calculated
Date pits 3,626.5 Ton/year Johnson et al., 2015
Total amount of dates produced 29,012 Ton/year Economic Statistics, 2018
Water consumed 66.,060,324 m?/year Mekonnen, 2011
Allocation factor (for date pits) 12.50 % Calculated

LDPE Amount of water used 47 kg/kg LDPE Boustead, 2005
Price of LDPE 1.24 $/kg Ldpe-Ldpe Manufacturers, 2022
Price of disposed LDPE 0.24 $/kg Plastic Scrap Buy Sell, 2022
Allocation factor (for LDPE) 19.35 % Calculated

HDPE Amount of water used 32 kg/kg HDPE Boustead, 2005
Price of HDPE 1.45 $/kg Hdpe-Hdpe Manufacturers, 2022
Price of disposed HDPE 0.68 $/kg Scrap HDPE, 2022
Allocation factor (for HDPE) 46.62 % Calculated

+Yc,cHaxYcHs + Ye,co*Yco + Ye,cox* Yoz (10)

Hydrogen balance:

YH,hiomass = YH,char* Ychur+ YH,bio—oil* Ybio—ail

(11

+YncraxYena + Y m* Y + Yumo*Ymo

Oxygen balance :

YO,biomass = YO,char>k Ychur+ YO,bia—oil* Ybia—oil

+Yo,co*Yco + Yo,co2xYcoz2 + Yo,H20%YH20 (12)

Finally, the total carbon footprint was calculated using
Equation 13:

Total carbon footprint = CO, emission due to water use
+CO; emission due to energy use + direct CO,

—e emissions from pyrogas production  (13)

3.2. Carbon sequestration and saving

The carbon content of camel manure (CM) and date pits
(DP) is 49%, and 51.6% respectively, while the carbon content
of both, HDPE and LDPE are 60%. The higher the carbon
content, the greater the carbon sequestration capacity (Al-Wabel
et al.,, 2019; de la Cruz-Lovera et al., 2019; Erdogdu et al., 2019;
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Atienza-Martinez et al., 2020); this is because carbon can enhance
the soil by increasing its water retention due to the nature
of carbon being porous which will reduce water consumed for
irrigation by increasing the soil service area, hence improving
its carbon sequestration capacity. According to Timmons, the
carbon sequestration capacity is 77% of the carbon content in
the biochar yield, while according to Stoyle, carbon sequestration
capacity is 100% of the carbon content in the biochar yield. The
second method was used to take the best possible results for
carbon sequestration (Timmons et al, 2017). Thus, the carbon
sequestration rate was estimated as shown in Equation 14:

COssequestered = Carboncontentinfeedstock(%)

x Biocharyield(ton/year) (14)

By multiplying the amount of CO; sequestered by the biomass
feed, the carbon sequestration (ton CO;/ ton biomass) can
be obtained.

Furthermore, water is saved because of biochar application to
soil due to the high water retention capability of char. Considering
the water-associated emissions estimated in Section 3.1, saving
water leads to the mitigation of associated emissions. Table 3
summarizes the calculations made to estimate the amount of water
saved per ton of biochar used during the cultivation of date pits
(Youssef et al., 2014). Biochar was assumed to be applied to soil
covering a field of 2 x 2 meters for each individual tree. While
the saved emissions are calculated using the same approach used
in Sections 3.1 and 3.2.

Net CO, emissions were calculated using Equation 15:
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TABLE 3 Water savings per biochar mass.

ltem Amount  Unit

Average yield of date palm 26.5 kg/m?

Biochar application field 2x2 m/tree

Water requirements 60.3405 m®/tree

Biochar application rate 0.12 ton/tree

Water saving via biochar 37%

Water saving per biochar mass 22.33 m?/ton of biochar

TABLE 4 Economic parameters.

Parameter Values Units
Location of the proposed plant Qatar

Analysis year 2019

Plant lifespan 25 years
Discount rate 20 %
Plant capacity 20 ton/h
Annual operating hours 8,000 hly

NetCO, = TotalCO,mission — CO,sequestered

—COsemissionssavings (15)

3.3. Economic analysis

The economic analysis was conducted using Aspen Process
(APEA).
parameters assumptions inputs in APEA for the pyrolysis plant in

Economic Analyser Furthermore, the economic
Qatar are summarized in Table 4,

For the capital expenses (CAPEX) presented in Equation 16,
the key equipment cost was adapted from Humbird et al. (2011),
scaled and inflated to the base year of analysis using the Chemical
Engineering Plants Cost Index (CEPCI) through Equations 17 and
18, respectively (Alherbawi et al., 2021¢). The remaining CAPEX
components were expressed as percentages of the purchased
equipment according to the guide of plant design and economics
for chemical engineering. As for the operating expenses (OPEX)
presented in Equation 19, the plant’s labor requirements and costs
were adapted from Wright etal. (2010). Nevertheless, the minimum
selling price (MSP) of biochar was calculated using the standard
levelized cost formula shown in Equation 20, which considers the
yield of biochar, plant lifespan, operational cost, other by-products
sales, and discount rate. The annual sales of by-products were
subtracted from annual operational expenses within the equation
of the levelized cost. A discount rate on 20% was considered in
this study, which is considered high; however, this is necessary
to manage all the uncertainties related to biofuels and petroleum
industries (Alherbawi et al., 2021¢).

Capital Expenses (CAPEX) ($) = _ Scaled
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TABLE 5 Utilities prices for different energy and water sources.

Utility type  Source  Price ($/unit)  References
Energy (kWh) Natural gas 0.035 Singh and Singh,
2010
Coal 0.1 Darwish et al., 2015
Solar PV 0.15 Feretic and Tomsic,
2005
Diesel 0.24 Adaramola et al.,
2014
Water (m?) MSF 1.479 Marcovecchio, 2005
WWT 0.068 Alherbawi et al.,
2021a
RO 1.479 Qatar General
Electricity and Water
Corporation, 2023

—inflated purchased equipment + Equipment setting + Piping
+Civil + Steel + Instrumentation + Electrical + Insulation
+Paint + Contract fees + General and administrative overheads

+Contingencies (16)
Scaled purchased equipment costesign($)

Capacity jesign ) scaling factor (17)

= Costpase - ( Capacitypase
Inflated purchased equipment costgesign, $,1

= COStdesign, $;i -

(18)

(Chemical Enginering Plants Cost Index)CEPCIAmlysisYW
CEPCI;

Operating expenses (OPEX) ($/year)
= Feedstock + Raw materials 4 Utilities + Labor
+Operating charges + Maintenance + Overhead
+Waste disposal charges + TaxInsurance (19)
Levelized cost of biochar (%)

CAPEX+Y" " (Opex (1+Discount Rate) spen)

_ : (20)
lelfeswn (biochar yield(1+Discount Rate)~/éPam)

As for the different energy and water supply scenarios, the
utilities prices used for the economic evaluation are listed in
Table 5.

It is important to note that solar PV was considered as a
renewable source of energy because Qatar has a dessert and arid
climate with a sunny whether most time of the week. It is the only
source of renewable energy available in Qatar at the moment.

3.4. Optimization of biochar production

The optimization models were aimed at minimizing the net
emissions associated with biochar production and minimizing
its levelized production cost. The data obtained throughout
Sections 3.1-3.3 were inserted into the optimization models. Two
optimization scenarios were developed; the first was a multi-
objective optimization, in which the two objective functions were
solved simultaneously to select optimal biomass blend, considering
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single water and energy sources. The second optimization scenario
solved each objective function independently; however, multi-
biomass, water, and energy sources were considered. The following
sub-sections further elaborate on the two models.

3.4.1. Multi-objective optimization model

In this model, multiple biomass sources were considered to
produce biochar, including date pits, camel manure, HDPE, and
LDPE. Natural gas was considered the source of energy supply,
while MSF desalinated water was the water supply source. The
model aimed to solve the following two objective functions shown
in Equations 21 and 22:

(1) Minimizing net emissions:

4
Min Zizlxisi (21)
(2) Minimizing biochar cost:
Mi ‘ X;C 22
n Zi: LAk (22)

Constraints:
Z?:l X; = 1 (Sum of blending ratios must be equal to 100%)
Xi>0

Decision variable:

Xi: blending ratio of biochar (i) (%).

Parameters:

Si: net carbon footprint of biochar (i) (t coa/t biochar)-

Ci: cost of biochar (i) ($/t biochar)-

MATLAB software version R2018A was used to solve the
model and define the optimal blending ratios that achieved
the two objectives together, in which a multi-objective genetic
algorithm tool (GA) was utilized to obtain an optimal solution. The
methodology in which MATLAB tools work is based on selection
operations that mimic genetic evolution. The system has a built-in
algorithm that adjusts a set of solutions repetitively to identify the
optimal solution. In every repeated stage, the GA selects randomly
a narrow set of answer to be used as parents to produce set of
solutions. After several sequential repetitions, the solutions are
evolved to an optimal solution to meet the minimum requirements
of all the objectives selected (Alherbawi et al., 2021b).

3.4.2. Single-objective optimization model

Considering the use of multiple feedstocks in this study,
different sources of water were selected including wastewater
treatment (WWT), the multi-stage flash (MSF) desalination
technique, and reverse osmosis (RO). In addition, the usage of
different energy sources was also considered in this optimization
model including natural gas, coal, diesel, and solar PV.

Different energy and water supplies are associated with
different associated emissions and costs; therefore, it is important
to explore the different existing utility options to balance the
environmental impact with the economic benefit. As such, the non-
linear integer programming approach was used to determine the
optimal biomass, energy, and water resources for the production of
biochar, so that the environmental impact and costs are minimized,
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as presented in the following mathematical model. The two
objective functions were solved independently using Excel:

(1) Minimizing net emissions:

Min

4 3 4
Zk:l ijl Zf:l By [(PE; + TE; — SC;) + EWjcx
(ER; + (WR=ERy))*Ef;] (23)
(2) Minimizing biochar cost-:
Min
4 3 4
DD DD DN

#[LCi + (EWjic((ER<EC)) + (WR*WC;y)) ] (24)

Notations:

i”, 47, and “k” represent the types of biomasses, energy, and
water sources, respectively, as follows:

Biomasssources(i) EnergySources(j) WaterSources(k)

il : Camelmanure jl: NG k1: MSF

i2 : Datepits j2: Coal k2: WWT (25)
i3: LDPE 73 : Solar k3:RO

i4: HDPE j4 : Diesel

Decision variables:

Bi: Selection of biomass type “”.

EW;x: Selection of energy (j) and water (k) supply combination.

Parameters:

PE;: Processing emissions released into atmosphere for biomass
“1” (t CO,-¢e/t biochar).

TE;: Transportation emissions for biomass “i” delivery (t CO,-
e/t biochar).

SC;: Sequestered carbon by biochar produced from biomass “i”
(t CO;,-¢/t biochar).

s

ER;: Energy requirement for biomass “i” processing
(GJ/t biochar).

WR;: Water requirement for biomass “i” processing
(m3/t biochar).

ERy.: Energy requirement for provisioning of water “k” (GJ/m?).

Ef;: Emission factor for energy source “” (t CO,-¢/GJ).

LC;: Levelized cost of biochar produced from biomass “i”,
excluding utilities cost ($/t biochar).

EC;j: Cost of energy “f” ($/GJ).

WC;: Cost of water “k”, provisioned using energy “j” ($/ m?).

4. Results and discussion

4.1. Carbon footprint

At the pre-processing stage, water-associated emissions and
transportation emissions were the two key emissions sources
considered. Water footprint was highest for date pits feedstocks due
to irrigation requirements. In addition, the emissions from each
feedstock were approximately identical but the main reason behind
the different values was the amount of feedstock transported, which
was based on the amount of each waste type generated per year.
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Biomass embodied emissions due to water use and transportation.
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Energy requirements during the pyrolysis process.
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Figure 2 represents the total carbon emissions from water use and
transportation for each feedstock studied.

At the processing stage, camel manure feedstock undergoes a
process of drying, unlike the date pits, LDPE, and HDPE, where the
moisture content is almost close to zero. Camel manure feedstock
contains a high percentage of moisture, which is why it needs to
be dried first before it enters the grinder. Once the feedstock is
dried then it is ground and pyrolyzed, where electricity is required
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to run the equipment and heat is supplied in the pyrolysis stage
for the breakdown of the biomass. Considering the amount of
feedstock generated per year and using Equations 1 and 2, the total
amount of energy required for biomass processing was calculated as
shown in Figure 3. It is evident that the highest amount of energy
was due to the heat supply required during the pyrolysis process,
followed by the electricity requirement in the pyrolyzer to mix
the feedstock. The total amount of energy was highest for camel
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FIGURE 4
Total carbon emission from feedstock processing and pyrolyzing.

manure feedstock, which is utilized in the drying process. Figure 4
shows the total tons of CO,-e emissions due to the electricity
usage for each feedstock per ton of biochar produced. The highest
emissions were associated with camel manure feedstock and the
lowest was for date pits due to a slight decrease in the amount
of electricity and heat required during the pyrolysis process. The
total CO,-e produced for the whole process was determined,
which includes the feedstock embodied emissions, transportation,
production requirements, processing, and emissions from water
usage and desalination.

4.2. Carbon sequestration and saving

Figure 5 emphasizes the total carbon emissions, carbon
sequestration, savings, and the net emissions. The total emissions
were highest for the date pits feedstock, due to the energy required
to desalinate the water used during irrigation to produce dates.
Moreover, CO, sequestration was highest for plastic feedstocks
due its high carbon content, resulting in carbon-rich biochar
which exhibits high water retention, and therefore reduces water
and energy requirements. The net emissions were negative for
plastic feedstocks which is also a good indication that the biochar
produced from plastic saves more carbon than the total emissions
from the whole process. The net carbon footprint of the biochar
from camel manure approached zero, which represents a carbon-
neutral biochar. However, date pit biochar was still far from
achieving carbon neutrality due to the high-water requirements at
the biomass provisioning stage.

4.3. Optimal biomass blend

In the first optimization model, the MATLAB solver proposed
16 blending ratios of biochar from different feedstocks to satisfy
the two adopted objectives: lowest net emissions and lowest biochar
cost, as shown in Table 6 and Figure 6. In terms of the net carbon
emissions, Solution no. 1 revealed the lowest overall emissions
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(0.167 t CO3-e/t biochar), which is achieved with a blending ratio
of 11.1% camel manure, 44.4% of LDPE and 44.4% HDPE. While
date pits have been excluded.

The higher the carbon content in the feedstock, the highest the
carbon sequestration when the biochar is applied to soil, which
explains of the high carbon sequestration in solution 1. However,
solution 16 represents the best solution to achieve lowest biochar
costs (313.5 $/t), which is achieved at a biomass blending ratio of:
96.8% date pits, 1.5% of LDPE and 1.7% HDPE. The solutions with
high percentages of date pits in the mixing ratios were the most cost
feasible ones especially solution no. 15 as far as economic factor is
concerned.

Through the solving process’ iterations, the solver performs a
trade-off between the two objectives, both objectives are partially
met with a different extent in each run, as it can be noticed in the
pareto front presented in Figure 7. As an average solution, 0.39t
CO;-e of net emissions and 940.8 $/t of biochar were achieved with
a blending ratio of 34.2% camel manure, 32.8% date pits, 16.9%
LDPE, and 16.1% HDPE.

4.4. Optimal biomass, energy, and water
resources

In the second optimization model, the optimal combination
of biomass, water, and energy resources for biochar production
was determined, based on the same two objectives (minimum
net emissions and minimum costs). However, in this model,
the functions are solved separately using the non-linear integer
programming method in Excel. For objective 1, several biomass-
water-energy supply scenarios were evaluated in terms of their
associated net carbon footprint, as presented in Figure 8.

The optimal combination that achieves minimum net
emissions was found to be the HDPE as feedstock, PV as the energy
source, and WWT as the water source. This combination achieved
negative emissions of - 0.1289t CO;-e/t biochar. Net emissions in
date pits scenarios were the highest for all energy-water supplying
scenarios due to their high water consumption. However, coal and
MSF techniques was the combination that generated the highest
overall net emissions. Moreover, solar PV was the best source
of energy where the least amount of emission were generated,
while WWT was the best source of water in terms of its associated
emissions for all biomass feedstocks. HDPE and LDPE achieved
negative net emissions in all scenarios of energy-water sources
combination, whereas camel manure and date pits secured a
negative emission status only when PV was used as the source
of energy. Nevertheless, the second objective of this model
optimized the biomass-energy-water sources combination based
on economic performance (levelized cost of biochar). Economic
analysis was conducted to determine the optimal biochar cost in
correspondence to the different energy and water techniques used.
Figure 9 represents the cost for different scenarios. Evidently, the
optimal combination was found to be date pits as feedstock, natural
gas as the source of energy, and WWT as the source of water. This
combination achieved the lowest biochar cost of 245 $/t. The cost
of solar PV was the highest although it was the best energy source
in terms of carbon emissions. Diesel was the second highest source
of energy in terms of cost followed by coal and natural gas.
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FIGURE 5
Carbon emission, sequestration, savings, and total net emissions for each feedstock.

TABLE 6 Optimal biochar blends and their corresponding optimal solutions.

Optimal biochar blend Optimal solution
Camel manure Date pits LDPE HDPE Net emissions (t CO,/t biochar) Cost ($/t biochar)
1 11.1% 0.0% 44.4% 44.4% 0.1676 2009.11
2 12.4% 0.1% 43.8% 43.7% 0.1690 1983.14
3 23.0% 0.8% 38.3% 37.9% 0.1794 1774.29
4 49.7% 2.4% 24.7% 23.2% 0.2048 1251.49
5 58.2% 3.5% 20.0% 18.3% 02165 1074.20
6 63.7% 3.5% 17.3% 15.4% 0.2198 971.86
7 69.2% 4.1% 14.3% 12.4% 0.2266 860.56
8 58.0% 19.1% 12.3% 10.6% 03164 772.12
9 60.4% 22.0% 9.7% 8.0% 0.3366 671.75
10 59.4% 28.3% 7.0% 5.3% 03764 565.41
11 46.2% 43.6% 5.8% 45% 0.4668 509.26
12 44.8% 45.1% 5.6% 4.4% 0.4759 503.61
13 22.7% 66.4% 5.7% 5.2% 0.6002 492.50
14 19.1% 72.6% 4.4% 4.0% 0.6376 437.85
15 6.6% 85.1% 42% 42% 0.7104 422.69
16 0.0% 96.8% 1.5% 1.7% 0.7818 313.55
4.5. Biochar as a potential solution for biochar was applied to agricultural land (0.04 ton of CO,/ton
negative emissions of biochar). The carbon sequestration value was between 279

to 32,214 tons CO,/year. Most of these reductions in emissions

The above results indicated that despite a reduction in the  (41-64%) were due to the carbon that is retained in the
amount of energy created, the pyrolysis process could be optimized biochar, while the remaining savings accounted for offsets in the
for maximum biochar production that will help to increase  Usage of fossil fuel, savings in fertilizer usage, and reduction in

carbon sequestration potential by 2 to 5 times greater when  soil emissions.
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Optimal blends (%) for plastic and biomass feedstock biochar.
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FIGURE 7
Pareto front of the two-objective optimization model.

Moreover, the carbon emissions associated with the production ~ (Gaunt and Lehmann, 2008). Similarly, another study evaluated the
of energy from slow-pyrolyzed biochar lie in the range of 10%  carbon savings potential of an energy-water-food (EWF) nexus
to 40% of the carbon emissions associated with the production  system that combined a system of solar cells and integrated carbon
of the same amount of energy from fossil fuels. Thus, this study  capture systems that were linked with pyrolysis infrastructure in
concludes that slow pyrolysis conducted at a low temperature  an integrated NET system. The system resulted in a natural gas
presents an energy-efficient method to produce bioenergy and  reduction, presenting maximum possible carbon savings of up to
biochar which, when the latter is applied to agricultural land, 7.8 x 107 kg/year (Al-Ansari et al., 2017).
leads to greater reductions in overall emissions compared with the For Qatar, its total carbon dioxide emissions amounted to
production of biochar to only offset the emissions from fossil fuels ~ 109.34 million tons in 2019. Assuming, that the entire waste from
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date pits, camel manure, LDPE, and HDPE (assumed as 30% of the
total plastic waste) can be converted into biochar, then about 117
tons of carbon emissions or 0.0001% of the total carbon emissions
of Qatar in 2019 can be mitigated. Even though this seems like a
very small number, biochar production by pyrolysis has multiple
benefits that indirectly reduce emissions due to the reduction in
landfills, recycling of plastic waste, creation of additional energy in
the form of bio-oils that will reduce dependence on fossil fuel, and,
most importantly, a reduction in fertilizer and water usage.

Frontiers in Sustainability

5. Conclusion

This study assessed the possibility for carbon sequestration
using pyrolysis technology for plastic and biomass feedstock by
applying an energy, water, and environment nexus approach. The
objective of this study was to identify an efficient treatment method
to dispose of plastic waste in an environmentally friendly way using
a case study in Qatar. The study analyzed the carbon emissions
and possible carbon savings from the pyrolysis of 1 kg feedstock of
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date pits, camel manure, high-density polyethylene (HDPE), and
low-density polyethylene (LDPE).

The results showed that the total CO, emissions for the whole
waste management process including transportation of waste and
biochar for each feedstock were 0.114, 0.685, 0.028, and 0.030 tons
of CO;-e/t of biochar for camel manure, date pits, LDPE, and
HDPE feedstock, respectively. When biochar was applied to the
soil, the amount of carbon saved was 0.1036, 0.1172, 0.133135, and
0.1324t CO;-¢/ t biochar for each feedstock, respectively. When
calculating the total net emissions, the results showed a 91 and 17%
emission reduction for camel manure and date pits, respectively.
Notably, the date pits feedstock percentage was almost carbon
neutral. Moreover, negative emissions were obtained for LDPE and
HDPE feedstocks, resulting in a net emission of 0.103 and 0.102
tons of CO,-e/ton of biochar.

Economic analysis was performed considering the best water
desalination technology (MSE, WWT, or RO) and source of energy
to use (coal, natural gas, solar PV, or diesel). The lowest cost was
obtained when using WWT as a source of water and natural gas for
energy and specifically for date pits feedstock because of the high
water footprint utilized during irrigation.

In addition, two optimization studies were determined. On the
one hand, a multi-objective optimization model was conducted
using MATLAB software to serve two objectives of the best
feedstock blend for maximum net emissions and lowest cost.
Solution 1 revealed the best solution in terms of the lowest overall
emissions (0.167t CO;-e/t biochar), which were achieved with a
blending ratio of 11.1% date pits, 44.4% of LDPE, and 44.4% HDPE.
On the other hand, the second optimization model was a single
objective model to verify the optimal combination of the biomass,
water, and energy resources for biochar production. The optimal
combination was found to be date pits as feedstock, natural gas
as the source of energy, and WWT as the source of water. This
combination achieved the lowest biochar cost of 245 $/t. Solar PV
was the most expensive energy source used, although it was the best
in terms of least carbon emissions. Diesel was the second highest
source of energy in terms of cost followed by coal and natural gas.

One of the study limitations is that there are unseen synergetic
effects and complex relationships between plastic and different
types of biomasses when mixed; as a matter of fact, those synergies
will impact the biochar final product, so it is not always a linear
relationship. Moreover, in future studies, other renewable energy
technologies can be studied regarding supplying the power and
energy needed for treating the feedstock.

The quantities of feedstock used in this study is subject
to change, hence the mixing ratio can change based on the
availability of each feedstock. Future research can be conducted to
investigate other biomass and plastic feedstock blends available in
Qatar. Some of the challenges associated with carbon sequestration
through biochar include the limited research on the effect of
application rates and biochar types on different soil types and
crops, the costs involved with the application of biochar, and
uncertainties pertaining to the economics and agronomics of
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biochar. These bottlenecks are deterring the large scale uptake of
biochar as a means of carbon sequestration. Economic incentives,
additional research, and government initiatives should provide
greater confidence to landowners and farmers to incorporate
biochar production techniques to optimize energy production as
well as enhance soil fertility, thereby leading to greater carbon
sequestration and reductions in overall emissions.
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