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Background: Biogas is one of the promising renewable energy sources that successfully implemented at
domestic and industrial scales. This work presents a preliminary evaluation of the role and contribution of
biogas as a sustainable energy source towards achieving the sustainable development goals (SDGs).
Methods: This work summarizes the common feedstock and impurities in the biogas as well as the advan-
tages and disadvantages of biogas compared with fossil fuels. Challenges and barriers associated with biogas
production in developing and developed countries were elaborated and connected with SDGs. Finally, the
relation between the circular economy, biogas, and related SDGs was presented.
Significant findings: The biogas has been found to have direct impacts and contributions to 12 out of the 17
SDGs. The main contributions of the biogas come from its ability to increase renewable energy, reduce cli-
mate change, enhance the waste management process, and create jobs. A set of 58 indicators was provided
as a guideline for the stakeholders within the biogas industry to extend the benefits of the biogas toward the
achievement of the SDGs and minimize any possible trade-off. The results of this work will help the different
players within the biogas industry to form policy to ensure that biogas contribution to the SDGs is maxi-
mized.

© 2022 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The world faces unprecedented human development and growth
and expands human activities to all the environmental elements.
However, natural resources and human activities must act responsi-
bly and sustainably to preserve nature and human life. The world has
seen remarkable landmarks of international policy shaping the natu-
ral environment, specifically, the Paris Agreement on Climate Change
PACC and the 2030 Agenda for Sustainable Development [1,2]. The
latter has specified seventeen sustainable development goals (SDGs)
as a shared platform and a blueprint for peace and prosperity for
humankind and planet Earth.
The rapid population growth and industrial progress have
resulted in the accumulation of greenhouse gases (GHGs) in the
atmosphere, thus the associated climate change [3,4]. As per the 1.5 °
C Global Warming Special Study of the Intergovernmental Panel on
Climate Change (IPCC), the planet has to restrict the increase in tem-
peratures to 1.5 °C to prevent harmful impacts on habitats and com-
munities. This target is still possible, but it means achieving net-zero
global emissions by 2050 and implies immediate, solid, and long-
term international climate action [5]. One hundred ninety-five
nations agreed upon the PACC in 2015, and the COP24 rulebook
implemented at the beginning of 2019 was the first move for a global
energy change [6,7]. There is a need to quickly transform fossil
energy into clean, sustainable, and renewable energy resources to
control climate change [8�10]. Over many decades of study and
industrial actions, today's common opinion is that incorporating
waste-to-energy (WtE) is a viable choice for waste management, as it
delivers various benefits [11�14]. WtE may be considered a semi-
renewable energy source and a substitute for fossil fuels in several
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applications [15]. WtE systems are any technique that produces any
energy, i.e., fire, power, or fuels, from a waste feedstock [16].

Agricultural waste, dairy waste, and municipal solid wastes are
primary feedstock in bioenergy generation. Biogas is produced due to
digestion, i.e., breaking down of organic waste, and is primarily com-
posed of methane CH4 and carbon dioxide CO2 [17,18]. The feedstock
needed for biogas production is expected, hence making them suit-
able in many countries globally. Municipal waste undergoes biologi-
cal dissociation naturally, leading to the production of biogas. The
biogas released can become an alternative energy source to support
remote communities off the grid in some parts of the world, and it is
also ideal for grid decentralization [19]. Other merits of biogas
include: ensuring a decline in air and water pollutants, protection of
vegetation, and environmentally friendly energy sources. Biogas fur-
ther ensures the effective and beneficial management of municipal
wastes [20,21]. In developed countries today, most biogas production
systems are all automated with sophisticated sensors to monitor
both electricity and CH4 production [22]. Over 61 billion m3 of biogas
produced annually is shared between the United States, USA, Europe,
EU, and Asia, with 14, 54, and 31%, respectively [23�26]. Recently,
biogas was effectively used to directly produce electricity using fuel
cells [27,28] that are considered one of the most effective energy con-
version devices with low environmental impacts [29,30]. The capac-
ity of the biogas is significantly increased in the last decade. Fig. 1
shows the power generated from biogas in terms of total capacity
Fig. 1. Total biogas energy (top) installed capacity in GW, (bottom) g
(TWh), including pumped energy storage and total generating capac-
ity (GW).

Few works have been done to link the contribution of biogas to
different SDGs. For instance, Lohani et al. [32] reported that small-
scale biogas systems would contribute to SDG 1, SDG 3, SDG 5, SDG 7,
SDG 13, and SDG 15. Similar conclusions were reported by Shaibur
et al. [33] and Rosenthal et al., [34]. In another work, Rahman et al.
[35] concluded that implementing biogas will help realize SDG 3,
SDG 4, SDG 5, and SDG 7. Recently, Orner et al. [36] reported that
agriculture residues' biogas contributes positively to SDG 6. As
can be noticed from these studies and others [37�39], most of
the studies did not provide a clear linkage between biogas and
the SDGs. This manuscript covers a detailed explanation of these
works and others in Section 6 (Contributions to knowledge).
Most of the previous studies, focused on improving biogas tech-
nology and linking biogas to a specific SDG. Moreover, most of
the earlier studies didn’t propose a method or guideline to
enhance the contribution to the SDGs. Therefore, this work aims
to analyze biogas's contribution into all the related SDGs and pro-
pose a set of indicators to improve the contribution of the biogas
in acheiving the different SDGs. This analysis has several benefits
for the different stakeholders. For instance, this analysis can help
drive growth, address risk, attract capital, and form the appropri-
ate policy in the biogas industry. This ultimately will assist in
realizing SDGs.
eneration capacity in TWh. Data was obtained from IRENA [31].



Fig. 2. Scheme of the main points covered in this study.

Table 1
Biogas yield and methane content for different feedstock [41�44].

Substrate Biogas yield (Vol./Wt.,%) Methane, Vol.%

Distillers grains 40 61
Silage 200 50
Manure from pigs 60 60
Manure from cattle 40 60
Sorghum 108 54
Poultry manure 80 60
Cattle slurry 200 12.8
Beet 88 50
Organic waste 100 60
Whey 300 12
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This work started with providing brief background about the bio-
gas, feedstock of biogas production, biogas impurities, challenges
associated with biogas production. Then the work summarises the
current literature in the area of biogas and its role in the SDGs. After
that, the work presents the challenges and barriers associated with
biogas production with the related SDGs in developing and devel-
oped countries. Then the work presents an evaluation of the contri-
bution of the biogas as a sustainable energy source towards the
achievement of the different SDGs by using the qualitative assess-
ment. Based on all the previous, the work proposes a set of indicators
(58) to help the decision- and policy-makers in measuring the contri-
bution of the biogas in the achievement of the different SDGs and
reducing its impacts. In addition, the relation between biogas, circular
economy, and SDGs was demonstrated. Finally, this work ends with
the challenges, recommendations, and conclusion. Fig. 2 shows a
scheme of the main points covered in this manuscript.

2. Biogas

Anaerobic digestion (AD) is a process in which microbes break
down or digest complex organic material under anaerobic conditions
to smaller molecules, including gaseous components, i.e., biogas that
can be used as fuel for different purposes. This can be implemented
at both micro-scale and macro-scale (for cities). Biodegradable
wastes can be derived from a multitude of human, social and eco-
nomic activities. This includes: food processing waste, agricultural
wastes, food waste, and sewage sludge from wastewater treatment.
The EU is the leading producer of electricity harnessed from biogas,
where a total number of biogas plants over 18,200 with 12.6 GW
power capacity installed in 2018, representing about 68% of the
global capacity [40].

2.1. Feedstock for biogas production

The feedstock for biogas comes in solid or slurry states and some-
times concentrated. Common feedstocks utilized in biogas produc-
tion are agricultural residues, food processing waste, municipal solid
waste, and so forth. A summary of the biogas productivity coupled
with CH4 produced from various substrates is presented in Table 1
[41�44]. As being clear from the table, the CH4 content is 51�65%,
according to the substrate. The volume of biogas produced tends to
increase upto200 m3/tonne when the feedstock used is fresh.

2.2. Biogas production

The production of biogas involves several stages with varying envi-
ronmental impacts. The characteristics of the feedstock used and the
design process, are what determine the composition of the biogas. The
common method for biogas production is anaerobic digestion (AD), in
which biological materials are broken down anaerobically [45]. The con-
version stages in the breakdown of the biological materials include
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. The initial
stage of the process requires a robust storage medium, especially if the
substrate does not undergo AD directly [46]. This is predominantly com-
mon when the agricultural feedstock is utilized as substrates. Similarly,
to maximize the potential of CH4 production from the substrate, various
pretreatment techniques can be adopted, ranging frommechanical, ther-
mal, and chemical paired with biological [46]. It is important to note that
pre-treatment methods will vary subject to the type of feedstock being
utilized.
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The co-digestion stages ensure cheaper feedstocks are utilized in
the process and support the addition of water and nutrients to some
feedstock [47]. To curb these complex issues, monitoring the entire
process is necessary to prevent operational challenges and establish
a means of recovering CH4 from the various substrates utilized [48].
To make the system robust, additives can be added to enhance AD
performance [49]. To prevent the CH4 gas from escaping, it is neces-
sary to constantly check gas leakage from the digester, which is criti-
cal in improving the system's efficiency [50�52].

Biogas has several advantages such as:

� Renewable energy source: biogasis obtained from biomass that is
available in the wastewater, agriculture residues, or municipal
solid wastes [53].

� Pollution prevention: the production of biogas from various
wastes will decrease soil and water pollution, reduce the amount
of wastes transferred to landfills, and thus save money and
underground water.

� Securing jobs: it is reported that biogas business has created
around 335,000 temporary jobs in construction and 23,000 full-
time operational jobs [54].

� Economic effect: biogas improves the economics of the farmers,
especially it requires a lower investment cost than other renew-
able energy sources [55,56].

� Environmental impact: biogas also has a lower environmental
impact and higher energy yielding [56,57]. Moreover, the wide-
spread biogas will decrease deforestation as it will produce a bio-
fertilizer that is important for the land and reduce the usage of
wood (cutting forests).

� Waste management: Biogas is an effective route for waste man-
agement, decreasing pathogens and odors, producing bioenergy,
and bio-fertilizer [58].

Compared with fossil fuels such as natural gas, biogas is obtained
from the biodegradation of organic materials using bacteria (biologi-
cal process), while natural gas is naturally formed from fossils (geo-
graphical process). Methane represents up to 60% in biogas [59] and
90% in natural gas [60]. The calorific value of biogas is 5000 kcal per
m3 [61] compared to 8600 kcal per m3 in the case of natural gas [61].
Moreover, biogas has lower environmental impacts compared to fos-
sil fuels. For instance, per MJ energy, the CO2 emissions from biogas is
81.5 g CO2, compared to 682 gCO2 and 139 g CO2 in the case of coal
and liquefied petroleum gas (LPG), respectively. Biogas also produces
a 0.11 g CO compared to 26.2 and 0.82 g CO, in the case of coal and
LPG, respectively [62]. Such properties indicate the promising fea-
tures of biogas to replace natural gas in several applications such as:

� In rural areas, biogas is effectively used for cooking purposes; for
instance, in China and India, biogas effectively replaces the differ-
ent biomass sources and coal [63,64].

� Biogas can be upgraded into biomethane and then used as a fuel
in vehicles and buses [65,66].

� Biogas can be used for combined heat and power applications in
different energy capacities [58], i.e., microscale (Micro-scale
anaerobic digester that will power a system of less than 15 kWe)
[67], small scale ones with a power of 15 - 99 kWe [68], medium
scale one between 100 and 299 kWe [69], and large scale capaci-
ties more than 300 kWe [70, 71].

� Biogas can be used as fuel for direct electricity generation in
high-temperature fuel cells such as solid oxide fuel cells [72,73].

� Biogas can secure part of the energy demand in the different
industries. For instance, in the sugar cane industry, biogas can be
used for supplying energy in the distillation and the heat
required for the vaporization of bioethanol [74], as a fuel for the
agriculture machines used for the harvesting and the collection
of the sugar cane [66], and supply the energy required for dying
of the yeast [75].

From the discussion mentioned above, it is evident that biogas has
several advantages compared with natural gas, and it is already dem-
onstrated a high potential to replace natural gas in a wide range of
applications starting from home usage to electrical generation at an
industrial scale, including power plants.

2.3. Biogas impurities

One of the main obstacles facing the application of biogas is the
contamination with various impurities, such as sulfur compounds,
siloxanes, halogens, etc. Even after the biogas purification, the exis-
tence of traces of these impurities will result in the corrosion of the
engine and other metallic parts. Eventually, extra costs would be
required to maintain or replace the damaged parts [76,77]. Biogas
contains a big fraction of CO2, which decreases the energy density of
the biogas fuel. Removing the CO2, i.e., mechanization, to increase the
energy density required extra equipment and energy [78,79]. Besides
CO2, biogas contains several critical impurities, such as sulfur com-
pounds [80], siloxanes [81], halogens [82], volatile organic com-
pounds [83], and ammonia [84]. The composition of the biogas,
including these impurities, is dependent on the feedstock used in bio-
gas production. Ullah Khan et al. [85] reported that the highest meth-
ane (60�70%) could be obtained using organic waste, followed by
(58�65%) in the case of sewage, and the lowest percentage (45�62%)
in case of landfills. Oxygen gas is reported to be as high as 1�5% in
the case of organic waste, 1,2.6% in the case of the landfill, and less
than 1% in the case of sewage. The highest H2S content of
15�427 ppm was reported for landfill, 10�180 ppm for organic
waste, and 0�24 ppm for sewage. While the highest organic impuri-
ties of Toluene and Benzene were in the case of landfills, followed by
sewage, and the lowest in the case of the organic wastes [85,86].
Higher halogen compounds (less than 100 ppm) were reported for
landfill, compared to less than 0.2 ppm for food waste, animal waste,
or wastewater [87]. Table 2 summarize the main impurities in the
biogas, their impact, and the different methods for their removal:

2.4. Challenges/barriers associated with biogas production

The conversion of the organic waste portion of the wastes into
biogas has several socioeconomic benefits besides energy source,
such as decreasing the environmental impacts, reducing the wastes
that can be converted into leachate in landfills or bad smell/patho-
gens if left in the open areas, producing organic fertilizer, and secur-
ing jobs [119]. However, biogas facing several challenges such as:

- AD is a slow process requiring a long hydraulic retention time
(HRT) of >30 days [120]. This raises the digester's volume and
cost. Biogas output is also limited by low loading rates and slow
recovery [121]. Optimal biogas production is at 37 °C; therefore,
an efficient heat management system is required to get the maxi-
mum output. The temperature fluctuations over the year without
proper heat management resulted in decreased biogas’ produc-
tivity. Cold countries can find it challenging to adopt this technol-
ogy due to a decline in biogas output during winter.

Although small levels of methane in the atmosphere don’t cause
serious health problems, they strongly affect the environment [122];
biogas digester leakage raises CH4 and CO2 pollution into the atmo-
sphere [123]. CH4 is a powerful greenhouse gas that is 25 times that
of CO2, and it contributes around 20% of total global warming from
the different greenhouse gases [124]. Such contributions of CH4 in
greenhouse gases increase global temperature and eventually the
depletion of the ozone layer.



Table 2
The main impurities in the biogas, their effect, and the different methods for removal.

Impurities Impact Treatment method

Sulfur compounds: Sulfur can exist in the biogas in different forms such as hydrogen sulfide
(as a major form ranging from 500 to 4000 mg/liter) [88], CH3SH,
C3H7SH, C4H9SH, and/or dimethylsulfide [89]. H2S and other sulfur com-
pounds: corrosive, blocked the catalyst's active sites, and resulted in the
deposition of elemental sulfur [90�95].

Chemical oxidation scrubbing, adsorption on metal oxides [95,96], mem-
brane separation [97], or biological methods [98].

Halogens: Halogens are the predominant contaminate in the biogas obtained from
the landfill where it originates from the decomposition of the polymers
and food salts [28]. Halogens such as chlorine compounds would result
in forming HCL that eventually resulted in the corrosion of the metallic
parts [99] or blocking the active catalyst, such as in the case of fuel cell
applications [28,100].

Water scrubbing, AC adsorption, and condensation [90,101,102].

CO2, N2, and H2: The high content of these gases decreased the energy density of the biogas
and increased the anti-knock characteristics in the combustion engines
[90,94,95,103,104].

Absorption in water (water has a 26 higher absorptivity of CO2 than CH4)
[105,106]. Chemical absorption using amines [107], adsorption, mem-
brane separation [97]. CO2 can be converted into methane, i.e., mechani-
zation. However, extra equipment and will be required [78,79].

CO: Carbon monoxide is highly toxic for people and some bioreactor microor-
ganisms [90].

It is worth mentioning that CO is a fuel in some applications, such as solid
oxide fuel cells [108].

H2O: Water vapor can result in forming corrosive acids such as H2SO4 and HCL
in case of reacting with other compounds of the biogas. Also, it can be
accumulated in the gas pipelines [90,94,95,109].

Adsorption using silica or activated carbon and condensation is commonly
used [95,110,111].

O2: oxygen is corrosive, and if increased beyond a definite limit, it may result
in an explosion [90,94,95].

Adsorption on the surface of silica or activated carbon, membrane, or car-
bon molecular sieve [95,112].

NH3: Ammonia formed due to the degradation of nitrogen-containing com-
pounds such as protein [113]. Ammonia is a very corrosive gas, and also
if burned, it will form NOx, which has a severe greenhouse gas effect
[90,94,95,114].

Organic physical scrubbing (OPS) [115].

VOCs: Volatile organic compounds have a bad smell and are corrosive, and some
have a toxic effect [90].

Activated carbon is effectively used for the removal of VOCs.

Siloxanes: Siloxanes are organic silicon compounds related to detergents, lubricants,
etc., that exist in municipal solid wastes [116]. Biogas produced from
wastewater sludge contains higher siloxanes than that of landfill [117].
The presence of siloxanes would result in the deposition of the SiO2 that
can inhibit the catalyst and block the gas pipelines.

Adsorption using activated carbon and silica gel, or absorption [95,118].
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- Efficient biogas production requires a well-conditioned feedstock
to enhance the life and activity of microorganisms. As such, bio-
gas is suitable in rural and suburban regions as opposed to indus-
trial ones [125].

- People often avoid using household digesters in the long run due
to a lack of expertise, gas leakage, slow recovery, low gas
demand, and an insufficient substrate supply [126]. There is a
need for further research on these topics. Straw, for example, is a
possible substrate for household biogas digesters, but further
research and development are needed [127]. In general, the chal-
lenges of biogas are dependent on the scale of the digester and
the country (developed or developing), as discussed below.

Small scale digesters: small-scale digesters are facing several
problems, such as: gas leakages, lack of maintenance, shortage of
feedstock, and blockages, which may eventually result in the end of
the digester operation. It is estimated that 50% of digesters can be
stopped due to the aforementioned reasons [128]. Methane emission
does not only come from leakages but also in intentional release.
Large-scale digesters are provided with flares that are used for burn-
ing the excess biogas. However, small ones are just released into the
surrounding atmosphere [119]. Taking into consideration that the
greenhouse effect of CH4 is 25 times higher than CO2; Bruun et al.
demonstrated that a 40% leakage of biogas would result in a far worse
environmental impact than that resulting from coal burning, as well
as a 16% greater impact than that of liquid petroleum gas (LPG,
mainly propane) [129].

Such worries can be eliminated through dependence on central
anaerobic digesters (large scale ones) that will be provided with flare
systems, efficient maintenance, minimum gas leakage, and cleaver
operating staff. Despite the high risks of the domestic digester, they
are still more preferable than landfill [119].
In biogas technology, the individual economic position is also an
issue [130]. To suit the school's energy requirements, Sibisi and Green
[131] built a floating drum digester. Adoption of biogas stoves and
household biogas digesters is hampered in Thailand because of high
expenditure, a lack of financial capital, information, and skilled labor
[132]. Technological advancements will assist in resolving these
issues by rendering biogas a viable source of energy in rural areas.
Low biogas plant functionality due to faulty parts, a lack of technolog-
ical expertise, failure to choose the appropriate scale and model
based on location and raw material availability, inadequate monitor-
ing, and a lack of non-profit organization (NGO) participation con-
tinue to be barriers to technology adoption. To train and educate
farmers and local people about the potential of biogas technology, it
is critical to spread simple awareness among them [133].

- As with all other renewable energy sources, the policies in place
play a significant role in the widespread of biogas. Germany is
the leading country in energy harnessed from biogas, and their
success story stems from the Renewable Energies Act enacted in
2000 [134]. The policy was formulated to ensure that energy sup-
ply companies purchased electricity produced from renewables
at the constant feed-in tariffs for two decades. With strong inter-
ventions put in place between 2004 and 2009 by the German
government, the production of crops for energy skyrocketed, and
this became a major boost for the biogas sector. Electricity gener-
ated from biogas is more expensive compared to that obtained
from other types of renewable energies, especially without heat
recovery [135]. This phenomenon tends to impact combined heat
and power (CHP) valorization efficiency, as well as the economic
viability of the biogas plant [136,137]. The setbacks that come
with energy harnessed from biogas led to a review of the policies
associated with harnessing energy via this medium in 2012.



6 K. Obaideen et al. / Journal of the Taiwan Institute of Chemical Engineers 131 (2022) 104207
There was a need to reduce energy harnessed from maize, with
feed-in tariffs being replaced by 2017 [136]. This became immi-
nent to control the sector [137,138]. These policies directly
affected the biogas sector, which led to a reduction in biogas pro-
duction growth rate in 2018. Moreover, biogas as a medium of
energy generation competes with other media of energy genera-
tion, like solar photovoltaics. Some biogas plants since 2012 have
had their feed-in tariffs reduced despite the application of larger
generators coupled with storage facilities on these plants. In
2020, most biogas plants developed in 2000 had their feed-in tar-
iffs expire, and there were concerns regarding some plants being
shut down in the absence of any novel policy being passed for
biogas electricity.

Regarding the application of the policy, it may have an effect on
the biogas whether it is applied in downstream or upstream as
follow:

- In downstream:

Biogas is obtained from wastewater plants or waste management
facilities (Municipal, agricultural, or industrial), where the safe dis-
posal of the solid or liquid wastes requires considerable finance for
such waste handling. The successful treatment of these wastes into
biogas and bio-fertilizer will save the financial support that is
required for their safe disposal. Such saving is considered an indirect
income of the biogas. In addition to the direct value of the biogas and
Table 3
Barriers facing the commercialization of biogas.

Barrier

Technical Infrastructural
Technical failures
Lack of skilled staff
Low level of collection and improper segregation
Poor follow-up services
Impurities
Dependency on imported materials

Economic High investments requirement
Lack of subsidies and financial support programs
High cost of biogas production, transportation, clean-up, and
Absence of bank loans
Lack of R&D

Market Lower prices of fossil fuels
High price of biogas
Competition with other fuels
Uncertainties related to injection of biogas into the grid

institutional Lack of political support
Uncertain policy landscape
Lack of private sector participation
High level of bureaucracy

Socio-cultural Lack of public participation and consumer interest
Resistance to change
Low level of knowledge
Lack of information and information sharing
Low level of education
Cultural and religious outlook including stigmatization
Migration

Environmental Odor complaints
Noise complaints
Need for abundant water resources for biogas digesters/Lack
Pollution

The percentages of each subcategory are calculated based on howmany are men
done by Nevzorova and Kutcherov [139].
the bio-fertilizer, biogas is still economical, even without a subsidy of
the downstream source.

- In upstream:

The policy will depend on the degree of the subsidy of the conven-
tional fuel (natural gas and coal). So, if the cost of the biogas treat-
ment from impurities is higher than the natural gas, this will
negatively affect the usage of the biogas in the different applications.
However, nowadays, the world is heading toward avoiding the sub-
sidy of fossil fuels, eventually making biogas attractive. Moreover,
the environmental impact of biogas compared to fossil fuels is still an
attractive point for applying biogas instead of fossil fuels (natural
gas).

In addition to the barriers mentioned above facing the biogas,
Nevzorova and Kutcherov [139] conducted an interesting detailed
analysis of all possible obstacles to biogas and their impact according
to the country's status, i.e., developed or developing. The authors cat-
egorized the barriers into six main categories, i.e., technical, economi-
cal, institutional, market, socio-cultural, and environmental. Each
category was also divided into several sub-barriers, as can be seen in
Table 3.

As it is clear from the table, technical barriers are the most
impactful in developing countries, at about 40%. This can be credited
to the widespread of small-scale or domestic biogas digesters in
developing countries that ordinary people, such as farmers operate.
As such, the absence of technical operators is a significant concern.
While in developed countries, industrial-scale digesters are the most
Developed country Developing country

8.74 9.01
0.97 4.66
1.94 8.7
2.91 2.8
2.91 4.66
5.83 5.59
1.94 3.11

7.77 11.49
1.94 6.21

upgrading 5.83 2.17
2.91 0.31
0.97 3.42

4.85 1.86
2.91 0.62
0.97 1.24
3.88 0.31

1.94 6.21
11.65 1.86
2.91 3.11
8.74 0.93

4.85 6.52
0 1.24
3.88 1.24
0 2.17
0 1.24
0 3.11
0 0.62

4.85 0.62
1.94 0

of access to adequate water 0 4.35
1.94 0.62

tioned in reference to each main category in the literature used in the study
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common ones, where trained staff is available. The insufficient sup-
port of the government in terms of subsidies and the absence of
knowledge in the sector are also major concerns in developing coun-
tries. However, the biogas market in developed countries is chal-
lenged by a lack of the end-user distribution system, the competition
with fossil fuel prices, the absence of a fixed policy “usually affected
by the political situation”, and finally, the environmental impact.
3. Contribution of biogas into SDGs

The following section describes 1) the contribution of the biogas
to the three pillars of sustainable development, i.e., economic, social,
and environmental, Fig. 3; 2) a detailed contribution of the biogas
into the SDGs and sustainable development dimensions (SDDs),
Table 4; 3) the advantages and limitations of biogas with their linkage
to SDGs, Fig. 4.

3.1. Increasing renewable energy production (SDG 7: affordable and
clean energy)

Across the globe, coal, natural gas, and petroleum products are
mainly used as a source of heat and power production. Biogas,
derived from organic waste and agricultural by-products, replaces
fossil fuels and decreases carbon dioxide emissions. Biogas is
able development dimensions (SDDs).

SDD

roviding affordable fertilizer and eliminating the issues of the com-
chain [140].
new business.

Economic

y:
y recovering lost nutrients, organic matter, and carbon.
ing reasonably priced fertilizer.
nitrogen (N), potassium (K) throughout the digestion process [141].

Economic

hazardous materials by burning the biogas [142].
43].

Social

ural areas will improve the quality of education. Social
ergy to the local communities in the rural area which leads to
omen and children [144].

Social

water by increasing wastewater treatment capacity due to energy

water treatment facilities in rural area.

Environment

ainability.
bility and affordability [85].
capacity.

Environment

product (GDP) by enhancing waste utilization [146].
tprint [145,147,148].

Economic

ure [149].
cale industrial rural area [150].
onverting it to biogas (energy).

Economic

gh gathering the organic waste and treatment of wastewater [151].
ducing the bad odor [152].
lity [153].
ent process [154].

Social

tural resource usage.
ion [155].
process [156].

Environment

roviding a lower-emission energy source.
from the livestock industry [157].
landfills [158].

Environment

preventing land source pollution. Environment
lacing solid fossil fuels with biogas.
systems by enchanting the wastewater treatment [159].
ity and reducing land-use change [160].

Environment

ested that rising power availability is directly linked to peace [161]. Social
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considered a renewable energy source that does not have geographi-
cal limitations and requires complex technology [162]. Biogas pro-
vides an incentive for energy generation to be decentralized and
democratized. Rural and remote communities that are not linked to
electricity and gas grids can generate their own energy (from biogas)
using the waste they generate. Thus, they can become self-sufficient
in terms of energy/resources. Biogas can be stored inside a digester,
in a small-scale gasholder, or injected into an existing gas grid when
excess gas is available. It can, therefore, be used in combination with
other energy-producing technologies to satisfy both baseload and
peak energy requirements.

Although the positive role of biogas as an affordable clean energy
source, it also comes with negative effects, such as the role of meth-
ane in the greenhouse gases, impurities that can result in decreasing
and even destroying the devices, low energy density, and fluctuations
in the amounts and composition, etc.

3.2. Reduce climate change impacts (SDG 13: climate action)

Global warming is one of the world's most pressing environmen-
tal issues. In the past, unsustainable oil use led to global change,
which must be resolved [163,164]. Unlike fossil fuels, biogas has few
negative environmental impacts and produces few harmful emis-
sions. Fossil fuels contribute toward GHG emissions, which are the
major reason for climate change, global warming, and the melting of
polar ice. Fossil fuels, as well as land-use change, contribute
33 £ 1015 and 38 £ 1015 tons, respectively of GHG annually [165].
Desertification, greenhouse gas pollution, soil degradation, and
depletion of the cultivated area may all be reduced by using anaero-
bic digesters, i.e., household digesters.

Biogas is a cleaner form of energy and does not produce poison-
ous, harmful gases. As biogas is a localized energy source, no threat
from its transportation will be imposed on the environment. As CO2

is produced during the combustion of biogas, plants will use this bio-
mass during photosynthesis (biomass), and this biomass will be used
for biogas production. Therefore, the overall CO2 emissions cycle of
biogas and other biomass resources is closed or nearly zero. In the
transportation sector, it is expected that the use of biogas instead of
fossil fuels can reduce GHG emissions by 60�80%, from IRENA
(https://www.irena.org/-/media/files/irena/agency/publication/2017/
mar/irena_biogas_for_road_vehicles_2017.pdf). Global CO2 emissions
can be reduced by 18�20% by using biogas for the local community's
electricity production and space heating. The Intergovernmental
Panel on Climate Change (IPCC) stated that 14% of world GHG emis-
sions are contributed to by the transport sector [5]. Based on Food
and Agriculture Organization (FAO) data, livestock emissions, primar-
ily in carbon dioxide, methane, and nitrous oxide, account for 14.5
percent of overall anthropogenic GHG emissions [166]. Via anaerobic
digestion (AD), the treatment of manures decreases the formation of
nitrous oxide and captures methane as biogas, which can be used for
generating electricity.

In the Chinese province of Henan, Hamburg [167] conducted a
pilot-scale analysis on the emission of H2S and SO2 through cooking
with crop stalks, coal, and biogas. The study results demonstrated
that the SO2 emissions from crop stalks and coal were four times
higher than those from biogas. Furthermore, no detectable levels of
H2S were discovered in the case of the biogas. Yu et al. [63] conducted
a systematic analysis to examine rural energy production in China
utilizing household-scale biogas digesters and greenhouse gas emis-
sion reduction. Straw, fuelwood, biomass, refined oil, power, lique-
fied petroleum gas (LPG), natural gas, and coal gas pollution were
related to emissions from biogas. Subject to the volume of demand
from 1991 to 2005, biogas as a replacement for other energy sources
cut greenhouse gas emissions by 73.157 megatons CO2 equivalents.
According to Zhang et al. [168], more than 420,000 premature babies
die in China each year due to indoor air pollution. Most emissions are
caused by inefficient burning fuels and released greenhouse gases.
The majority of these diseases are caused by contamination from
cooking. On the other hand, biogas is a cleaner fuel than biomass or
coal combustion. When biogas is used for cooking, cleanliness applies
to the cooking vessel not becoming black in the vessel's bottom. Since
biogas contains less long hydrocarbons, it can produce fewer
emissions. Headaches, dizziness, blurry vision, nausea, and vomit-
ing are all symptoms of increased hydrogen sulfide concentration.
Another research in the Peruvian Andes, which included 12
remote families in a project to replace firewood with biogas,
found that firewood use was reduced by 50�60%, and cooking
time, was reduced by 1 h [276]. The findings are focused on a
survey that involved technological aspects such as a form of fuel,
cooking time, environmental aspects.

Cattle dung is commonly utilized as manure or dung cakes in the
kitchen, which is neither hygienic nor cost-effective [169]. Burning
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dung cakes not just pollute the environment but also wastes a benefi-
cial fertilizer (if added directly to the ground) [170]. Anaerobic diges-
tion is a safe and profitable method of removing this cattle dung
[171]. According to Hiremath et al. [172], India may fulfill its energy
demands by decentralized energy planning and using locally avail-
able resources. Biogas is one of the potential energy-generation
options for India.

One-third of India's dung is adequate to power 12 million biogas
plants [173,174]. The use of biogas digesters by rural people may sup-
port them financially and improve their living standards, such as bet-
ter air quality and better health [175]. For example, cooking with
firewood produces a lot of smoke and soot particles. Smoke and soot
add to air contamination, which leads to health problems like respi-
ratory disease [175]. Renewable energy supply for remote uses and
adequate sanitation make a big difference in parasitic disease control
[168,173]. Although collecting the biogas will minimize the methane
emissions in the atmosphere, small amounts of methane strongly
affect the environment [122]. Methane is a powerful greenhouse gas
that is 25 times that of CO2, and this why it contributes around 20% of
the total global warming from the different greenhouse gases [124].
Such contribution of the methane in the greenhouse gases will not
only increase the global temperature and its associated problem, but
it will also result in the depletion of the ozone layer that protects the
universe from harmful waves such as ultraviolet waves. However, by
comparing houses with and without biogas systems and considering
the gas leakage in the biogas systems, it was discovered that
homes with biogas plants emit 48 percent less than homes without
biogas plants [176]. It's worth noting that methane leakage was found
in just 10% of households [177].

The landfill contains a large amount of methane gas. Methane gas
is 55% of the total volume of landfill gas. This amount of harmful gas
needs to be prevented from escaping into the air; otherwise, it will
contribute to global warming and climate change. Biogas trapping of
landfills is therefore of significant importance [178]. One of the side
effects of the biogas is sensitivity to the composition. Whereby the
efficient biogas production requires a good portion of manure and
food waste to enhance the life and activity of the microorganisms.
Therefore, biogas is suitable in rural and suburban regions compared
to industrial ones [125].

3.3. Reducing air and water pollution (pollution prevention) (SDG 3:
good health and well-being, SDG 14: life below water, SDG 15: life on
land)

The biogas industry can help reduce air and water pollution,
which is mainly related to the local production of the biogas/biome-
thane, so there is no need for transportation using ships that had a
severe impact on aquatic life [179]. Biogas can replace fossil fuel in
gas power plants, transport fuel in gas vehicles, capture emissions
from municipal solid waste, and turn it into valuable energy. The
burning of fossil fuel contributes a large amount of fine particulate
matter, which pollutes the air. Replacement of fossil fuels, especially
coal, may significantly reduce CO2 emissions and fine particulate
matter. Reduction in air pollution means that the extent of acid rains
will also decrease, resulting in less water pollution. Oxygen demand-
ing organisms in wastewater can reduce the oxygen level in surface
water. Production of biogas from wastewater not only reduces the
pollution potential of wastewater, but also the slurry obtained from
biodigester can be used as fertilizers due to its high content of nitro-
gen and phosphorus [180,181].

The extraction of landfill gas from active and closed landfills and
the conversion of excess organic waste to anaerobic digestion (AD)
would result in decreased pollution, digested recirculation of
nutrients, and the use of biogas for power generation [182�184]. In
addition, indoor air pollution is caused mainly by firewood, crop resi-
dues, dried animal dung, and crop waste as domestic fuel.
Furthermore, firewood is one of the leading causes of deforestation,
leading to greenhouse gas accumulation. As a cooking fuel, the use of
biogas produced externally from the digestion of domestic and agri-
cultural waste can reduce indoor air pollution and decrease defores-
tation [185].

The digestion of the organic part of the industrial effluents, such
as those from palm oil mills, breweries, slaughterhouses, etc., into
biogas, will minimize the environmental impacts of these processes
and generate energy for their operations, thus increasing their sus-
tainability and self-reliance [186,187]. By providing decentralized
and local care of these wastes, AD of biosolids encourages a sanitary
and hygienic climate. This helps to avoid diarrheal diseases such as
cholera, trachoma, schistosomiasis, and hepatitis from bacterial infec-
tions [188�189]. One of the main obstacles of the biogas is that it
contains various impurities such as sulfur compounds, siloxanes, hal-
ogens, etc. Even after the biogas purification, the existence of traces
of these impurities will result in the corrosion of the engine and other
metallic parts. Eventually, the extra cost was required for mainte-
nance and replacing the damaged parts [76,77]. Novel pre-treatment
methods are required to remove such pollutants easily, cheap, and
effective.

3.4. Improve agriculture productivity and reduce land-use change (SDG
2: zero hunger and SDG 15: life on land)

The potential of bioenergy is huge, but somehow, it is not infinite
as for biomass production. The land available is not unlimited rather
limited. That limited land is also under conflict due to biomass com-
petition with food crops. Most Governments have political goals to
increase the renewable energy share in the future. This competition
has intensified the land-use issue [190]. Land use is of significant
importance as land helps control and maintain many natural pro-
cesses like carbon fixation, water maintenance, nutrients cycle,
decomposition of harmful matter, and conservation of genetic
resources [190,191]. The use of chemical fertilizers is hazardous in
terms of disposal and land fertility as chemical fertilizers kill pests
and soil-friendly microbes. Land availability is already limited so that
soil infertility can cause a food shortage. The territorial ecosystems
and agriculture crop yield have been adversely affected by soil degra-
dation in the recent past. Mining is done to extract gas and fossil fuels
to meet the energy demand for cooking, electrification, and transpor-
tation [192].

Similarly, mass biodiesel and bioethanol production using energy
crops and vegetable oil lead to land-use change conflicts and food
scarcity issues. Using first-generation feedstock like sugarcane and
seed oils for bioethanol and biodiesel could lead to food scarcity. This
could also increase essential staples prices as a significant part of the
world food supply comes from starch, sugar-rich cereals, and grains.
Gevo, Inc., installed a biofuel production plant in Minnesota to supply
aviation fuel to Scandinavian Airlines Systems. Gevo contributes 8
pounds of protein corresponding to each biofuel gallon production.
This 8-pound protein per biofuel gallon production is a step to add to
the food supply and chain. Thus, Gevo is committed to producing bio-
fuel and food production to avoid food scarcity. However, this would
not be enough as there are more serious challenges and hurdles on
the road to bioenergy [193]. When crop residue like wheat straws,
rice husk, and cotton sticks are left in the field, they add nutrients
and organic carbon to the soil. When there is no residue left in the
field, and they will be used for bioenergy production, this may cause
erosion of top fertile soil. Reduction in soil fertility will affect the
average yield of food crops and could result in a shortage of cereals,
grains, and food [194].

Biogas production provides a solution to all of these land-related
issues. Biogas can be used as cooking gas, transportation fuel, and
electricity production, so there is no need for land mining to
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extract fossil fuels. Biogas produced from animal manure can be
used as a transportation fuel to replace bioethanol and biodiesel,
which are controversial due to land competition with food crops.
The slurry produced as a by-product of AD is used as a bio-fertil-
izer, which will increase land fertility and agriculture production
[195�197]. The solid and liquid fractions left over after digestion
of the feedstock can be used as an organic modification/soil
improver (digestate or composted digestate biofertilizer) on farms
instead of energy-intensive chemical fertilizers. The use of diges-
tate biofertilizer has proven and verified results to increase crop
yields [198,200].

To stimulate the growth and maturity of plants, phosphorus is
commonly used in agriculture. Phosphorus is lost to surface water
bodies due to inefficiencies in use, inducing harmful algal blooms.
It is possible to market phosphorus recovered from dewatering
liquors leftover from wastewater digestion and use it as biological
struvite on farmland [201]. Desertification of land can be avoided
and reversed by recycling the nutrients in the soil through the
AD of primary crops, breaking and catching crops and organic
waste, and returning them to the soil in the form of digestate
biofertilizer. In order to ensure food security, this is a crucial step
[202].

3.5. Enhancing the waste management process (SDG 11: sustainable
cities and communities, SDG 12: responsible consumption and
production)

About 4 million deaths and 110 million life-year adjusted disabil-
ities have been due to exposure to domestic solid biomass fuel-burn-
ing pollution. The resulting emissions include black carbon, a short-
lived climate pollutant that is known to interrupt monsoons and
accelerate glacier melting, threatening the masses with water and
food security. Burning biogas instead of biomass will reduce resi-
dents' exposure to a number of these contaminants, thus enhancing
their well-being and health [202,203]. Advancement in industrial
processes, enhanced commercialization, and urbanization are result-
ing in diversified chemical and solid waste, the harmless disposal of
which has become a challenge [204]. Sustainability in municipal solid
wastes (MSW) means the collection of MSW and its either proper dis-
posal or conversion into useful products [205,206]. The huge quantity
of waste provides an opportunity to use this waste either as direct
Fig. 5. Impacts of biogas production on the social
land application, as construction material, or can be converted into
biogas through anaerobic digestion [207].

The government can provide incentives to support a waste-to-
energy conversion plan. Instead of throwing away the garbage, the
public will sell the garbage to companies working in waste to bio-
energy treatment plants [207]. Decentralized and local treatment of
waste to produce biogas via AD improves the hygienic environment
and protects from bacterial infection. Improper management of land-
fills can give a ride to many fatal diseases such as dengue fever etc.
Also, disposal of waste requires land area, which is not viable eco-
nomically. Installation of the biogas power plant will help cope with
waste management issues and better energy security. Also, the
human population is increasing so the livestock market is also grow-
ing to meet the needs of this population. This increased amount of
livestock means more challenges in its disposal. Biogas is mainly pro-
duced using livestock waste, especially cow dung that pollutes the
environment if directly burned in cooking, increasing the suspended
particle amount in the air and causing air pollution [208].

Diversion of organic matter from landfills not only provides a way
to mitigate pollution but is also responsible waste management prac-
tice, with ever diminishing landfill space and the environmental
threat it presents to nearby soil and groundwater. To avoid the
spread of diseases such as leptospirosis, plague, dengue fever, and
other bacterial and viral diseases transmitted by mosquitoes, flies,
rodents, etc., and to improve air quality in landfill communities,
proper management of organic waste is necessary [209].

3.6. Creating jobs, improving economic development, and adding value
to products (SDG 9: industry, innovation and infrastructure, and SDG 8:
decent work and economic growth)

Biogas can contribute positively to economic growth as it has
diverse effects as summarized in Fig. 5. About 3 billion people world-
wide are estimated to rely on solid biomass fuels such as dried dung
cakes, firewood, crop residues, heat and cooking straw, or other agri-
cultural residues [210]. In developing countries, the burden of gather-
ing firewood and exposure to air pollution from domestic cooking is
mainly placed on women and children. As a domestic fuel, the intro-
duction of AD and biogas could positively affect the quality of rural
life and is already widely used in countries such as Bangladesh and
India. Biogas is a source of energy, which is critical for economic
growth [148,211]. Adding value to the waste will change it from a
burden on the government into an opportunity to produce biogas,
system and ecosystem with the related SDGs.
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bio-fertilizer and create new jobs. For instance, although biogas rep-
resented less than 2.2% of that total renewable energy in 2019 (based
on the American Biogas Council (ABC)), biogas business has created
about 335,000 temporary construction jobs and 23,000 full-time
operational positions [54]. In China, biogas alone supports 209,000
workers [54], and biogas has great potential to grow up in the next
few years. Such a number of jobs is acceptable compared with those
in the other renewable energy sources, i.e., 1165,000 in the wind,
99,000 in the case of the geothermal, 3,755,000 in the solar, and 1100
in the case of the tidal [54]. If the slurry from biogas digesters is not
correctly utilized, it becomes an active breeding ground for insects
that transmit disease [167]. The slurry from biogas plants can be
utilized to grow earthworms. Slurry combined with plant-rich mate-
rials may also be used as a vermicomposting base [212�215]. Also,
this slurry contains humic acid and acts as an excellent soil condi-
tioner [195,196]. The economic benefits of biogas have been exten-
sively discussed in the literature [183,216�218].

Although there are enormous benefits associated with biogas, it is
no exception from some drawbacks, too, as it finds its significance in
rural areas because, in rural areas, raw material for biogas is readily
available. Despite being relatively less expensive, these plants are not
affordable for middle and lower-class farmers. The technology being
used for biogas production still needs to be advanced and matured
[219].

The development stage and challenges of the biogas are different
between developed and developing countries. In developed coun-
tries, the biogas industry is already well established, and most of the
challenges are on the policy side [143]. While in developing coun-
tries, the biogas industry is still in the early stage of implementation
[143,220] and still facing many challenges, such as the absence of suf-
ficient technical and infrastructural, sufficient capital, and poor policy
[221,222]. Based on the recent data from IRENA (https://www.irena.
org/Statistics/View-Data-by-Topic/Benefits/Renewable-Energy-
Employment-by-Country), most of the jobs created, per capita, by the
biogas industry were on the developed, as shown in Fig. 6. However,
job creation increased in recent years, indicating that biogas can cre-
ate sustainable jobs in the future. Moreover, the development of bio-
gas in developing countries will keep increasing in the near and long
term [223].
Fig. 6. Total job created by biogas (data used for this figure was obtained from https://www
Country).
3.7. Treating wastewater (SDG 6: clean water and sanitation)

There are many methods for water purification that include: puri-
fication of seawater [224,225], reverse osmosis process [226,227],
desalination systems [228,229], urea fuel cells [230,231], bio-electro-
chemical systems [232,233], and others for water purification
[234�236]. Biogas produced from wastewater anaerobic digestion
can be used in a diesel engine to produce electricity. This electricity
will be used to run this water treatment process to make it drinkable.
However, a sustainable plan for wastewater treatment was a big chal-
lenge, and it will be. Treating wastewater will reduce GHG emissions,
water pollution, and threats to aquatic life and will improve people's
economics and quality of life where these wastewater treatment
plants will be installed. This plan will satisfy a diverse range of sus-
tainable development, including social, environmental, and economic
[237]. The wastewater treatment plants must be able to consider the
effectiveness of capital and operating cost, efficient use of energy,
and discharged water must be safe for the environment [219]. Sup-
pose efficient use of biogas is made along with the efficient plant
plan. In that case, the requirement of internal energy for wastewater
treatment can be provided by the biogas produced from wastewater
[238�240]. The wastewater treatment using biogas can be further
economical by increasing the load and biomass of micro-organisms
[241].

AD can be used in those areas of the world where biosolids are
collected and processed in wastewater treatment plants to stabilize
sewage sludge before being applied back to agricultural land as a bio-
fertilizer [242,243]. AD lowers the water's carbon load and, thereby,
if discharged, makes wastewater less toxic to aquatic bodies and life
[244]. In terms of economy and electricity, digestion of solid organic
waste and wastewater will make these treatment facilities self-suffi-
cient. Small-scale, decentralized care options are being built and
applied where the collection infrastructure is unavailable. Although
there are enormous benefits associated with biogas is no exception
from some drawbacks, too, as it finds its significance in rural areas
because, in rural areas, raw material for biogas is readily available.
Despite being relatively less expensive, these plants are not afford-
able by middle and lower-class farmers. The technology being used
for biogas production still needs to be advanced and matured [219].
.irena.org/Statistics/View-Data-by-Topic/Benefits/Renewable-Energy-Employment-by-
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4. Barriers of the biogas in connection with the SDGs

Nevzorova and Kutcherov [139] have listed a total of 31 barriers
that facing the implementation of biogas. They found different the
impact of these barriers is different in the developed and developing
economies. The major barriers for developing countries are:

� High investments/lack of available capital.
� Infrastructural challenges.
� Need for specialized technical staff and expertise.
� Lack of public participation and consumer interest.
� Lack of political support/legislation.

While for the developed countries, the significant barriers are:

� Uncertain policy landscape.
� Infrastructural challenges.
� High level of bureaucracy.
� High investments/lack of available capital.
� Specific characteristics of biogas.

Fig. 7 presents the ranking of these barriers between developed
and developing nations linked to the related SDGs. Data used for this
figure was from [139]. The analysis shows that the most challenging
barriers in developing countries are related to SDG 8: Decent Work
and Economic Growth followed by SDG 9: Industry, Innovation, and
Infrastructure. In the case of the developed nations, the most signifi-
cant challenges were related to SDG 17: Partnerships to achieve the
Goal and SDG 9: Industry, Innovation, and Infrastructure.

5. Biogas SDGs indicators

Based on the above analysis and several literature works
[245�247], a total of 58 indicators were created, shown in Table 5.
The purpose of these indicators is to make sure that the biogas proj-
ect delivers a balanced constitution to all the SDGs and assists in
achieving the SDGs. Besides the main benefits of the proposed indica-
tors, there are several benefits, which can be summarized as follows
[247]:

� Improve sustainability performance.
� Enhance risk management and stakeholder communications.
� Engage stakeholders and improve stakeholder relations.
� Improve internal data management and reporting procedures.
� Benchmark sustainability performance against self and others.
� Improve resource allocation.
� Cost reduction.
� Reduce the climate change impact and environmental impact.
� Reduce social inclusion.

6. Contributions to knowledge

The use of biogas as a cooking fuel for low-income countries
would be an efficient means of eradicating poverty and hunger and
providing clean and affordable energy. Lohani et al., [32] evaluated
the current biogas potential and usage in Nepal. The analysis covered
431,000-biogas plants installed throughout Nepal- where only 1% of
the biogas was converted to useful energy. The authors concluded
that biogas plants used in Nepal would significantly contribute
towards increasing agricultural productivity by providing more time
for people to work on agricultural lands, as well as reduce health
impacts by providing clean energy, empowering women and girls by
giving them time for education by reducing their time for collecting
firewood, providing clean and affordable cooking fuel and energy,
mitigate climate change by reducing greenhouse gas productions and
providing a way to protect forests. The authors also reported that
small-scale biogas systems would contribute to the achievement of
the SDGs 1: no poverty, SDG 3: good health and well-being, SDG 5:
gender equality, SDG 7: affordable and clean energy, SDG 13: climate
action, and SDG 15: life on land. Meeks et.al., [248] demonstrated
that biogas over fuel-wood collection as a fuel-wood collection is
time-consuming. With more time, rural people will move away from



Table 5
SDGs biogas indicators.

SDGs Indicators

Goal 1. No poverty 1. Total Taxes paid.
2. The number of employees.
3. Average employees’ salary.
4. Number training programs per employee,
5. Paying decent prices to all suppliers, in particular micro, small and medium enterprises.
6. Lowering utility costs, such as water and electricity, for the low-income community.

Goal 2. Zero hunger 7. Nature of land occupied by biogas facility (arable/nonarable).
8. Disaster risk management policy.
9. Documents hazard substances used.

10. Total nutrients, organic matter, and carbon recycling.
Goal 3. Good health and wellbeing 11. The number of accidents during biogas building/operation.

12. Dust control measures.
13. Total healthcare benefits given to the employees.
14. Calculating human toxicity potential, particulate matter and, photochemical ozone creation potential.

Goal 4. Quality education 15. Availability of assessment programs to test employees’ skill levels.
16. The average number of training programs conducted per employee.
17. Abolition of all child labor.

Goal 5. Gender equality 18. Percentage of women recruited and employed.
19. Income paid to women.
20. Percentage of leadership positions occupied by women.

Goal 6. Clean water and sanitation 21. Water pollution and water reduction, wastewater management, and circular water strategies.
22. Water consumption.
23. Nonportable water consumption.
24. The total reduction in water consumption.
25. Decrease the water footprint.
26. Quantifying freshwater aquatic ecotoxicity potential and eutrophication potential.

Goal 7. Affordable and clean energy 27. Conducted an energy balance analysis.
28. Degree of energy sharing.

Goal 8. Decent work and economic growth 29. The investment in clean technology research and development.
30. Pay of goods from local the communities.
31. The proportion of housing offered to temporary employees.
32. Employment creation.

Goal 9. Industry, innovation, and infrastructure 33. Conducted social, economic, and environmental impact assessments.
34. Applying circular business concept.
35. Tracking and reporting climate impact.
36. Overall value-added.

Goal 10. Reduced inequalities 37. The proportion of training programs for marginalized populations.
38. Total wage disparities between different working groups.
39. Level of diversity and inclusion.

Goal 11. Sustainable cities and communities 40. Resource’s sustainability strategies.
41. Participation in microgrids.
42. Overall produced waste.

Goal 12. Responsible consumption and production 43. Tracing all types of short-term and long-term pollution, such as GHG, methane, and water pollution.
44. Overall resources and materials required.
45. Overall waste treated.
46. Materials (phosphorus, nitrogen) recycling potential

Goal 13. Climate action 47. Reporting all the types of pollution.
48. Location of the facility.

Goal 14. Life below water 49. Tracking and reporting all water-related pollution.
50. Quantifying the marine ecotoxicity.

Goal 15. Life on land 51. Quantifying biodiversity the impact.
52. Effective methane yield

Goal 16. Peace, justice, and strong institution 53. Anti-bribery management systems.
54. Stakeholders’ engagement.
55. Level of compliance to projects’ directives and provide transparent information.
56. Sum of environmental violations

Goal 17. Partnerships for the goals 57. SDGs’ incorporation in business strategies.
58. Collaboration with the different agencies.
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home production and work on wages, agricultural land, and educa-
tion. This shift in work from home production to agricultural land
and education will result in growth of economy. Similarly, no forest
disruption will be done to gain fuel-wood, which will help in mitigat-
ing climate change. Moreover, they found that biogas is beneficial for
the socio-economic growth of Nepal, where high-wage jobs are given
to skilled individuals, as well as better forest policies implemented.
The work was linked to many of the SDGs, but were mainly linked to
SDG 1: no poverty, SDG 2: zero hunger, SDG 3: good health and well-
being, SDG 7: affordable and clean energy and SDG 15: life on land
[248]. In another work, Shaibur et al. [33] evaluated the cow dung to
generate biogas and its effect on the sustainable development of a
district in Bangladesh. The authors concluded that the biogas plant
provides an efficient way to convert cow dung into useful energy and
fertilizer, reducing the cost of purchasing fertilizer. It also enhanced
the cooking environment for biogas digesters, which would eventu-
ally decrease the time required to collect wood for cooking food, pro-
viding people ample time to attain education and work elsewhere.
The authors also suggested that the use of biogas plant for cow dung
would eventually improve the environmental conditions and socio-
economic profile of the district. The study showed a direct linkage
with SDGs 2: zero hunger, SDG 7: affordable and clean energy, and
SDG 15: life on land. In other work, Rahman et al., [35] provided a
conceptual model for using anaerobic digestion as a means to achieve



14 K. Obaideen et al. / Journal of the Taiwan Institute of Chemical Engineers 131 (2022) 104207
SDGs in rural areas of Bangladesh. The authors concluded that using
anaerobic digestion will enhance the well-being of people by reduc-
ing green-house gas emission and air pollution, empowering women
by providing them time to study other than household work and by
generating clean and affordable by generating energy, bio-fertilizer
and clean cooking fuel. The authors concluded that implementing
biogas will help realize a number of the SDGs, namely, SDG 3: good
health and well-being, SDG 4: quality education, SDG 5: gender
equality, and SDG 7: affordable and clean energy. Also, Rosenthal et.
al., [34] showed the importance of how clean cooking can help to
achieve sustainable development goals. The authors did a comparison
between solid fuel combustion and cleaner fuels, including liquefied
petroleum gas (LPG), ethanol, and biogas. The biogas and liquefied
petroleum gas (LPG) operating stove reduced air pollution, resulting
in mitigation of climate change and providing better health condi-
tions. The results demonstrated that by switching towards biogas
and LPG, better environmental (SDG 13: combat climate change, SDG
15: sustainably manage forests and halt land degradation), health
conditions (SDG 3: health and well-being), and gender equality (SDG
4) and access to reliable, efficient modern energy (SDG 7) could be
achieved [34].

The industrial use of the biogas bio-refineries would be an essen-
tial way to enhance sustainability [249]. Biogas provided solutions in
product valorization and material upcycling in bio-refineries in
Swedish settings. Based on the findings, the use of biogas would help
reduce deforestation (SDG 15), wastewater treatment (SDG 6),
enhance marine life (SDG 14) and provide better agriculture and rural
life (SDG 2). The paper did not elaborate on the contribution of the
biogas to the SDGs; the focus was given to sustainable development,
which can be linked to the SDGs. Dada and Mbohwa [250] demon-
strated that using organic waste in landfills, the anaerobic digestion
would provide biogas and bio-methane for various applications. Sim-
ilarly, it would also provide a way to mitigate fossil fuel use, which
lessens the adverse effects on the environment [250]. The authors
emphasized on the linkage between biogas and SDG 7: affordable
and clean energy.

Biogas production from agriculture residues was reported by
Orner et.al. [36]. The authors reported that the biogas from agricul-
ture residues and animal manure would provide a way to enhance
water quality and sanitation, provide bio-fertilizer, which will reduce
ground water degradation, improve the environment, provide food
security, and help secure ecological systems, like forests [36]. The
main focus of the paper linked biogas with SDG 6: clean water and
sanitation. Also, Sahota et al. [39] discussed biogas applications as a
potential alternative renewable energy technique to fulfill the SDGs.
The authors presented the state-of-the-art techniques available for
biogas. They concluded that biogas could be a potential contributor
to vehicular fuel or generating electricity and provide carbon emis-
sion reduction and better energy efficiency [39]. Recently, Chrispim
et al. [251] proposed an assessment to evaluate biogas issues from
wastewater treatment plants. The proposed strategy would provide
better energy efficiency and reduce greenhouse gas emissions, along
with better waste water treatment. However, a lack of government
subsidies and a biogas market are required to further increase biogas
for wastewater treatment [251].

As can be noticed from the above and other literature [37�39],
biogas has an undeniable positive contribution towards achieving
various SDGs. Most of the studies did not provide a clear linkage
between biogas and the SDGs. Almost all studies focused on improv-
ing the biogas technology and linking the biogas to a special SDG.
Providing the linkage between the different SDGs and biogas andre-
cognizing the limitation of the biogas; the decision and policymaker
will be able to increase the contribution of the biogas into the SDGs
and thus reduce any possible trade-off is done in this work. The
developed indicators or guidelines will ensure that biogas contributes
to the SDGs and most of the trade-offs are minimized.
Biogas production has been found to impact directly and contrib-
ute to most SDGs, more specifically, as an affordable and clean energy
source that can drive the achievements of many other goals, such as
clean water and sanitation resolving the water-energy nexus. Addi-
tionally, biogas strongly impacts climate action due to the reduced
carbon and greenhouse gas emissions, as most carbon emitted is part
of the short-time carbon cycle. This work presented a preliminary
and qualitative assessment for such contributions; however, a more
detailed and quantitative assessment will greatly benefit.

Biogas production from biomaterial, specifically waste, such as
agricultural and municipal waste, is a promising renewable energy
source. The main advantages of biogas production are the wide avail-
ability and low cost of feedstock, process simplicity, and being an
effective waste management tool. The current work has explored the
role and contribution of biogas production towards the achievement
of different SDGs, set by the United Nations in 2015 as an ambitious
plan for the prosperity of humankind and nourishment of the planet.
Biogas production has been found to directly impact and contribute
to most of the SDGs. The analysis shows biogas would assist in the
achievement of the SDGs by:

� Increasing renewable energy production (SDG 7: Affordable and
clean energy).

� Reducing climate change impacts (SDG 13: Climate action).
� Reducing air and water pollution (SDG 3: Good health and well-
being, SDG 14: Life below water, SDG 15: Life on land).

� Improving agriculture productivity and reducing land-use
change (SDG 2: Zero hunger and SDG 15: Life on land).

� Enhancing the waste management process (SDG 11: Sustainable
cities and communities, SDG 12: Responsible consumption and
production).

� Creating jobs, improving economic development, and adding
value to products (SDG 9: Industry, innovation and infrastruc-
ture, and SDG 8: Decent work and economic growth).

� Treating wastewater (SDG 6: Clean water and sanitation).

6.1. Implications for practice

The implications for the practice of this work are summarized as
follow:

(1) The importance for individuals: The main aim of SDGs is to leave
no one behind [252]. To do so, complete utilization of the differ-
ent technologies is highly recommended; in the current case, bio-
gas. The analysis and linkage that have been delivered in this
paper demonstrate how biogas would help that aim (leaving no
one behind). The findings show that the direct implication of
practice of biogas, for the individual, has the ability to reduce
poverty and provide energy for small-scale industrial and rural
areas. By providing this linkage, the individual would realize the
benefits from it. Moreover, if the different players in the industry
adopted the proposed indicators, the individual would be able to
get better benefits to form the biogas.

(2) The importance for decision and policymakers: The SDGs’ status
varies from one country to another [253]. As such, each country
would prioritize working towards certain SDGs. As shown in this
paper, there is clear evidence that biogas has a significant posi-
tive impact on SDGs. In some cases, the impact might be negative.
By linking biogas to the SDGs, decision-makers will be able to
fully utilize the biogas to assist in achieving the targeted SDGs.
Moreover, they can utilize this discussion after ensuring that bio-
gas contribution is maximized and the side effects of the biogas
are lowered. The proposed indicators will work as a guideline for
them and allow them to benchmark the sustainability perfor-
mance of the biogas.
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(3) The importance of scientific communities: With regards to scien-
tific communities, through highlighting the possible trade-off
between biogas and SDGs, and by explaining the limitations of
the biogas the scientific communities, we will be able to recog-
nize which research areas could be tackled to improve the biogas
sustainability. Additionally, the quantitative relationship
between the proposed indicators and biogas has opened a new
area of research.

7. Resource recovery and circular economy

The circular economy is defined as the sustainable production and
conversion of biomass for a range of food, health, fiber, industrial
products, and energy. Renewable biomass encompasses any biologi-
cal material to be used as raw material [254�256]. The possible role
that a circular economy could play in achieving the SDGs can be
noticed from the definition. The link can be determined by looking at
the possible benefits of the circular economy and linking these bene-
fits to the biogas advantages, as shown in Table 6.

8. Limitations and future research directions

� Although domestic digesters are widely used in countries such as
China “the second biogas producer after Germany” and with
around 40 million digesters in 2017, gas leakage is one of the
main challenges facing domestic bioreactors [270]. The following
can be done to minimize such gas leakages, and thus make the
biogas industry promising. Preparing educated farmers, provid-
ing a biogas storage bag made of flexible fabrics, insulating the
top of the digester in winter times, and even providing flares are
all different methods that could minimize gas leakage and thus
improve the benefits of biogas [129].

� Applying artificial intelligence: the process of biogas production
could optimize the biogas reactor's operating conditions, which
could lead to increasing the biogas yield and improving the eco-
nomics of the process [271].

� Novel design of the digester is required to increase efficiency and
reduce gas leakage. Allowing the usage of available renewable
energy sources, such as solar energy, is required to increase the
digester's overall efficiency.

� The production of higher value-added products of the digestate
compared to the conventional organic fertilizer, even in smaller
amounts but with higher value, would improve the economics of
the biogas process [255]. Bionutrients from the digestate would
improve the economics of the biogas process. For instance,
Khoshnevisan et al. reported the possible preparation of micro-
bial proteins from the digestate [272], biochemical, such as vola-
tile fatty acids [273,274].

� Due to the interrelationship between the SDGs, trade-off, and
synergy place many challenges in front of different players in the
industry. As such, decision-makers should note that the
Table 6
Bioeconomy benefits, biogas benefits, and the related SDGs.

Bioeconomy benefits Biogas benefits

Enhancing the value of materials Reducing materials carbon footp
Decreasing the dependence on fossil recourse Reduce climate change impacts
Improving the resources management Enhancing the waste manageme

Improve food security Improve agriculture productivity
Reducing CO2 emission per unit of value-added Reducing air and water pollution
Providing a broad spectrum of new jobs Creating jobs
contribution of biogas towards the achievement of SDGs should
be maximized and possible trade-offs between the SDGs mini-
mized. Artificial intelligence and modern technology, known as
the Internet of Things (IoT), can determine the relationship
between biogas and SDGs. The proposed indicators can be used
to increase the biogas contribution to the SDGs. It will also be
interesting to see the interrelationship between the proposed
indicators. It is recommended that further research be under-
taken to determine the linkage of biogas to the SDGs using quan-
titative methods. Finally, to increase the contribution of SDGs,
future research should ensure that biogas:

(1) Increases the total energy produced (SDG 7: affordable and
clean energy).

(2) Reduces air and water pollution (SDG 3: good health and well-
being, SDG 14: life below water, SDG 15: life on land).

(3) Improves agriculture productivity and reducing land-use
change (SDG 2: zero hunger and SDG 15: life on land).

(4) Enhances the waste management (SDG 11: sustainable cities
and communities, SDG 12: responsible consumption and pro-
duction).

(5) Increases the total wastewater treat (SDG 6: clean water and
sanitation).

(6) Reduces the methane impact (SDG 3: good health and well-
being, SDG 14: life below water, SDG 15: life on land).

(7) Improves the current technology (SDG 2: zero hunger and SDG
15: life on land).

(8) Decreases the impact Impurities (SDG 3: good health and well-
being, SDG 14: life below water, SDG 15: life on land).

(9) Reduces operating temperature sensitivity (SDG 11: sustainable
cities and communities, SDG 12: responsible consumption and
production).

(10) Lowers the sensitivity to the composition (SDG 11: sustainable
cities and communities, SDG 12: responsible consumption and
production).

� The points mentioned above are applicable for developing coun-
tries, mainly since most of the developing countries are still fac-
ing challenges in most of the SDGs [275]. As such, any
improvement will lead to enhancement of the SDGs status. More-
over, decision-makers will determine the most related barriers
by providing a linkage of the biogas barriers with the SDGs and
ranking them based on the economic status. To overcome these
barriers, stakeholders can use the provided guidelines and indi-
cators in the current study and policymakers in developing coun-
tries.

9. Conclusions

Biogas is one of the promising renewable energy sources that can
effectively reduce the environmental impact of fossil fuels. The pro-
ductivity, impurities, and the content of the biogas directly affected
Related SDGs Refs.

rint SDG 9: industry, innovation, and infrastructure [257,258]
SDG 13: climate action [259,260]

nt process SDG 12: responsible consumption and production
SDG 15: life on land

[261,262]

SDG 2: zero hunger [263�266]
SDG 9: industry, innovation and infrastructure [255,267]
SDG 1: no poverty
SDG 8: decent work and economic growth

[268,269]
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by the raw materials used for its production. Biogas has several
advantages compared to the natural gas. Therefore, it is currently
used in several applications starting from small scale in households
to large scale in several industries, including power plants.

An extensive analysis was conducted to determine the role of the
biogas in achiving the different SDGs. The major contribution comes
from increasing renewable energy production (SDG 7); reducing cli-
mate change impacts (SDG 13); pollution prevention (SDG 3, SDG 14,
and SDG 15); improving agriculture productivity, and reducing land-
use change (SDG 2 and SDG 15); enhance waste management (SDG
11 and SDG 12); create jobs, improve economic, and add value to
products (SDG 9 and SDG 8); and treat wastewater (SDG 6). More-
over, the technical, economic, and environmental challenges associ-
ated with biogas were discussed and connected with the SDGs in
developed and developing countries.

A total of 58 indicators have been provided within this work as
guidelines for the decision makers and policymakers. The proposed
indicators will also reduce the possible trade-off of the biogas into
SDGs and will overcome most of the barriers linked to related SDGs.
Moreover, the linkage between biogas, circular economy, and SDGs
was provided. The results demonstrate that biogas would support
the movement towards the circular economy.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgment

The authors would thank the university of Sharjah for the support
of the current work through the SEED grant (19020406123).
References

[1] Bhore SJ. Paris agreement on climate change: a booster to enable sustainable
global development and beyond. Int J Environ Res Public Health 2016;13:1134.

[2] Zhenmin L, Espinosa P. Tackling climate change to accelerate sustainable devel-
opment. Nat Clim Change 2019;9:494–6.

[3] Raza S, Zhang J, Ali I, Li X, Liu C. Recent trends in the development of biomass-
based polymers from renewable resources and their environmental applica-
tions. J Taiwan Inst Chem Eng 2020;115:293–303.

[4] Azha SF, Shahadat M, Ismail S, Ali SW, Ahammad SZ. Prospect of clay-based flex-
ible adsorbent coatings as cleaner production technique in wastewater treat-
ment, challenges, and issues: a review. J Taiwan Inst Chem Eng 2021;120:178–
206.

[5] Allen M, Babiker M, Chen Y, de Coninck H, Connors S, van Diemen R, Zickfeld K.
Global warming of 1.5 C: special report on the impacts of global warming.
Geneva, Switzerland: Intergovernmental Panel on Climate Change (IPCC); 2018.

[6] Commission EE. A Clean Planet for all�A European long-term strategic vision for
a prosperous, modern, competitive and climate neutral economy, depth analysis
in support of the commission. Commun COM 2018;773(2018):2018.

[7] Communication from the Commission to the European Parliament, the Euro-
pean Council, the Council, the European Economic and Social Committee and
the Committee of the Regions. The European Green Deal. COM/2019/640 final
(2019)., https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2019:640:
FIN, in, 2019.

[8] Rabaia MKH, Abdelkareem MA, Sayed ET, Elsaid K, Chae KJ, Wilberforce T, Olabi
AG. Environmental impacts of solar energy systems: a review. Sci Total Environ
2021;754:141989.

[9] Sayed ET, Wilberforce T, Elsaid K, Rabaia MKH, Abdelkareem MA, Chae KJ, Olabi
AG. A critical review on environmental impacts of renewable energy systems
and mitigation strategies: wind, hydro, biomass and geothermal. Sci Total Envi-
ron 2021;766:144505.

[10] Klinghoffer NB, Castaldi MJ. Waste to energy conversion technology. Elsevier;
2013.

[11] Olabi AG, Elsaid K, Sayed ET, Mahmoud MS, Wilberforce T, Hassiba RJ, Abdelkar-
eem MA. Application of nanofluids for enhanced waste heat recovery: a review.
Nano Energy 2021;84:105871.

[12] Hao L, Liu N, Zhang B, Niu R, Gong J, Tang T. Waste-to-wealth: sustainable con-
version of polyester waste into porous carbons as efficient solar steam genera-
tors. J. Taiwan Inst Chem Eng 2020;115:71–8.
[13] Li X, Cui C, Li H, Gao X. Process synthesis and simultaneous optimization of
extractive distillation system integrated with organic Rankine cycle and econo-
mizer for waste heat recovery. J Taiwan Inst Chem Eng 2019;102:61–72.

[14] Salilih EM, Abu-Hamdeh NH, Alsulami RA, Rawa MJH, Aljinaidi AA, Alazwari MA,
Eltaher MA, Almitani KH, Alnefaie KA, Abusorrah AM, Sindi HF. Annual perfor-
mance analysis of small scale industrial waste heat assisted solar tower power
plant and application of nanofluid. J Taiwan Inst Chem Eng 2021;124:216–27.

[15] Elsaid K, Taha Sayed E, Yousef BAA, Kamal Hussien Rabaia M, Ali Abdelkareem
M, Olabi AG. Recent progress on the utilization of waste heat for desalination: a
review. Energy Convers Manag 2020;221:113105.

[16] Rezk H, Nassef AM, Inayat A, Sayed ET, Shahbaz M, Olabi AG. Improving the envi-
ronmental impact of palm kernel shell through maximizing its production of
hydrogen and syngas using advanced artificial intelligence. Sci Total Environ
2019;658:1150–60.

[17] Akkarawatkhoosith N, Kaewchada A, Jaree A. High-throughput CO2 capture for
biogas purification using monoethanolamine in a microtube contactor. J Taiwan
Inst Chem Eng 2019;98:113–23.

[18] Mishra A, Kumar M, Bolan NS, Kapley A, Kumar R, Singh L. Multidimensional
approaches of biogas production and up-gradation: opportunities and chal-
lenges. Bioresour Technol 2021;338:125514.

[19] Cu�ellar AD, Webber ME. Cow power: the energy and emissions benefits of con-
verting manure to biogas. Environ Res Lett 2008;3:034002.

[20] Rehl T, M€uller J. Life cycle assessment of biogas digestate processing technolo-
gies. Resour Conserv Recycl 2011;56:92–104.

[21] McCabe BK, Schmidt T. Integrated biogas systems: local applications of anaero-
bic digestion towards integrated sustainable solutions. IEA Bioenergy, https://
www.ieabioenergy.com/wp-content/uploads/2018/06/Integrated-biogas-sys-
tems_WEB.pdf 2018.

[22] Tao B, Donnelly J, Oliveira I, Anthony R, Wilson V, Esteves SR. Enhancement of
microbial density and methane production in advanced anaerobic digestion of
secondary sewage sludge by continuous removal of ammonia. Bioresour Technol
2017;232:380–8.

[23] World Bioenergy Association. Global bioenergy statistics 2019 https://www.
worldbioenergy.org/global-bioenergy-statistics/.

[24] Eurostat, European statistics, https://ec.europa.eu/eurostat, in, 2021.
[25] Br�emond U, Bertrandias A, Steyer JP, Bernet N, Carrere H. A vision of European

biogas sector development towards 2030: trends and challenges. J Clean Prod
2020;00:125065.

[26] Br�emond U, Bertrandias A, Steyer JP, Bernet N, Carrere H. A vision of European
biogas sector development towards 2030: trends and challenges. J Clean Prod
2021;287:125065.

[27] Thiruselvi D, Kumar PS, Kumar MA, Lay CH, Aathika S, Mani Y, Jagadiswary D,
Dhanasekaran A, Shanmugam P, Sivanesan S. A critical review on global trends
in biogas scenario with its up-gradation techniques for fuel cell and future per-
spectives. Int J Hydrog Energy 2021;46:16734–50.

[28] Abdelkareem MA, Tanveer WH, Sayed ET, Assad MEH, Allagui A, Cha SW. On the
technical challenges affecting the performance of direct internal reforming bio-
gas solid oxide fuel cells. Renew Sustain Energy Rev 2019;101:361–75.

[29] Abdelkareem MA, Elsaid K, Wilberforce T, Kamil M, Sayed ET, Olabi A. Environ-
mental aspects of fuel cells: a review. Sci Total Environ 2021;752:141803.

[30] Abdelkareem MA, Lootah MA, Sayed ET, Wilberforce T, Alawadhi H, Yousef BAA,
Olabi AG. Fuel cells for carbon capture applications. Sci Total Environ
2021;769:144243.

[31] IRENA, Renewable Energy Statistics 201, https://www.irena.org/-/media/Files/
IRENA/Agency/Publication/2021/Aug/IRENA_Renewable_Energy_Statis-
tics_2021.pdf, in, 2021.

[32] Lohani SP, Dhungana B, Horn H, Khatiwada D. Small-scale biogas technology and
clean cooking fuel: assessing the potential and links with SDGs in low-income
countries�A case study of Nepal. Sustain Energy Technol Assess
2021;46:101301.

[33] Shaibur MR, Husain H, Arpon SH. Utilization of cow dung residues of biogas
plant for sustainable development of a rural community. Curr Res Environ Sus-
tain 2021;3:100026.

[34] Rosenthal J, Quinn A, Grieshop AP, Pillarisetti A, Glass RI. Clean cooking and the
SDGs: integrated analytical approaches to guide energy interventions for health
and environment goals. Energy Sustain Dev 2018;42:152–9.

[35] Rahman KM, Edwards DJ, Melville L, El-Gohary H. Implementation of bioenergy
systems towards achieving United Nations’ sustainable development goals in
rural Bangladesh. Sustainability 2019;11:3814.

[36] Orner KD, Camacho-C�espedes F, Cunningham JA, Mihelcic JR. Assessment of
nutrient fluxes and recovery for a small-scale agricultural waste management
system. J Environ Manag 2020;267:110626.

[37] Samer M, Abdelaziz S, Refai M, Abdelsalam E. Techno-economic assessment of
dry fermentation in household biogas units through co-digestion of manure and
agricultural crop residues in Egypt. Renew Energy 2020;149:226–34.

[38] Lundmark R, Anderson S, Hjort A, L€onnqvist T, Ryding SO, S€oderholm P. Estab-
lishing local biogas transport systems: policy incentives and actor networks in
Swedish regions. Biomass Bioenergy 2021;145:105953.

[39] Sahota S, Shah G, Ghosh P, Kapoor R, Sengupta S, Singh P, Vijay V, Sahay A, Vijay
VK, Thakur IS. Review of trends in biogas upgradation technologies and future
perspectives. Bioresour Technol Rep 2018;1:79–88.

[40] E. 2019, EBA Statistical Report: European Overview, https://www.europeanbio-
gas.eu/eba-statistical-report-2019/, in.

[41] Al Seadi, T. (2008). Biogas handbook. (2008 ed.) Syddansk Universitet.
[42] Wellinger A, Murphy JD, Baxter D. The biogas handbook: science, production

and applications. Elsevier; 2013.

http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0001
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0001
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0002
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0002
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0003
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0003
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0003
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0004
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0004
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0004
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0004
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0005
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0005
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0005
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0006
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0006
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0006
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0006
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2019:640:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2019:640:FIN
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0008
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0008
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0008
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0009
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0009
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0009
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0009
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0010
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0010
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0011
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0011
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0011
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0012
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0012
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0012
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0013
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0013
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0013
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0014
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0014
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0014
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0014
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0015
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0015
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0015
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0016
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0016
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0016
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0016
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0017
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0017
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0017
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0017
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0018
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0018
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0018
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0019
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0019
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0019
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0020
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0020
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0020
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0021
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0021
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0021
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0021
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0022
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0022
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0022
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0022
https://www.worldbioenergy.org/global-bioenergy-statistics/
https://www.worldbioenergy.org/global-bioenergy-statistics/
https://ec.europa.eu/eurostat
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0025
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0025
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0025
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0025
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0026
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0026
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0026
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0026
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0027
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0027
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0027
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0027
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0028
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0028
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0028
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0029
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0029
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0030
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0030
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0030
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Aug/IRENA_Renewable_Energy_Statistics_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Aug/IRENA_Renewable_Energy_Statistics_2021.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2021/Aug/IRENA_Renewable_Energy_Statistics_2021.pdf
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0032
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0032
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0032
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0032
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0032
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0033
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0033
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0033
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0034
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0034
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0034
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0035
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0035
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0035
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0036
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0036
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0036
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0036
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0037
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0037
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0037
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0038
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0038
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0038
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0038
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0038
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0039
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0039
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0039
https://www.europeanbiogas.eu/eba-statistical-report-2019/
https://www.europeanbiogas.eu/eba-statistical-report-2019/
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0042
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0042


K. Obaideen et al. / Journal of the Taiwan Institute of Chemical Engineers 131 (2022) 104207 17
[43] Kougias PG, Angelidaki I. Biogas and its opportunities-A review. Front Environ
Sci Eng 2018;12:1–12.

[44] Surendra K, Takara D, Hashimoto AG, Khanal SK. Biogas as a sustainable energy
source for developing countries: opportunities and challenges. Renew Sustain
Energy Rev 2014;31:846–59.

[45] Yentekakis IV, Goula G. Biogas management: advanced utilization for production
of renewable energy and added-value chemicals. Front Environ Sci 2017;5:7.

[46] Carrere H, Antonopoulou G, Affes R, Passos F, Battimelli A, Lyberatos G, Ferrer I.
Review of feedstock pretreatment strategies for improved anaerobic digestion:
from lab-scale research to full-scale application. Bioresour Technol
2016;199:386–97.

[47] Hagos K, Zong J, Li D, Liu C, Lu X. Anaerobic co-digestion process for biogas pro-
duction: progress, challenges and perspectives. Renew Sustain Energy Rev
2017;76:1485–96.

[48] Wu D, Li L, Zhao X, Peng Y, Yang P, Peng X. Anaerobic digestion: a review on pro-
cess monitoring. Renew Sustain Energy Rev 2019;103:1–12.

[49] Romero-G€uiza M, Vila J, Mata-Alvarez J, Chimenos J, Astals S. The role of addi-
tives on anaerobic digestion: a review. Renew Sustain Energy Rev
2016;58:1486–99.

[50] Lij�o L, Lorenzo-Toja Y, Gonz�alez-García S, Bacenetti J, Negri M, Moreira MT. Eco-
efficiency assessment of farm-scaled biogas plants. Bioresour Technol
2017;237:146–55.

[51] Bacenetti J, Sala C, Fusi A, Fiala M. Agricultural anaerobic digestion plants: what
LCA studies pointed out and what can be done to make them more environmen-
tally sustainable. Appl Energy 2016;179:669–86.

[52] Monlau F, Sambusiti C, Ficara E, Aboulkas A, Barakat A, Carr�ere H. New opportu-
nities for agricultural digestate valorization: current situation and perspectives.
Energy Environ Sci 2015;8:2600–21.

[53] Bagher AM, Fatemeh G, Saman M, Leili M. Advantages and disadvantages of bio-
gas energy. Bull Adv Sci Res 2015;1:132–5.

[54] Renewable Energy and Jobs,—Annual Review 2019, https://www.irena.org/pub-
lications/2020/Sep/Renewable-Energy-and-Jobs-Annual-Review-2020, Abu
Dhabi (United Arab Emirates): IRENA, (2019).

[55] Rao PV, Baral SS, Dey R, Mutnuri S. Biogas generation potential by anaerobic
digestion for sustainable energy development in India. Renew. Sustain Energy
Rev 2010;14:2086–94.

[56] Parsaee M, Kiani Deh Kiani M, Karimi K. A review of biogas production from sug-
arcane vinasse. Biomass Bioenergy 2019;122:117–25.

[57] Rittmann BE. Opportunities for renewable bioenergy using microorganisms. Bio-
technol Bioeng 2008;100:203–12.

[58] O'Connor S, Ehimen E, Pillai SC, Black A, Tormey D, Bartlett J. Biogas production
from small-scale anaerobic digestion plants on European farms. Renew Sustain
Energy Rev 2021;139:110580.

[59] Ryckebosch E, Drouillon M, Vervaeren H. Techniques for transformation of bio-
gas to biomethane. Biomass Bioenergy 2011;35:1633–45.

[60] Mango FD. Methane concentrations in natural gas: the genetic implications. Org
Geochem 2001;32:1283–7.

[61] Abbasi T, Tauseef SM, Abbasi SA. Anaerobic digestion for global warming control
and energy generation-An overview. Renew Sustain Energy Rev 2012;16:3228–
42.

[62] Bruun S, Jensen LS, Khanh Vu VT, Sommer S. Small-scale household biogas
digesters: an option for global warming mitigation or a potential climate bomb.
Renew Sustain Energy Rev 2014;33:736–41.

[63] Yu L, Yaoqiu K, Ningsheng H, Zhifeng W, Lianzhong X. Popularizing household-
scale biogas digesters for rural sustainable energy development and greenhouse
gas mitigation. Renew Energy 2008;33:2027–35.

[64] K.R. Smith, R. Uma, V. Kishore, K. Lata, V. Joshi, J. Zhang, R. Rasmussen, M. Khalil,
Greenhouse gases from small-scale combustion devices in developing countries:
Phase IIA, Household stoves in India, US Environmental Protection Agency,
Research Triangle Park, NC, 98 (2000).

[65] de Souza SN, Santos RF, Fracaro GP. Potential for the production of biogas in
alcohol and sugar cane plants for use in urban buses in the Brazil. World renew-
able energy congress-Sweden; 8-13 may; 2011. Link€oping; Sweden: Link€oping
University Electronic Press; 2011. p. 418–24.

[66] Moraes BS, Junqueira TL, Pavanello LG, Cavalett O, Mantelatto PE, Bonomi A,
Zaiat M. Anaerobic digestion of vinasse from sugarcane biorefineries in Brazil
from energy, environmental, and economic perspectives: profit or expense.
Appl Energy 2014;113:825–35.

[67] De Dobbelaere A, De Keulenaere B, De Mey J, Lebuf V, Meers E, Ryckaert B, et al.
Small-scale anaerobic digestion : case studies in Western Europe. Belgium:
RumbekeInagro; 2015.

[68] O’Connor S, Ehimen E, Pillai S, Black A, Tormey D, Bartlett J. Biogas production
from small-scale anaerobic digestion plants on European farms. Renew Sustain
Energy Rev 2021;139:110580. doi: 10.1016/j.rser.2020.110580.

[69] Hegde S, Ebner JH, Williamson AA, Trabold TA. Feasibility assessment of
medium-scale anaerobic digesters for conversion of brewery and dairy farm
waste streams, in: energy sustainability. Am Soc Mech Eng 2015;1
V001T002A004. doi: 10.1115/es2015-49560.

[70] Raboni M, Urbini G. Production and use of biogas in Europe: a survey of current
status and perspectives. Rev Ambient Agua 2014;9:191–202.

[71] Khoshgoftar Manesh MH, Rezazadeh A, Kabiri S. A feasibility study on the poten-
tial, economic, and environmental advantages of biogas production from poultry
manure in Iran. Renew Energy 2020;159:87–106.

[72] Wasajja H, Lindeboom RE, van Lier JB, Aravind P. Techno-economic review of
biogas cleaning technologies for small scale off-grid solid oxide fuel cell applica-
tions. Fuel Process Technol 2020;197:106215.
[73] Cozzolino R, Lombardi L, Tribioli L. Use of biogas from biowaste in a solid oxide
fuel cell stack: application to an off-grid power plant. Renew Energy
2017;111:781–91.

[74] Moraes BS, Zaiat M, Bonomi A. Anaerobic digestion of vinasse from sugarcane
ethanol production in Brazil: challenges and perspectives. Renew Sustain Energy
Rev 2015;44:888–903.

[75] Rodrigues Reis CE, Hu B. Vinasse from sugarcane ethanol production: better
treatment or better utilization. Front Energy Res 2017;5:7.

[76] Khan IU, Othman MHD, Hashim H, Matsuura T, Ismail A, Rezaei-DashtArzhandi
M, Azelee IW. Biogas as a renewable energy fuel-A review of biogas upgrading,
utilisation and storage. Energy Convers Manag 2017;150:277–94.

[77] Qian Y, Sun S, Ju D, Shan X, Lu X. Review of the state-of-the-art of biogas com-
bustion mechanisms and applications in internal combustion engines. Renew
Sustain Energy Rev 2017;69:50–8.

[78] Xue S, Song J, Wang X, Shang Z, Sheng C, Li C, Zhu Y, Liu J. A systematic compari-
son of biogas development and related policies between China and Europe and
corresponding insights. Renew Sustain Energy Rev 2020;117:109474.

[79] Wang X, Yan R, Zhao Y, Cheng S, Han Y, Yang S, Cai D, Mang H-P, Li Z. Biogas
standard system in China. Renew Energy 2020;157:1265–73.

[80] Calbry-Muzyka AS, Gantenbein A, Schneebeli J, Frei A, Knorpp AJ, Schildhauer TJ,
Biollaz SM. Deep removal of sulfur and trace organic compounds from biogas to
protect a catalytic methanation reactor. Chem Eng J 2019;360:577–90.

[81] Tansel B, Surita SC. Managing siloxanes in biogas-to-energy facilities: economic
comparison of pre-vs post-combustion practices. Waste Manag 2019;96:121–7.

[82] Abdelkareem MA, Tanveer WH, Sayed ET, Assad MEH, Allagui A, Cha S. On the
technical challenges affecting the performance of direct internal reforming bio-
gas solid oxide fuel cells. Renew Sustain Energy Rev 2019;101:361–75.

[83] Zhang Y, Zhu Z, Zheng Y, Chen Y, Yin F, Zhang W, Dong H, Xin H. Characteriza-
tion of volatile organic compound (VOC) emissions from swine manure biogas
digestate storage. Atmosphere 2019;10:411. (Basel).

[84] He Q, Ji L, Yu B, Yan S, Zhang Y, Zhao S. Renewable aqueous ammonia from bio-
gas slurry for carbon capture: chemical composition and CO2 absorption rate.
Int J Greenhouse Gas Control 2018;77:46–54.

[85] Ullah Khan I, Hafiz Dzarfan Othman M, Hashim H, Matsuura T, Ismail AF, Rezaei-
DashtArzhandi M, Wan Azelee I. Biogas as a renewable energy fuel � A review
of biogas upgrading, utilisation and storage. Energy Convers Manag
2017;150:277–94.

[86] Rasi S, Veijanen A, Rintala J. Trace compounds of biogas from different biogas
production plants. Energy 2007;32:1375–80.

[87] Tjaden B, Gandiglio M, Lanzini A, Santarelli M, J€arvinen M. Small-scale biogas-
SOFC plant: technical analysis and assessment of different fuel reforming
options. Energy Fuels 2014;28:4216–32.

[88] Alves HJ, Junior CB, Niklevicz RR, Frigo EP, Frigo MS, Coimbra-Ara�ujo CH. Over-
view of hydrogen production technologies from biogas and the applications in
fuel cells. Int J Hydrog Energy 2013;38:5215–25.

[89] Papurello D, Soukoulis C, Schuhfried E, Cappellin L, Gasperi F, Silvestri S, Santar-
elli M, Biasioli F. Monitoring of volatile compound emissions during dry anaero-
bic digestion of the organic fraction of municipal solid waste by proton transfer
reaction time-of-flight mass spectrometry. Bioresour Technol 2012;126:254–65.

[90] Bragança I, S�anchez-Sober�on F, Pantuzza GF, Alves A, Ratola N. Impurities in bio-
gas: analytical strategies, occurrence, effects and removal technologies. Biomass
Bioenergy 2020;143:105878.

[91] Barrera EL, Spanjers H, Dewulf J, Romero O, Rosa E. The sulfur chain in biogas
production from sulfate-rich liquid substrates: a review on dynamic modeling
with vinasse as model substrate. J Chem Technol Biotechnol 2013;88:1405–20.

[92] Tantikhajorngosol P, Laosiripojana N, Jiraratananon R, Assabumrungrat S. Physi-
cal absorption of CO2 and H2S from synthetic biogas at elevated pressures using
hollow fiber membrane contactors: the effects of Henry’s constants and gas dif-
fusivities. Int J Heat Mass Transfer 2019;128:1136–48.

[93] Tanveer WH, Abdelkareem MA, Kolosz BW, Rezk H, Andresen J, Cha SW, Sayed
ET. The role of vacuum based technologies in solid oxide fuel cell development
to utilize industrial waste carbon for power production. Renew Sustain Energy
Rev 2021;142:110803.

[94] Deublein D, Steinhauser A. Biogas from waste and renewable resources: an
introduction,. JohnWiley & Sons; 2011.

[95] Singhal S, Agarwal S, Arora S, Sharma P, Singhal N. Upgrading techniques for
transformation of biogas to bio-CNG: a review. Int J Energy Res 2017;41:1657–
69.

[96] Kapdi A, Vijay V, Rajest S, Prasat R. Biogas scrubbing compression and storage:
perspectives and prospectus in india context. Renew Energy 2004;4:1–8.

[97] M. Hagen, E. Polman, J.K. Jensen, A. Myken, O. Joensson, A. Dahl, Adding gas from
biomass to the gas grid, (2001).

[98] Khoshnevisan B, Tsapekos P, Alfaro N, Díaz I, Fdz-Polanco M, Rafiee S, Angelidaki
I. A review on prospects and challenges of biological H2S removal from biogas
with focus on biotrickling filtration and microaerobic desulfurization. Biofuel
Res J 2017;4:741–50.

[99] Rey M, Font R, Aracil I. Biogas from MSW landfill: composition and determina-
tion of chlorine content with the AOX (adsorbable organically bound halogens)
technique. Energy 2013;63:161–7.

[100] Allen MR, Braithwaite A, Hills CC. Trace organic compounds in landfill gas at
seven UK waste disposal sites. Environ Sci Technol 1997;31:1054–61.

[101] Boulinguiez B, Le Cloirec P. Adsorption on Activated Carbons of Five Selected
Volatile Organic Compounds Present in Biogas: comparison of Granular and
Fiber Cloth Materials. Energy Fuels 2010;24:4756–65.

[102] Rasi S, L€antel€a J, Rintala J. Trace compounds affecting biogas energy utilisation-A
review. Energy Convers Manag. 2011;52:3369–75.

http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0043
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0043
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0044
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0044
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0044
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0045
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0045
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0046
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0046
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0046
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0046
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0047
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0047
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0047
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0048
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0048
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0049
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0049
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0049
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0049
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0050
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0050
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0050
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0050
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0050
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0051
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0051
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0051
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0052
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0052
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0052
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0052
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0053
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0053
https://www.irena.org/publications/2020/Sep/Renewable-Energy-and-Jobs-Annual-Review-2020
https://www.irena.org/publications/2020/Sep/Renewable-Energy-and-Jobs-Annual-Review-2020
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0055
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0055
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0055
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0056
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0056
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0057
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0057
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0058
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0058
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0058
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0059
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0059
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0060
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0060
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0061
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0061
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0061
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0062
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0062
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0062
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0063
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0063
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0063
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0065
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0065
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0065
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0065
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0065
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0065
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0066
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0066
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0066
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0066
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0067
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0067
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0067
https://doi.org/10.1016/j.rser.2020.110580
https://doi.org/10.1115/es2015-49560
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0070
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0070
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0071
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0071
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0071
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0072
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0072
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0072
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0073
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0073
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0073
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0074
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0074
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0074
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0075
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0075
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0076
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0076
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0076
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0077
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0077
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0077
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0078
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0078
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0078
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0079
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0079
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0080
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0080
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0080
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0081
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0081
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0082
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0082
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0082
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0083
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0083
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0083
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0084
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0084
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0084
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0084
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0085
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0085
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0085
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0085
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0085
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0086
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0086
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0087
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0087
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0087
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0087
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0088
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0088
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0088
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0088
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0089
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0089
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0089
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0089
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0090
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0090
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0090
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0090
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0090
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0090
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0091
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0091
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0091
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0092
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0092
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0092
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0092
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0092
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0092
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0093
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0093
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0093
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0093
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0094
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0094
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0095
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0095
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0095
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0096
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0096
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0098
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0098
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0098
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0098
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0099
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0099
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0099
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0100
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0100
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0101
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0101
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0101
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0102
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0102
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0102
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0102


18 K. Obaideen et al. / Journal of the Taiwan Institute of Chemical Engineers 131 (2022) 104207
[103] Awe OW, Zhao Y, Nzihou A, Minh DP, Lyczko N. A review of biogas utilisation,
purification and upgrading technologies. Waste Biomass Valoriz 2017;8:267–
83.

[104] Fu S, Angelidaki I, Zhang Y. In situ biogas upgrading by CO2-to-CH4 bioconver-
sion. Trends Biotechnol 2021;39:336–47.

[105] Zhao Q, Leonhardt E, MacConnell C, Frear C, Chen S. Purification technologies for
biogas generated by anaerobic digestion. Compress Biomethane CSANR Ed
2010;24:00.

[106] Bauer F, Hulteberg C, Persson T, Tamm D. 2013. https://portal.research.lu.se/en/
publications/biogas-upgrading-review-of-commercial-technologies.

[107] Tippayawong N, Thanompongchart P. Biogas quality upgrade by simultaneous
removal of CO2 and H2S in a packed column reactor. Energy 2010;35:4531–5.

[108] Habibollahzade A, Rosen MA. Syngas-fueled solid oxide fuel cell functionality
improvement through appropriate feedstock selection and multi-criteria opti-
mization using Air/O2-enriched-air gasification agents. Appl Energy
2021;286:116497.

[109] Shen M, Zhang Y, Hu D, Fan J, Zeng G. A review on removal of siloxanes from bio-
gas: with a special focus on volatile methylsiloxanes. Environ Sci Pollut Res
2018;25:30847–62.

[110] Masebinu S, Aboyade A, Muzenda E. Enrichment of biogas for use as vehicular
fuel: a review of the upgrading techniques. Int J Res Chem Metall Civ Eng
2014;1:88–97.

[111] Mu~noz R, Meier L, Diaz I, Jeison D. A review on the state-of-the-art of physical/
chemical and biological technologies for biogas upgrading. Rev Environ Sci Bio
Technol 2015;14:727–59.

[112] Persson M, J€onsson O, Wellinger A. Biogas upgrading to vehicle fuel standards
and grid injection, in. IEA Bioenergy Task 2006;00:1–34.

[113] Sheng K, Chen X, Pan J, Kloss R, Wei Y, Ying Y. Effect of ammonia and nitrate on
biogas production from food waste via anaerobic digestion. Biosyst Eng
2013;116:205–12.

[114] Chen H, WangW, Xue L, Chen C, Liu G, Zhang R. Effects of ammonia on anaerobic
digestion of food waste: process performance and microbial community. Energy
Fuels 2016;30:5749–57.

[115] Krich K, Augenstein A, Batmale J, Benemann J, Rutledge B, Salour D. Upgrading
dairy biogas to biomethane and other fuels, biomethane from dairy waste-A
sourcebook for the production and use of renewable natural gas in california.
California: Clear Concepts; 2005. p. 47–69.

[116] McBean EA. Siloxanes in biogases from landfills and wastewater digesters. Can J
Civ Eng 2008;35:431–6.

[117] Papadias DD, Ahmed S, Kumar R. Fuel quality issues with biogas energy�An eco-
nomic analysis for a stationary fuel cell system. Energy 2012;44:257–77.

[118] Petersson A, Wellinger A. Biogas upgrading technologies-developments and
innovations. IEA Bioenergy 2009;20:1–19.

[119] Alexander S, Harris P, McCabe BK. Biogas in the suburbs: an untapped source of
clean energy. J Clean Prod 2019;215:1025–35.

[120] Martins das Neves LC, Converti A, Vessoni Penna TC. Biogas production: new
trends for alternative energy sources in rural and urban zones. Chem Eng Tech-
nol 2009;32:1147–53 Industrial Chemistry-Plant Equipment-Process Engineer-
ing-Biotechnology.

[121] Tang WZ. Physicochemical treatment of hazardous wastes. CRC Press; 2003.
[122] Zhang Z, Zimmermann NE, Stenke A, Li X, Hodson EL, Zhu G, Huang C, Poulter B.

Emerging role of wetland methane emissions in driving 21st century climate
change. Proc Natl Acad Sci 2017;114:9647.

[123] Olabi AG, Obaideen K, Elsaid K, Wilberforce T, Sayed ET, Maghrabie HM, Abdel-
kareem MA. Assessment of the pre-combustion carbon capture contribution
into sustainable development goals SDGs using novel indicators. Renew Sustain
Energy Rev 2022;153:111710.

[124] Yvon-Durocher G, Allen AP, Bastviken D, Conrad R, Gudasz C, St-Pierre A, Thanh-
Duc N, del Giorgio PA. Methane fluxes show consistent temperature dependence
across microbial to ecosystem scales. Nature 2014;507:488–91.

[125] Tagne RFT, Dong X, Anagho SG, Kaiser S, Ulgiati S. Technologies, challenges and
perspectives of biogas production within an agricultural context. The case of
China and Africa. Environ Dev Sustain 2021.

[126] Wijesinghe LdS, Chandrasiri J. Operating experience with biogas plants in Sri
Lanka, in:. Natural resources forum. Wiley Online Library; 1986. p. 221–9.

[127] Chen Y, Yang G, Sweeney S, Feng Y. Household biogas use in rural China: a study
of opportunities and constraints. Renew Sustain Energy Rev 2010;14:545–9.

[128] Bond T, Templeton MR. History and future of domestic biogas plants in the
developing world. Energy Sustain Dev 2011;15:347–54.

[129] Bruun S, Jensen LS, Sommer S. Small-scale household biogas digesters: an option
for global warming mitigation or a potential climate bomb. Renew Sustain
Energy Rev 2014;33:736–41.

[130] Ni JQ, Nyns EJ. New concept for the evaluation of rural biogas management in
developing countries. Energy Convers Manag 1996;37:1525–34.

[131] Sibisi N, Green J. A floating dome biogas digester: perceptions of energising a
rural school in Maphephetheni, KwaZulu-Natal. J Energy Southern Afr
2005;16:45–52.

[132] Limmeechokchai B, Chawana S. Sustainable energy development strategies in
the rural Thailand: the case of the improved cooking stove and the small biogas
digester. Renew Sustain Energy Rev 2007;11:818–37.

[133] Ruchen C. The development of biogas utilisation in China. Biomass 1981;1:39–
46.

[134] Torrijos M. State of development of biogas production in Europe. Procedia Envi-
ron Sci 2016;35:881–9.

[135] Strauch S, Krassowski J, Singhal A. Biomethane Guide for Decision Makers. Policy
guide on biogas injection into the natural gas grid. GREEN GAS GRIDS; 2013
https://www.dena.de/fileadmin/dena/Dokumente/Themen_und_Projekte/
Erneuerbare_Energien/GreenGasGrids/Policy_Guide_for_Decision_Makers.pdf.

[136] P€oschl M, Ward S, Owende P. Evaluation of energy efficiency of various biogas
production and utilization pathways. Appl Energy 2010;87:3305–21.

[137] Lantz M. The economic performance of combined heat and power from biogas
produced from manure in Sweden-A comparison of different CHP technologies.
Appl Energy 2012;98:502–11.

[138] Outlook for biogas and biomethane: Prospects for organic growth, World Energy
Outlook special report, https://www.iea.org/reports/outlook-for-biogas-and-
biomethane-prospects-for-organic-growth, in, 2020.

[139] Nevzorova T, Kutcherov V. Barriers to the wider implementation of biogas as a
source of energy: a state-of-the-art review. Energy Strategy Rev
2019;26:100414.

[140] Herrmann A. Biogas production from maize: current state, challenges and pros-
pects. 2. Agronomic and environmental aspects. Bioenergy Res 2013;6:372–87.

[141] Arthurson V. Closing the global energy and nutrient cycles through application
of biogas residue to agricultural land-potential benefits and drawback. Energies
2009;2:226–42.

[142] Ilo OP, Simatele MD, Nkomo SPL, Mkhize NM, Prabhu NG. The benefits of water
hyacinth (eichhornia crassipes) for Southern Africa: a review. Sustainability
2020;12:9222.

[143] Zeng J, Xu R, Sun R, Niu L, Liu Y, Zhou Y, Zeng W, Yue Z. Evaluation of methane
emission flux from a typical biogas fermentation ecosystem in China. J Clean
Prod 2020;257:120441.

[144] Tamburini E, Gaglio M, Castaldelli G, Fano EA. Biogas from agri-food and agricul-
tural waste can appreciate agro-ecosystem services: the case study of emilia
romagna region. Sustainability 2020;12:8392.

[145] Adnan AI, Ong MY, Nomanbhay S, Chew KW, Show PL. Technologies for biogas
upgrading to biomethane: a review. Bioengineering 2019;6:92.

[146] Ahmad M, Hengyi H, Rahman ZU, Khan ZU, Khan S, Khan Z. Carbon emissions,
energy use, gross domestic product and total population in China. Ekonomia i
�Srodowisko. Nr; 2018. p. 32–44 http://yadda.icm.edu.pl/yadda/element/
bwmeta1.element.baztech-89a99dda-9e6c-46c4-b917-ede8412bcd19.

[147] Hansupalak N, Piromkraipak P, Tamthirat P, Manitsorasak A, Sriroth K, Tran T.
Biogas reduces the carbon footprint of cassava starch: a comparative assessment
with fuel oil. J Clean. Prod 2016;134:539–46.

[148] Okoro OV, Sun Z. Desulphurisation of biogas: a systematic qualitative and eco-
nomic-based quantitative review of alternative strategies. ChemEngineering
2019;3:76.

[149] Verhoog R, Ghorbani A, Dijkema GP. Modelling socio-ecological systems with
MAIA: a biogas infrastructure simulation. Environ Model Softw 2016;81:72–85.

[150] Abdul Aziz NIH, Hanafiah MM, Mohamed Ali MY. Sustainable biogas production
from agrowaste and effluents-A promising step for small-scale industry income.
Renew Energy 2019;132:363–9.

[151] Yasar A, Nazir S, Tabinda AB, Nazar M, Rasheed R, Afzaal M. Socio-economic,
health and agriculture benefits of rural household biogas plants in energy scarce
developing countries: a case study from Pakistan. Renew Energy 2017;108:19–
25.

[152] Velivela A, Barham H, Bauer J, Roschke J, Daim TU, Meissner D. Biogas: convert-
ing waste to Energy. In: Daim TU, Meissner D, editors. Innovation management
in the intelligent world: cases and tools. Cham: Springer International Publish-
ing; 2020. p. 285–98.

[153] Kelebe HE, Ayimut KM, Berhe GH, Hintsa K. Determinants for adoption decision
of small scale biogas technology by rural households in Tigray, Ethiopia. Energy
Econ. 2017;66:272–8.

[154] Chowdhury T, Chowdhury H, Hossain N, Ahmed A, Hossen MS, Chowdhury P,
Thirugnanasambandam M, Saidur R. Latest advancements on livestock waste
management and biogas production: bangladesh’s perspective. J Clean Prod
2020;272:122818.

[155] Paolini V, Petracchini F, Segreto M, Tomassetti L, Naja N, Cecinato A. Environ-
mental impact of biogas: a short review of current knowledge. J Environ Sci
Health Part A 2018;53:899–906.

[156] Jeong Y, Hermanowicz SW, Park C. Treatment of food waste recycling wastewa-
ter using anaerobic ceramic membrane bioreactor for biogas production in
mainstream treatment process of domestic wastewater. Water Res
2017;123:86–95.

[157] Tsai WT. Regulatory promotion and benefit analysis of biogas-power and biogas-
digestate from anaerobic digestion in taiwan’s livestock industry. Fermentation
2018;4:57.

[158] Lima RM, Santos AHM, Pereira CRS, Flauzino BK, Pereira ACOS, Nogueira FJH,
Valverde JAR. Spatially distributed potential of landfill biogas production and
electric power generation in Brazil. Waste Manag 2018;74:323–34.

[159] Studer I, Boeker C, Geist J. Physicochemical and microbiological indicators of sur-
face water body contamination with different sources of digestate from biogas
plants. Ecol Indic 2017;77:314–22.

[160] Tamburini E, Gaglio M, Castaldelli G, Fano EA. Is bioenergy truly sustainable
when land-use-change (LUC) Emissions are accounted for. The case-study of
biogas from agricultural biomass in emilia-romagna region, Italy. Sustainability
2020;12:3260.

[161] Winther T. The impact of electricity: development, desires and dilemmas. Ber-
ghahn Books; 2008.

[162] Balat M, Balat H. Biogas as a renewable energy source-A review, energy sources,
part A: recovery. Utili Environ Effect 2009;31:1280–93.

[163] Bilen K, Ozyurt O, Bakırcı K, Karslı S, Erdogan S, Yılmaz M, Comaklı O. Energy
production, consumption, and environmental pollution for sustainable develop-
ment: a case study in Turkey. Renew Sustain Energy Rev 2008;12:1529–61.

http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0103
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0103
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0103
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0104
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0104
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0104
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0104
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0105
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0105
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0105
https://portal.research.lu.se/en/publications/biogas-upgrading-review-of-commercial-technologies
https://portal.research.lu.se/en/publications/biogas-upgrading-review-of-commercial-technologies
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0107
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0107
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0107
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0107
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0108
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0108
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0108
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0108
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0108
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0109
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0109
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0109
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0110
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0110
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0110
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0111
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0111
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0111
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0111
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0112
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0112
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0112
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0113
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0113
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0113
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0114
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0114
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0114
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0115
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0115
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0115
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0115
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0116
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0116
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0117
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0117
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0117
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0118
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0118
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0119
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0119
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0120
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0120
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0120
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0120
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0121
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0122
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0122
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0122
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0123
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0123
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0123
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0123
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0124
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0124
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0124
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0125
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0125
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0125
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0126
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0126
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0127
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0127
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0128
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0128
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0129
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0129
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0129
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0130
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0130
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0131
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0131
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0131
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0132
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0132
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0132
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0133
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0133
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0134
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0134
https://www.dena.de/fileadmin/dena/Dokumente/Themen_und_Projekte/Erneuerbare_Energien/GreenGasGrids/Policy_Guide_for_Decision_Makers.pdf
https://www.dena.de/fileadmin/dena/Dokumente/Themen_und_Projekte/Erneuerbare_Energien/GreenGasGrids/Policy_Guide_for_Decision_Makers.pdf
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0136
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0136
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0136
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0137
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0137
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0137
https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth
https://www.iea.org/reports/outlook-for-biogas-and-biomethane-prospects-for-organic-growth
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0139
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0139
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0139
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0140
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0140
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0141
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0141
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0141
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0142
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0142
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0142
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0143
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0143
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0143
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0144
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0144
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0144
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0145
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0145
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-89a99dda-9e6c-46c4-b917-ede8412bcd19
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-89a99dda-9e6c-46c4-b917-ede8412bcd19
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0147
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0147
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0147
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0148
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0148
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0148
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0149
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0149
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0150
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0150
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0150
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0151
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0151
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0151
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0151
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0152
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0152
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0152
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0152
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0153
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0153
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0153
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0154
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0154
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0154
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0154
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0155
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0155
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0155
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0156
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0156
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0156
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0156
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0157
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0157
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0157
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0158
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0158
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0158
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0159
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0159
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0159
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0160
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0160
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0160
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0160
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0161
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0161
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0162
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0162
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0165
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0165
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0165


K. Obaideen et al. / Journal of the Taiwan Institute of Chemical Engineers 131 (2022) 104207 19
[164] Pei-dong Z, Guomei J, Gang W. Contribution to emission reduction of CO2 and
SO2 by household biogas construction in rural China. Renew Sustain Energy Rev
2007;11:1903–12.

[165] Omer A. Biogas technology for sustainable energy generation: development and
perspectives. MOJ App Bio Biomech 2017;1:137–48.

[166] Gerber PJ, Steinfeld H, Henderson B, Mottet A, Opio C, Dijkman J, Falcucci A,
Tempio G. Tackling climate change through livestock: a global assessment of
emissions and mitigation opportunities, food and agriculture organization of the
United Nations (FAO), 2013. Publisher: Food and Agriculture Organization of the
United Nations (FAO). http://www.fao.org/.../i3437e00.htm

[167] Hamburg R. Household cooking fuel hydrogen sulfide and sulfur dioxide emis-
sions from stalks, coal and biogas. Biomass 1989;19:233–45.

[168] Zhang J, Mauzerall DL, Zhu T, Liang S, Ezzati M, Remais JV. Environmental health
in China: progress towards clean air and safe water. Lancet North Am Ed
2010;375:1110–9.

[169] Singh KJ, Sooch SS. Comparative study of economics of different models of fam-
ily size biogas plants for state of Punjab, India. Energy Convers Manag
2004;45:1329–41.

[170] Bala B, Hossain M. Economics of biogas digesters in Bangladesh. Energy
1992;17:939–44.

[171] Abdelsalam E, Samer M, Attia YA, Abdel-Hadi MA, Hassan HE, Badr Y. Compari-
son of nanoparticles effects on biogas and methane production from anaerobic
digestion of cattle dung slurry. Renew Energy 2016;87:592–8.

[172] Hiremath RB, Kumar B, Balachandra P, Ravindranath N. Sustainable bioenergy
production strategies for rural India. Mitig Adaptat strateg Glob Change
2010;15:571–90.

[173] Basics B, Digest B. Unlocking the Electricity Recovery Potential from Sustainable
Management of Pig Manure Based on Geographic Information System Analysis:
Case Study in Hanoi, Vietnam. University of Tsukuba. https://biogas.ifas.ufl.edu/
ad_development/documents/biogasdigestvol1.pdf. Accessed in Dec. 2021.

[174] Kashyap DR, Dadhich K, Sharma S. Biomethanation under psychrophilic condi-
tions: a review. Bioresour Technol 2003;87:147–53.

[175] Gautam R, Baral S, Herat S. Biogas as a sustainable energy source in Nepal:
present status and future challenges. Renew Sustain Energy Rev
2009;13:248–52.

[176] Dhingra R, Christensen ER, Liu Y, Zhong B, Wu C-F, Yost MG, Remais JV. Green-
house gas emission reductions from domestic anaerobic digesters linked with
sustainable sanitation in rural China. Environ Sci Technol 2011;45:2345–52.

[177] Yang J, Chen W, Chen B. Impacts of biogas projects on agro-ecosystem in rural
areas-A case study of Gongcheng. Front Earth Sci 2011;5:317.

[178] Khare V, Nema S, Baredar P. Status of solar wind renewable energy in India.
Renew Sustain Energy Rev 2013;27:1–10.

[179] Garg RN, Pathak H, Das DK, Tomar RK. Use of flyash and biogas slurry for
improving wheat yield and physical properties of soil. Environ Monit Assess
2005;107:1–9.

[180] Linderson ML, Iritz Z, Lindroth A. The effect of water availability on stand-level
productivity, transpiration, water use efficiency and radiation use efficiency of
field-grown willow clones. Biomass Bioenergy 2007;31:460–8.

[181] Weiland P. Biogas production: current state and perspectives. Appl Microbiol
Biotechnol 2010;85:849–60.

[182] Mambeli Barros R, Tiago Filho GL, da Silva TR. The electric energy potential of
landfill biogas in Brazil. Energy Policy 2014;65:150–64.

[183] Zhang C, Xu Y. Economic analysis of large-scale farm biogas power generation
system considering environmental benefits based on LCA: a case study in China.
J Clean Prod 2020;258:120985.

[184] Br�emond U, Bertrandias A, de Buyer R, Latrille E, Jimenez J, Escudi�e R, Steyer JP,
Bernet N, Carrere H. Recirculation of solid digestate to enhance energy efficiency
of biogas plants: strategies, conditions and impacts. Energy Convers Manag
2021;231:113759.

[185] Semple S, Apsley A, Wushishi A, Smith J. Commentary: switching to biogas-
What effect could it have on indoor air quality and human health. Biomass Bio-
energy 2014;70:125–9.

[186] Hosseini SE, Abdul Wahid M. Pollutant in palm oil production process. J Air
Waste Manag Assoc 2015;65:773–81.

[187] Tan YD, Lim JS. Feasibility of palm oil mill effluent elimination towards sustain-
able Malaysian palm oil industry. Renew Sustain Energy Rev 2019;111:507–22.

[188] Zinatizadeh AA, Mohammadi P, Mirghorayshi M, Ibrahim S, Younesi H,
Mohamed AR. An anaerobic hybrid bioreactor of granular and immobilized bio-
mass for anaerobic digestion (AD) and dark fermentation (DF) of palm oil mill
effluent: mass transfer evaluation in granular sludge and role of internal pack-
ing. Biomass Bioenergy 2017;103:1–10.

[189] Hosseini SE, Wahid MA. Feasibility study of biogas production and utilization as
a source of renewable energy in Malaysia. Renew Sustain Energy Rev
2013;19:454–62.

[190] Knapp M, R€osch C, J€orissen J, Skarka J. Strategies to Reduce Land Use Competi-
tion and Increasing the Share of Biomass in the German Energy Supply, 2010,
INSTITUTE FOR TECHNOLOGY ASSESSMENT AND SYSTEMS ANALYSIS. http://
www.cres.gr/4fcrops/pdf/Lisbon/Knapp.pdf

[191] Bai Z, Dent DL, Olsson L, Schaepman ME. Global assessment of land degradation
and improvement: 1. identification by remote sensing, in, ISRIC-World Soil.
Information 2008. https://www.isric.org/sites/default/files/isric_re-
port_2008_01.pdf.

[192] Barbir F, Veziro�glu T, Plass Jr H. Environmental damage due to fossil fuels use. Int
J Hydrog Energy 1990;15:739–49.

[193] Gevo and Scandinavian Airlines amend sales deal to up sustainable aviation fuel
purchase minimum. https://ca.proactiveinvestors.com/companies/news/
941939/gevo-and-scandinavian-airlines-amend-sales-deal-to-up-sustainable-
aviation-fuel-purchase-minimum-941939.html (accessed May 15, 2021).

[194] Sarkar S, Skalicky M, Hossain A, Brestic M, Saha S, Garai S, et al. Management of
crop residues for improving input use efficiency and agricultural sustainability.
Sustainability 2020;12(23):9808. doi: 10.3390/su12239808.

[195] Yu FB, Luo XP, Song CF, Zhang MX, Shan SD. Concentrated biogas slurry
enhanced soil fertility and tomato quality. Acta Agric Scand Sect B Soil Plant Sci
2010;60:262–8.

[196] Garg RN, Pathak H, Das D, Tomar R. Use of flyash and biogas slurry for improving
wheat yield and physical properties of soil. Environ Monit Assess 2005;107:1–9.

[197] Igli�nski B, Buczkowski R, Igli�nska A, Cichosz M, Piechota G, Kujawski W. Agricul-
tural biogas plants in Poland: investment process, economical and environmen-
tal aspects, biogas potential. Renew Sustain Energy Rev 2012;16:4890–900.

[198] Lesueur D, Deaker R, Herrmann L, Br€au L, Jansa J. The production and potential of
biofertilizers to improve crop yields. In: Arora NK, Mehnaz S, Balestrini R, edi-
tors. Bioformulations: for sustainable agriculture. New Delhi: Springer India;
2016. p. 71–92.

[199] Raimi A, Adeleke R, Roopnarain A. Soil fertility challenges and Biofertiliser as a
viable alternative for increasing smallholder farmer crop productivity in sub-
Saharan Africa. Cogent Food Agric 2017;3:1400933.

[200] Kok D-JD, Pande S, Lier JBv, Ortigara AR, Savenije H, Uhlenbrook S. Global phos-
phorus recovery from wastewater for agricultural reuse. Hydrol Earth Syst Sci
2018;22:5781–99.

[201] Yong ZJ, Bashir MJ, Hassan MS. Biogas and biofertilizer production from organic
fraction municipal solid waste for sustainable circular economy and environ-
mental protection in Malaysia. Sci Total Environ 2021;776:145961.

[202] Bonjour S, Pr€uss-€Ust€un A, Rehfuess E. Indoor Air Pollution. National Burden of
Disease Estimates, World Health Organization; 2007. https://www.who.int/air-
pollution/publications/indoor_air_national_burden_estimate_revised.pdf?ua=1.

[203] Pujara Y, Pathak P, Sharma A, Govani J. Review on Indian municipal solid waste
management practices for reduction of environmental impacts to achieve sus-
tainable development goals. J Environ Manag 2019;248:109238.

[204] Knickmeyer D. Social factors influencing household waste separation: a litera-
ture review on good practices to improve the recycling performance of urban
areas. J Clean Prod 2020;245:118605.

[205] Phu S, Pham T, Fujiwara T, Hoang G, Van Pham D, Thi H, Thi Y, Le C. Enhancing
waste management practice�the appropriate strategy for improving solid waste
management system in vietnam towards sustainability. Chem Eng Trans
2020;78:319–24.

[206] Zhang J, Qin Q, Li G, Tseng CH. Sustainable municipal waste management strate-
gies through life cycle assessment method: a review. J Environ Manag
2021;287:112238.

[207] Pandyaswargo AH, Jagath Dickella Gamaralalage P, Liu C, Knaus M, Onoda H,
Mahichi F, Guo Y. Challenges and an implementation framework for sustainable
municipal organic waste management using biogas technology in emerging
Asian countries. Sustainability 2019;11:6331.

[208] Chowdhury T, Chowdhury H, Hossain N, Ahmed A, Hossen MS, Chowdhury P,
Thirugnanasambandam M, Saidur R. Latest advancements on livestock waste
management and biogas production: bangladesh's perspective. J Clean Prod
2020:122818.

[209] https://csu-csus.esploro.exlibrisgroup.com/esploro/outputs/graduate/Bacterial-con-
tamination-of-drinking-water-in/99257830801001671.

[210] Caubel JJ, Rapp VH, Chen SS, Gadgil AJ. Practical design considerations for sec-
ondary air injection in wood-burning cookstoves: an experimental study. Dev
Eng 2020;5:100049.

[211] Korberg AD, Skov IR, Mathiesen BV. The role of biogas and biogas-derived
fuels in a 100% renewable energy system in Denmark. Energy
2020;199:117426.

[212] Pathak H, Jain N, Bhatia A, Mohanty S, Gupta N. Global warming mitigation
potential of biogas plants in India. Environ Monit Assess 2009;157:407–18.

[213] Suthar S. Potential of domestic biogas digester slurry in vermitechnology. Biore-
sour Technol 2010;101:5419–25.

[214] Suthar S. Bioremediation of agricultural wastes through vermicomposting. Bio-
rem J 2009;13:21–8.

[215] Suthar S. Nutrient changes and biodynamics of epigeic earthworm Perionyx
excavatus (Perrier) during recycling of some agriculture wastes. Bioresour Tech-
nol 2007;98:1608–14.

[216] Barros RM, Tiago Filho GL, da Silva TR. The electric energy potential of landfill
biogas in Brazil. Energy Policy 2014;65:150–64.

[217] Eriksson O, Bisaillon M, Haraldsson M, Sundberg J. Enhancement of biogas pro-
duction from food waste and sewage sludge-environmental and economic life
cycle performance. J Environ Manag 2016;175:33–9.

[218] Kumar M, Dutta S, You S, Luo G, Zhang S, Show PL, et al. A critical review on bio-
char for enhancing biogas production from anaerobic digestion of food waste
and sludge. J Clean Prod 2021;305:127143. doi: 10.1016/j.jclepro.2021.127143.

[219] Makisha N, Semenova D. Production of biogas at wastewater treatment plants
and its further application, in: MATEC Web of Conferences. EDP Sciences
2018:04016. doi: 10.1051/matecconf/201814404016.

[220] Mateescu C, Dima AD. Critical analysis of key barriers and challenges to the
growth of the biogas sector: a case study for Romania. Biomass Conversion and
Biorefinery 2020. doi: 10.1007/s13399-020-01054-9.

[221] Patinvoh RJ, Taherzadeh MJ. Challenges of biogas implementation in developing
countries. Curr Opin Environ Sci Health 2019;12:30–7.

[222] Gebreegziabher Z, Naik L, Melamu R, Balana BB. Prospects and challenges for
urban application of biogas installations in Sub-Saharan Africa. Biomass Bioen-
ergy 2014;70:130–40.

http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0166
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0166
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0166
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0166
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0166
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0167
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0167
http://www.fao.org/.../i3437e00.htm
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0169
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0169
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0170
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0170
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0170
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0171
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0171
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0171
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0172
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0172
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0173
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0173
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0173
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0174
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0174
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0174
https://biogas.ifas.ufl.edu/ad_development/documents/biogasdigestvol1.pdf
https://biogas.ifas.ufl.edu/ad_development/documents/biogasdigestvol1.pdf
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0176
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0176
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0177
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0177
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0177
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0178
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0178
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0178
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0179
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0179
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0180
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0180
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0181
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0181
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0181
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0182
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0182
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0182
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0183
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0183
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0184
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0184
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0185
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0185
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0185
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0186
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0186
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0186
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0186
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0186
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0186
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0187
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0187
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0187
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0188
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0188
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0189
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0189
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0190
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0190
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0190
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0190
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0190
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0191
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0191
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0191
http://www.cres.gr/4fcrops/pdf/Lisbon/Knapp.pdf
http://www.cres.gr/4fcrops/pdf/Lisbon/Knapp.pdf
https://www.isric.org/sites/default/files/isric_report_2008_01.pdf
https://www.isric.org/sites/default/files/isric_report_2008_01.pdf
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0194
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0194
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0194
https://ca.proactiveinvestors.com/companies/news/941939/gevo-and-scandinavian-airlines-amend-sales-deal-to-up-sustainable-aviation-fuel-purchase-minimum-941939.html
https://ca.proactiveinvestors.com/companies/news/941939/gevo-and-scandinavian-airlines-amend-sales-deal-to-up-sustainable-aviation-fuel-purchase-minimum-941939.html
https://ca.proactiveinvestors.com/companies/news/941939/gevo-and-scandinavian-airlines-amend-sales-deal-to-up-sustainable-aviation-fuel-purchase-minimum-941939.html
https://doi.org/10.3390/su12239808
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0197
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0197
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0197
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0198
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0198
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0199
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0199
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0199
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0199
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0199
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0200
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0200
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0200
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0200
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0200
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0201
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0201
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0201
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0202
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0202
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0202
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0203
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0203
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0203
https://www.who.int/airpollution/publications/indoor_air_national_burden_estimate_revised.pdf?ua=1
https://www.who.int/airpollution/publications/indoor_air_national_burden_estimate_revised.pdf?ua=1
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0205
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0205
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0205
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0206
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0206
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0206
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0207
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0207
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0207
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0207
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0207
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0208
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0208
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0208
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0209
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0209
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0209
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0209
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0210
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0210
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0210
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0210
https://csu-csus.esploro.exlibrisgroup.com/esploro/outputs/graduate/Bacterial-contamination-of-drinking-water-in/99257830801001671
https://csu-csus.esploro.exlibrisgroup.com/esploro/outputs/graduate/Bacterial-contamination-of-drinking-water-in/99257830801001671
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0212
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0212
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0212
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0213
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0213
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0213
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0213
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0214
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0214
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0215
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0215
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0216
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0216
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0217
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0217
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0217
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0218
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0218
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0219
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0219
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0219
https://doi.org/10.1016/j.jclepro.2021.127143
https://doi.org/10.1051/matecconf/201814404016
https://doi.org/10.1007/s13399-020-01054-9
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0223
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0223
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0224
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0224
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0224


20 K. Obaideen et al. / Journal of the Taiwan Institute of Chemical Engineers 131 (2022) 104207
[223] Morgan HM, Xie W, Liang J, Mao H, Lei H, Ruan R, Bu Q. A techno-economic eval-
uation of anaerobic biogas producing systems in developing countries. Bioresour
Technol 2018;250:910–21.

[224] Sayed ET, Al Radi M, Ahmad A, Abdelkareem MA, Alawadhi H, Atieh MA, Olabi
AG. Faradic capacitive deionization (FCDI) for desalination and ion removal from
wastewater. Chemosphere 2021;275:130001.

[225] Al Radi M, Sayed ET, Alawadhi H, Abdelkareem MA. Progress in energy recovery
and graphene usage in capacitive deionization. Crit Rev Environ Sci Technol
2021;00:1–57.

[226] Fonseca MJDC, Silva JRPD, Borges CP, Fonseca FVD. Ethinylestradiol removal of
membrane bioreactor effluent by reverse osmosis and UV/H2O2: a technical and
economic assessment. J Environ Manag 2021;282:111948.

[227] Martin-Gorriz B, Maestre-Valero JF, Gallego-Elvira B, Marín-Membrive P, Terrero
P, Martínez-Alvarez V. Recycling drainage effluents using reverse osmosis pow-
ered by photovoltaic solar energy in hydroponic tomato production: environ-
mental footprint analysis. J Environ Manag 2021;297:113326.

[228] Patel M, Patel SS, Kumar P, Mondal DP, Singh B, Khan MA, Singh S. Advance-
ments in spontaneous microbial desalination technology for sustainable water
purification and simultaneous power generation: a review. J Environ Manag
2021;297:113374.

[229] Hamdan H, Saidy M, Alameddine I, Al-Hindi M. The feasibility of solar-powered
small-scale brackish water desalination units in a coastal aquifer prone to salt-
water intrusion: a comparison between electrodialysis reversal and reverse
osmosis. J Environ Manag 2021;290:112604.

[230] Sayed ET, Abdelkareem MA, Bahaa A, Eisa T, Alawadhi H, Al-Asheh S, Chae K-J,
Olabi AG. Synthesis and performance evaluation of various metal chalcogenides
as active anodes for direct urea fuel cells. Renew Sustain Energy Rev Renew Sus-
tain Energy Rev 2021;150:111470.

[231] Sayed ET, Abdelkareem MA, Alawadhi H, Olabi AG. Enhancing the performance
of direct urea fuel cells using Co dendrites. Appl Surf Sci 2021;555:149698.

[232] Sayed ET, Abdelkareem MA, Obaideen K, Elsaid K, Wilberforce T, Maghrabie HM,
Olabi AG. Progress in plant-based bioelectrochemical systems and their connec-
tion with sustainable development goals. Carbon Resour Convers 2021;4:169–
83.

[233] Sayed ET, Alawadhi H, Olabi AG, Jamal A, Almahdi MS, Khalid J, AbdelkareemMA
. Electrophoretic deposition of graphene oxide on carbon brush as bioanode for
microbial fuel cell operated with real wastewater. Int J Hydrog Energy
2021;46:5975–83.

[234] Mo J, Yang Q, Zhang N, Zhang W, Zheng Y, Zhang Z. A review on agro-industrial
waste (AIW) derived adsorbents for water and wastewater treatment. J Environ
Manag 2018;227:395–405.

[235] Wilberforce T, Sayed ET, AbdelkareemMA, Elsaid K, Olabi AG. Value added prod-
ucts from wastewater using bioelectrochemical systems: current trends and
perspectives. J. Water Process Eng 2021;39:101737.

[236] Ratna S, Rastogi S, Kumar R. Current trends for distillery wastewater manage-
ment and its emerging applications for sustainable environment. J Environ
Manag 2021;290:112544.

[237] Gupta AS. Feasibility Study for Production of Biogas from Wastewater and Sew-
age Sludge: Development of a Sustainability Assessment Framework and its
Application, 2020. http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-274370 .
Accessed date June 2020.

[238] Scherbakov V, Gogina E, Schukina T, Kuznetsova N, Makisha N, Poupyrev E. Cal-
culation of biogas facilities for recycling of organic sewage sludge of breeding
factories. Int J Appl Eng Res 2015;10:44353–6.

[239] Saad MS, Wirzal MDH, Putra ZA. Review on current approach for treatment of
palm oil mill effluent: integrated system. J Environ Manag 2021;286:112209.

[240] Lin CY, Lay CH, Chew KW, Nomanbhay S, Gu R-L, Chang SH, Kumar G, Show PL.
Biogas production from beverage factory wastewater in a mobile bioenergy sta-
tion. Chemosphere 2021;264:128564.

[241] Makisha N, Panteleeva I. Research for waste water treatment technology with
low production of excessive active sludge. In: Proceedings of theMATEC web of
conferences; 2017. p. 07015.

[242] Spinosa L, Doshi P. Re-thinking sludge management within the sustainable
development goal 6.2. J Environ Manag 2021;287:112338.

[243] Asaoka S, Yoshida G, Ihara I, Umehara A, Yoneyama H. Terrestrial anaerobic
digestate composite for fertilization of oligotrophic coastal seas. J Environ Manag
2021;293:112944.

[244] Stazi V, Tomei MC. Enhancing anaerobic treatment of domestic wastewater:
state of the art, innovative technologies and future perspectives. Sci Total Envi-
ron 2018;635:78–91.

[245] Nielsen HB, Uellendahl H, Ahring BK. Regulation and optimization of the biogas
process: propionate as a key parameter. Biomass Bioenergy 2007;31:820–30.

[246] Feiz R, Johansson M, Lindkvist E, Moestedt J, Pa� ledal SN, Svensson N. Key perfor-
mance indicators for biogas production—Methodological insights on the life-
cycle analysis of biogas production from source-separated food waste. Energy
2020;200:117462.

[247] Bae H, Smardon RS. Indicators of sustainable business practices, Environmental
management in practice. Intechopen 2011;177. doi: 10.5772/17254.
[248] Meeks R, Sims KRE, Thompson H. Waste Not: can Household Biogas Deliver Sus-
tainable Development. Environ Resour Econ 2019;72:763–94.

[249] Hagman L, Blumenthal A, Eklund M, Svensson N. The role of biogas solutions in
sustainable biorefineries. J Clean Prod 2018;172:3982–9.

[250] Dada O, Mbohwa C. Energy from waste: a possible way of meeting goal 7 of the
sustainable development goals. Mater Today Proc 2018;5:10577–84.

[251] Chrispim MC, Scholz M, Nolasco MA. Biogas recovery for sustainable cities: a
critical review of enhancement techniques and key local conditions for imple-
mentation. Sustain Cities Soc. 2021;72:103033.

[252] Desa U. Transforming our world: The 2030 agenda for sustainable development,
(2016). UNITED NATIONS, https://stg-wedocs.unep.org/bitstream/handle/
20.500.11822/11125/unepswiosm1inf7sdg.pdf?sequence=1

[253] Van Tulder R, Rodrigues SB, Mirza H, Sexsmith K. The UN’s sustainable develop-
ment goals: can multinational enterprises lead the decade of action. Springer;
2021.

[254] Suomala T. Understanding the perceptions of urban citizens concerning a forest-
based bioeconomy, (2019). Helsingin yliopisto, http://urn.fi/URN:NBN:fi:hulib-
201906122692

[255] Mancini E, Raggi A. A review of circularity and sustainability in anaerobic diges-
tion processes. J Environ Manag 2021;291:112695.

[256] Ferronato N, Rada EC, Gorritty Portillo MA, Cioca LI, Ragazzi M, Torretta V. Intro-
duction of the circular economy within developing regions: a comparative anal-
ysis of advantages and opportunities for waste valorization. J Environ Manag
2019;230:366–78.

[257] Mak TMW, Xiong X, Tsang DCW, Yu IKM, Poon CS. Sustainable food waste man-
agement towards circular bioeconomy: policy review, limitations and opportu-
nities. Bioresour Technol 2020;297:122497.

[258] D'Amato D, Korhonen J. Integrating the green economy, circular economy and
bioeconomy in a strategic sustainability framework. Ecol Econ
2021;188:107143.

[259] Venkata Mohan S, Dahiya S, Amulya K, Katakojwala R, Vanitha TK. Can circular
bioeconomy be fueled by waste biorefineries-A closer look. Bioresour Technol
Rep 2019;7:100277.

[260] Borgstr€om S. Reviewing natural resources law in the light of bioeconomy: finn-
ish forest regulations as a case study. For Policy Econ 2018;88:11–23.

[261] Angouria-Tsorochidou E, Teigiserova DA, Thomsen M. Limits to circular bioecon-
omy in the transition towards decentralized biowaste management systems.
Resour Conserv Recycl 2021;164:105207.

[262] Patrício Silva AL. Future-proofing plastic waste management for a circular bio-
economy. Curr Opin Environ Sci Health 2021;22:100263.

[263] Industrial Biotechnology. Feb 2012:13–4 http://doi.org/10.1089/ind.2012.1503.
[264] McCormick K, Kautto N. The bioeconomy in europe: an overview. Sustainability

2013;5:2589–608.
[265] Muscat A, de Olde EM, Kovacic Z, de Boer IJM, Ripoll-Bosch R. Food, energy or

biomaterials policy coherence across agro-food and bioeconomy policy domains
in the EU. Environ Sci Policy 2021;123:21–30.

[266] Ngammuangtueng P, Jakrawatana N, Gheewala SH. Nexus resources efficiency
assessment and management towards transition to sustainable bioeconomy in
Thailand. Resour Conserv Recycl 2020;160:104945.

[267] Choudhary P, VS G, Khade M, Savant S, Musale A, RKK G, Chelliah MS, Dasgupta
S. Empowering blue economy: from underrated ecosystem to sustainable indus-
try. J Environ Manag 2021;291:112697.

[268] Ferreira V, Pi�e L, Terce~no A. Economic impact of the bioeconomy in Spain: multi-
plier effects with a bio social accounting matrix. J Clean Prod 2021;298:126752.

[269] Salvador R, Puglieri FN, Halog A, Andrade FGd, Piekarski CM, De Francisco AC.
Key aspects for designing business models for a circular bioeconomy. J Clean
Prod 2021;278:124341.

[270] Lu J, Gao X. Biogas: potential, challenges, and perspectives in a changing China.
Biomass Bioenergy 2021;150:106127.

[271] Asadi M, McPhedran K. Biogas maximization using data-driven modelling with
uncertainty analysis and genetic algorithm for municipal wastewater anaerobic
digestion. J Environ Manag 2021;293:112875.

[272] Khoshnevisan B, Tsapekos P, Zhang Y, Valverde-P�erez B, Angelidaki I. Urban bio-
waste valorization by coupling anaerobic digestion and single cell protein pro-
duction. Bioresour Technol 2019;290:121743.

[273] Vea EB, Romeo D, Thomsen M. Biowaste valorisation in a future circular bioecon-
omy. Procedia Cirp 2018;69:591–6.

[274] Fang W, Zhang P, Zhang X, Zhu X, van Lier JB, Spanjers H. White rot fungi pre-
treatment to advance volatile fatty acid production from solid-state fermenta-
tion of solid digestate: efficiency and mechanisms. Energy 2018;162:534–41.

[275] Sachs J, Schmidt-Traub G, Kroll C, Lafortune G, Fuller G, Woelm F. Sustainable
development report 2020, the sustainable development goals and COVID-19.
Cambridge University Press; 2020. p. 1–99.

[276] Ferrer Ivet, Garfí Marianna, Uggetti Enrica, Ferrer-Martí Laia, Calderon Arcadio,
Velo Enric. Biogas production in low-cost household digesters at the Peruvian
Andes. Biomass and Bioenergy 2011;35(5). doi: 10.1016/j.
biombioe.2010.12.036.

http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0225
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0225
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0225
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0226
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0226
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0226
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0227
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0227
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0227
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0228
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0228
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0228
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0229
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0229
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0229
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0229
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0230
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0230
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0230
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0230
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0231
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0231
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0231
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0231
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0232
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0232
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0232
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0232
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0233
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0233
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0234
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0234
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0234
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0234
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0235
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0235
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0235
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0235
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0236
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0236
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0236
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0237
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0237
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0237
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0238
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0238
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0238
http://urn.kb.se/resolve?urn=urn:nbn:se:kth:diva-274370
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0240
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0240
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0240
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0241
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0241
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0242
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0242
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0242
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0243
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0243
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0243
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0244
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0244
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0245
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0245
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0245
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0246
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0246
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0246
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0247
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0247
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0248
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0248
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0248
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0248
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0248
https://doi.org/10.5772/17254
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0250
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0250
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0251
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0251
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0252
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0252
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0253
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0253
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0253
https://stg-wedocs.unep.org/bitstream/handle/20.500.11822/11125/unepswiosm1inf7sdg.pdf?sequence=1
https://stg-wedocs.unep.org/bitstream/handle/20.500.11822/11125/unepswiosm1inf7sdg.pdf?sequence=1
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0255
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0255
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0255
http://urn.fi/URN:NBN:fi:hulib-201906122692
http://urn.fi/URN:NBN:fi:hulib-201906122692
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0257
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0257
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0258
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0258
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0258
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0258
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0259
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0259
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0259
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0260
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0260
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0260
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0261
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0261
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0261
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0262
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0262
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0262
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0263
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0263
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0263
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0264
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0264
http://doi.org/10.1089/ind.2012.1503
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0266
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0266
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0267
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0267
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0267
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0268
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0268
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0268
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0269
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0269
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0269
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0270
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0270
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0270
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0270
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0271
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0271
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0271
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0272
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0272
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0273
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0273
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0273
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0274
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0274
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0274
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0274
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0275
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0275
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0276
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0276
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0276
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0277
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0277
http://refhub.elsevier.com/S1876-1070(22)00006-2/sbref0277
https://doi.org/10.1016/j.biombioe.2010.12.036
https://doi.org/10.1016/j.biombioe.2010.12.036

	Biogas role in achievement of the sustainable development goals: Evaluation, Challenges, and Guidelines
	1. Introduction
	2. Biogas
	2.1. Feedstock for biogas production
	2.2. Biogas production
	2.3. Biogas impurities
	2.4. Challenges/barriers associated with biogas production

	3. Contribution of biogas into SDGs
	3.1. Increasing renewable energy production (SDG 7: affordable and clean energy)
	3.2. Reduce climate change impacts (SDG 13: climate action)
	3.3. Reducing air and water pollution (pollution prevention) (SDG 3: good health and well-being, SDG 14: life below water, SDG 15: life on land)
	3.4. Improve agriculture productivity and reduce land-use change (SDG 2: zero hunger and SDG 15: life on land)
	3.5. Enhancing the waste management process (SDG 11: sustainable cities and communities, SDG 12: responsible consumption and production)
	3.6. Creating jobs, improving economic development, and adding value to products (SDG 9: industry, innovation and infrastructure, and SDG 8: decent work and economic growth)
	3.7. Treating wastewater (SDG 6: clean water and sanitation)

	4. Barriers of the biogas in connection with the SDGs
	5. Biogas SDGs indicators
	6. Contributions to knowledge
	6.1. Implications for practice

	7. Resource recovery and circular economy
	8. Limitations and future research directions
	9. Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


