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Abstract

Conventional sources of energy like fossil fuels are available in limited quantities and harm environment. So, for sustainable
growth, renewable energy is the only way forward. Biomass-based energy has untapped potential and is one of the most
economical and best-proven options among the various alternative energy sources available. To fully utilize the biomass, the
estimation of the possible potential is much needed. A state-wise biomass database is valuable for localized bioenergy policy.
However, in India, a state-level biomass resource database is inadequate. This paper assessed the state-wise potential of
biogas from various of sources including crop residues, livestock and poultry wastes, municipal solid wastes, and wastewater
(sewage and industrial). The overall estimated biogas potential from organic waste in India is 74.795 billion m*/year. Also,
the state-wise current generation capacity of digesters installed under various schemes is assessed in this paper. Currently,
digesters with a generation capacity of 3.635 billion m*/year are achieved in India. The results show that there is a massive
gap between the potential and its utilization. Among all the states, Uttar Pradesh (14.73 billion m*/year) has the highest
biogas potential, and Maharashtra (671.40 million m*/year) has the highest installed achievement. The statistics generated
in this research is expected to be beneficial for decentralized biogas planning and management in the state.
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BPCR, Biogas potential from crop residue at sth
state

DP; Dung production of ith animal at sth state

AP, Animal population of ith animal at sth state

DPD; Dung per day of ith animal

SDA Surplus dung available of ith animal at sth
state

CE,; Collection efficiency of ith animal

BPAW, Biogas potential from animal waste at sth
state

AMSW, Available municipal solid waste at sth state

MSW, Municipal solid waste at sth state

OFMSW, Organic fraction of municipal solid waste at
sth state

BPAMSW, Biogas potential from available municipal
solid waste at sth state

BPS, Biogas potential from sewage

RE,,, Removal efficiency of wastewater

BP,; Total biogas potential of India

1 Introduction

In India, energy demand is increasing with rapid urbani-
zation and industrialization. Energy demand is mostly
met by conventional sources of energy, like oil and coal;
however, its reserves are depleting [1]. Renewable energy
sources, which include small hydro projects, urban and
industrial waste power, solar, wind energy, etc., contribute
only about 23.6% of total energy generation [2]. There is a
necessity to increase the contribution of renewable energy.
Compared to other renewable sources of energy such as
hydro, solar, and wind, the biomass-based energy genera-
tion options require fewer capital investments and per-unit
production cost, thus making it more economical [3].

Currently, 62 million tons of waste is being generated
annually in India, less than 60% of these wastes are being
collected, and around 15% processed. The unprocessed
waste is usually sent to landfill directly for their disposal.
The municipal solid waste (MSW) is piling up every day,
with an average annual growth rate of 4%. In the current
scenario, there is a requirement of 1240 hectares of land
every year for setting up of landfill [4]. With landfills
being the third-highest contributor to greenhouse gases
(GHG), it is a severe threat to the environment. It also con-
taminates groundwater because of leachate production [5],
so finding alternative solutions becomes a necessity. The
processing of waste through anaerobic digestion is a more
practical and feasible solution, having enormous potential,
as 50% of the wastes generated are organic. Also, The
GHG intensity of biogas energy is lower than fossil-based
energy [6].
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1.1 Anaerobic digestion and its potential in India

Anaerobic digestion (AD) is a biological transformation of
the organic matter in the absence of oxygen with the help
of microorganisms to produce biogas and digestate [7].
Biogas is primarily composed of methane (CH,) 55-65%
and carbon dioxide (CO,) 35-45%. Other products like
nitrogen, ammonia, and hydrogen sulphide are less than
1% [8]. AD takes place in four stages, namely, hydrolysis,
acidogenesis (fermentation), acetogenesis, and methano-
genesis. The yield from biogas can be maximized by opti-
mizing the operating parameters such as (pH, total solids,
temperature, hydraulic retention time, carbon to nitrogen
ratio, agitation, and substrate to inoculum ratio) [9-11].
The biodegradability of the biomass feedstock is hugely
dependent on its composition. It can be directly used for
electricity generation or heating. Also, after purification,
it can be upgraded to biomethane and used as a vehicle
fuel [12]. The energy content of the biogas generated is
often more than the energy used in running the plant. The
benefits of AD to handle the waste of agricultural field,
industries, and municipality increase its significance as
a source of renewable fuel. The problems arising from
solid wastes such as greenhouse gas emission, poor sani-
tation, and leachate generation are also taken care of. The
by-product of AD is digested slurry, which can be used
as soil conditioners, thus reducing the use of chemical
fertilizers [13]. Almost 68% of the population of India
resides in rural areas, and biomass constitutes about 32%
of the country’s primary energy use [14]. The direct com-
bustion of biomass, however, produces pollutants such as
dust and acid rain gases. National Biomass cookstoves ini-
tiative was launched to introduce cookstoves with lower
emissions, but they are not as efficient. An alternative to
combustion, biomass can be used to produce biogas that
can reduce indoor air pollution [15]. Thus, AD can be
an effective solution to counteract significant problems in
India, like pollution and energy demand. Furthermore, it
can also generate employability to some extent, which can
be considered an added advantage.

1.2 Overview of biogas development
and utilization in India

In India, Mathunga Leper Asylum in Bombay (Mumbai)
constructed anaerobic digester in 1897 and utilized human
waste to generate gas, to meet its lighting needs [16]. Dr.
S.V Desai first developed the first successful use of farm
manure to produce biogas in the 1930s. In the 1950s, Jashu
Bhai Patel developed a floating drum biogas plant, which
was also known as the Gobar gas plant. In 1961, Khadi
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and Villages Industries Commission (KVIC) promoted the
model developed by Jashu Bhai Patel for the utilization by
Indian villagers. This model was promoted as the KVIC
model [17]. A modified Chinese design was developed by
the Planning Research and Action Division (PRAD), and
it was promoted as a Janta fixed dome plant. The Janta
design was cheaper by 30% than the KVIC design. In
1981-1982, the first national program was implemented,
i.e., National Project on Biogas Development (NPBD). In
1984, Action for Food Production (AFPRO) developed the
Deenbandhu model, which was an improvised version of
the Janta model [18]. The Deenbandhu model was 30%
cheaper than the Janta model and 45% less expensive than
the KVIC model [19]. In 2006, NPBD was renamed as
the National Biogas and Manure Management Program
(NBMMP) with approved a biogas plant of 1 to 6 m?
capacity per day. To promote an off-grid decentralized
renewable power generation, having the capacity range
of 3 kW to 250 kW, an off-grid Biogas Power Generation
Program (BPGP) was also initiated in 2006. After the 12th
5-year plan, BPGP was modified as Biogas Power Genera-
tion (Off-grid) and Thermal Energy Application Program
(BPGTP). Also, NBMMP was redesigned and renamed
as New National Biogas and Organic Manure Program
(NNBOMP). Under the NNBOMP scheme, small family
biogas plants of size 1m?® to 25m? were installed for gen-
erating clean cooking fuel, lighting, and low power energy
needs, mainly in rural and semi-urban areas [20]. In 2018,
the Department of Drinking Water and Sanitation launched
GOBAR (Galvanizing organic bio-agro resource)-DHAN
scheme [21]. In 2018, the Ministry of Petroleum and Natu-
ral Gas began a Sustainable Alternative Towards Afford-
able Transportation (SATAT) initiative to promote com-
pressed biogas (CBG) [22]. Under NPBD, NBMMP, and
NNBOMP, until 2018-2019, a cumulative total of 50.28
lakh family/small size biogas plants have been installed
in the country. A total of 389 power projects have been
commissioned up to 2018-2019 under BPGP and BPGTP
with a cumulative generation capacity of 8951.5 kW [23].

The production of biogas in India is still, however,
quite low compared to its true potential. Many studies
have accessed the biogas potential at the national level,
for example, Rao et al. (2010) calculated the potential
from different organic waste such as agricultural waste,
animal waste, wastewater, and municipal solid waste [3].
Sukhesh and Rao (2018) calculated the methane poten-
tial from surplus agricultural residue (paddy, wheat and
maize) [24]. Kaur et al. (2017) calculated the potential of
livestock generated biomass for anaerobic digestion [25].
However, at the state level, it is limited to a few states.
For example, Ramachandra et al. (2007) studied renew-
able energy potential (solar, wind, hydro, and bioenergy)

in Karnataka [26]. Das and Jash (2009) did assessment of
biomass resource from agricultural residue, biomass based
industrial residue (rice mills and saw mills) and forest resi-
due in West Bengal [27]. Singh et al., (2008) calculated the
energy potential through agricultural biomass in Punjab
[28]. Also, at the national level the estimates of potential
in the previous literature are only limited to a few biomass.
For example, Aich and Ghosh (2016) estimated anaero-
bic digestion energy generation potential from municipal
solid waste in India [29]. Lata et al., (2002) estimated the
biomethanation potential from industrial organic effluents
in India [30]. Cardoen et al., (2015) estimated the quantity
of biomass residue in agriculture sector [31]. Kshirsagar
et al., (2012) estimated anaerobic co-digestion potential of
animal waste and crop residue in India [32].

No study is found where the biogas estimate is done
considering all biomass resource (agricultural residue,
animal manure, municipal solid waste and waste water)
at state level in India. Moreover, in earlier research, the
production estimates are limited to the productions by
the small-scale digesters installed under the NBMMP
[33]. Hence, installed capacity from BPGTP and waste
to energy plants is not included in any literature. So, this
paper identifies the gap in the existing literature and dis-
cusses the difference between the current potential and
utilization of biogas at the state level.

To determine the potential of biogas production using
biomass as the principal source, a detailed region-by-
region analysis must be done in order to create key guide-
lines and suggestions for appropriate biomass management
technologies. Keeping this in mind, the objective of this
study is to estimate the potential of biogas at state level in
India. Also, this paper calculates the amount of biogas that
is utilized at current scenario. The novelty of this study
includes the biogas estimation at the state level of all states
in India from biomass such as agricultural residue, animal
manure, municipal solid waste and waste water (industrial
and sewage). Moreover, the database on state-wise biogas
utilization in India is not mentioned in any literature.

The breakdown of this study’s structure is as follows.
The analysis methodologies used to evaluate the avail-
ability of various resources in this study are detailed in
Section 2. This section also provides a complete explana-
tion of the estimating process, as well as relevant dataset,
data sources and assumptions used to calculate biogas
potential. Section 3 details the biogas potential of various
resources such as crop leftovers, animal manure, munici-
pal solid waste, and waste water. This section also details
the utilization of biogas potential currently. Furthermore,
uncertainty and sensitivity analysis using Monte Carlo
simulation is performed in this section. Study’s conclu-
sion is presented in Section 4.
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2 Materials and methods

Biomass is an organic matter which includes plants, ani-
mals, and microorganisms growing on land and water and
their derivative. Biomass is utilized in several manners, for
instance, combustion, gasification, pyrolysis, fermentation,
and anaerobic digestion. In rural areas, energy generated
from the biomass has been used as a source of heat (cook-
ing) and light. Few sources of biomass feedstocks include:

1 Agricultural crop residue—More than 50% of the popu-
lation’s livelihood in India is dependent on agriculture
[34]. Even though energy crops are not explicitly culti-
vated for anaerobic digestion, there is a massive genera-
tion of crop residue (a by-product of crop production),
which can be utilized [35]. The disposal of residue is a
significant challenge, so farmers prefer in-situ burning.
This leads to a loss of essential nutrients and, at the same
time, pollutes the environment through the emission of
greenhouse gases (CO,, CO, CH,, N,0O, SO,), smoke,
volatile organic compounds, aerosols, particulate matter,
etc. [36].

2 Animal waste—India is home to one of the largest live-
stock populations (512.06 million), which includes
299.98 million bovine communities comprising of
cattle, buffalo, mithun, and yak. On average, animal
dung production per day is around 4-5% of the body
weight [37]. The composition of animal waste is organic
material, moisture, and ash. This indicates the massive
production of animal manure, having the potential of
biogas.

3 Municipal solid waste—This includes both organic
and inorganic wastes. Typical composition of MSW
waste remains vegetables, leaves, grass, paper, plastic,
glass, ceramics, metal stones, ashes, etc. Main physi-
cal components are compostable (40-60%), recyclable
(10-30%), and inert (30-50%) [33]. For Indian MSW,
anaerobic digestion and composting are favoured over
incineration because of the presence of high composta-
ble fraction and high moisture content [38].

4  Wastewater—The wastewater is categorized into two
fractions, depending on their characterizations and
source, as described.

1) Sewage—Discharge of sewage in watercourses is the
most crucial water-polluting source in India. Cur-
rently, 61,948 MLD of sewage is generated in urban
areas of India, while only 23,277 MLD (37.57%) of
treatment capacity is installed. Wastewater sludge
can be anaerobically digested and generate biogas
[39].
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ii) Industrial—The effluent from the industries (sugar,
distillery, dairy, pulp and paper, starch, etc.) usually
have high BOD and, thus, possess a more significant
threat to water pollution. The dairy sector is engaged
in waste production through numerous operations
such as silo washing, can and crate cleaning, plant
rinsing, tanker rinsing, milk processing, and other
dairy products. The value of BOD, COD, and solids
of wastewater from these industries indicates the
potential of biogas [40-42].

2.1 Calculation methodology of biogas potential
from different biomass

2.1.1 Agriculture crop residue

The agricultural residue generated from the cereal, pulses,
oilseed, and horticulture can be used as the resources to pro-
duce biogas. First, the crop production of an ith crop at sth
state (CP, ) is estimated from the crop area of the ith crop at
sth state (A ), and its corresponding crop yield (Y, ) (Eq. 1).
State-wise area under cultivation and an average yield of
principal crops data available from the Ministry of Statistics
and Program Implementation is a source for estimating the
crop production (Table S.1 and Table S.2) [43]. Gross residue
production of the ith crop at sth state (GRP; ;) is determined
from crop production (CP; ;) and residue to crop ratio (RPR;)
(Eq. 2). Surplus residue production of the ith crop at sth state
(SRP; ) is estimated from gross residue production (GRP; )
and collection efficiency (CE; ) of the ith crop at sth state
(Eg. 3). Collection efficiency and RPR values are obtained
from the Biomass Resource Atlas of India (BRAI). Hiloidhari
et al., 2014 used a similar methodology to account for the sur-
plus crop residue. Biogas potential (BP; ) from crop residue
is estimated by surplus residue production and biogas yield
(BY;) from each crop (Eq. 4). Ignoring the spatial variations,
values of RPR, and biogas yield of various crops along with
the sources is mentioned in Table 1. The biogas yield of differ-
ent residues such as ragi straw, sesame stalk, nigerseed stalk,
gram stalk, tur stalk, and jute stalk are not mentioned in any
previous studies. So, these particular residues are not included
in estimating the potential of biogas. Overall, the biogas poten-
tial of sth state (BPCR,) is calculated by the addition of the
potential of all crops considered for the study (Eq. 5).

CPi,s = Ai,s X Yi,s (1)
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Table 1 Residue per crop ratio and biogas yield from various crops

Sl.no Substrate RPR Biogas yield Reference
(m*/tonne)

1 Rice straw 1.50 243.20 [72, 73]

2 Rice husk 0.20 3045 [74]

3 Wheat straw 1.57 197.60 [75,76]

4 Maize stalk 1.80 241.40 [77]

5 Bajra stalk 2.00 323.00 [78]

6 Barley straw 1.30  300.05 [79, 80]

7 Small millet straw 1.30 171.07 [81]

8 Jowar stalk 1.70  283.90 [82]

9 Ragi straw 1.30 -

10 Mustard and rapeseed stalk 1.80  187.20 [83, 84]

11 Sesame stalk 1.20 -

12 Linseed stalk 147 161.12 [76, 85]

13 Nigerseed stalk 1.00 -

14 Soybean stalk 1.70 41.06 [86, 87]

15 Safflower stalk 3.00 162 [85]

16 Sunflower stalk 3.00 129.36 [79, 87]

17 Groundnut stalk 2.00 0.883 [88]

18 Gram stalk 1.10 -

19 Tur stalk 2.50 -

20 Jute stalk 2.00 -

21 Sugarcane bagasse 0.33  272.80 [89, 90]

22 Cotton stalk (T/hectare) 3.8 48.71 [91, 92]

23 Coconut pith 0.53 17.70 [93]

24 Banana residue 3 165.30 [94]

BP;, = SRP; x BY; 4)

BPCR, = ZiBPi (®)]

2.1.2 Animal wastes

The dung of the animals such as cattle, goats, buffaloes,
sheep, horses, pigs, and poultry has enormous potential for
biogas generation. Firstly, the dung production of an ith
animal at sth state (DP, ) is estimated, which is depend-
ent on the population of an ith animal at sth state (AP, )
and average droppings per day of ith animal (DPD;) (Eq. 6).
State-wise number of livestock poultry data, available from
the Department of Animal husbandry and Dairying is used
for estimating the dung production (Table S.3) [45]. Cattle
excrement is extremely difficult to gather because they are
allowed to graze in open fields. Hence, cattle dung can only
be collected from the droppings at cattle sheds, which are
typically located in rural locations. Then the surplus dung
available (SDA) is determined from the dung produc-
tion (DP, ;) and collection efficiency (CE;) of an ith animal

Table2 Average dung availability and biogas yield from different
animal type

Sl.no  Animal type Dung/day  Biogas yield Reference
(kg/day)  (m%kg)

1 Cattle 10 0.04 [95]

2 Buffalo 15 0.04 [95]

3 Sheep 2 0.04 [37,96]

4 Goats 2 0.037 [37,97]

5 Pigs 4 0.075 [37, 98]

6 Horses and ponies 15 0.04 [57,99]

7 Mules 55 0.017 [100, 101]

8 Donkeys 10 0.048 [100, 102]

9 Camels 8 0.033 [103, 104]

10 Yaks 4.5 0.015 [97, 105]

11 Mithuns 16.5 0.02 [97]

12 Total poultry 0.18 0.05 [97]

(Eq. 7). Biogas potential of an ith animal at sth state (BP, ;)
is estimated from surplus dung available (SDA, ;) and biogas
yield of ith animal (BY;) (Eq. 8). Ignoring the spatial varia-
tion, average dropping per day, and biogas yields of animals
included in the study are mentioned in Table 2. Overall,
biogas’ potential of animal wastes (BPAW,) at sth state is
estimated by the addition of biogas potential from each ani-
mal (Eq. 9).

DP, = AP, x DPD; 6)
SDA,, = DP; x CE, 7
BP,, = SDA;, X BY; (8)
BPAW, = Y. BP; )

2.1.3 Municipal solid waste

The available municipal solid waste (AMSW,) of sth state
is estimated through the generation of municipal solid
waste (MSW,) of sth state and collection efficiency (CE,)
of sth state (Eq. 10). State-wise waste generation data is
obtained from the Ministry of Housing and Urban Affairs
(Table S.4) [46]. The organic fraction of municipal solid
waste (OFMSW,) of sth state is estimated through the
organic fraction (OF,) available in the available municipal
solid waste (Eq. 11). Biogas potential of available munici-
pal solid waste (BPAMSW,) of sth state is estimated by the
product of the organic fraction of municipal solid waste and
biogas yield of municipal solid waste (BY ) (Eq. 12). Col-
lection efficiency data is obtained from the annual report of
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Table 3 Values of different parameters considered for estimating the
potential from municipal solid waste

Table 5 Values of different parameters considered for estimating the
potential from sugar processing industry

Parameters MSW Reference
Organic fraction (%) 42.51 [106]
DM (%) 29 [37]
Biogas yield (m*/kg of DM) 0.38 [37]

Table 4 Values of different parameters considered for estimating the
potential from sewage

Parameters Sewage Reference
Average COD (kg/m®) 0.312 [49]
Removal efficiency (%) 51 [49]
Biogas yield (m*/kg of COD 0.35 [8]

removed)

Centre pollution control board (CPCB) [47]; however, data
of Madhya Pradesh and Bihar is not available in the dataset,
so the average values of the collection efficiency of reported
states were considered in place of missing values. The values
of various parameters considered in estimating the potential
from MSW is mentioned in Table 3.

AMSW, = MSW x CE; (10)
OFMSW, = AMSW, X OF (11)
BPAMSW, = OFMSW, X BY ., (12)

2.1.4 Wastewater

Sewage. The biogas potential of sewage of sth state (BPS,)
is estimated by multiplying the sewage generation (SG,),
chemical oxygen demand (COD) of influents, COD removal
efficiency (RE), and biogas yield factor (BY) (Eq. 13). The
wastewater generation data available on the ENVIS Cen-
tre on Hygiene, Sanitation, Sewage Treatment Systems,
and Technology is used for estimating the biogas potential
of wastewater (Table S.5) [48]. It is assumed that sewage
treatment is done through an up-flow anaerobic sludge blan-
ket (UASB) as it is a sustainable technology. Also, COD
removal efficiency is dependent on the post-treatment tech-
nology used [49]. The values of various parameters consid-
ered in assessing the potential from sewage are mentioned
in Table 4.

BPS, = SG, x COD,,,, X RE,,,, X BY ,,, (13)

Industrial wastewater. The state-wise biogas potential from
a different industry (sugar industry, distilleries, and dairy)

@ Springer

Parameters Sugar process- References
ing

Average COD (kg/m®) 3.071 [107]

Removal efficiency (%) 88 [108]

Biogas yield (m3/kg of COD removed) 0.35 [8]

Wastewater generated (m>/ton of sugar- 1 [109]

cane processed)

Table 6 Values of different parameters considered for estimating the
potential from distillery industry

Parameters Distilleries Reference
Molasse (% yield/ton of sugarcane crushed) 4.5 [110]
Average COD (kg/m?) 150 [111]
Removal efficiency (%) 90 [112]
Biogas yield (m*/kg of COD removed) 0.35 [8]
Alcohol (L/ton of molasses) 235 [113]
Wastewater generated (m*/m? alcohol) 11.9 [112]

Table 7 Values of different parameters considered for estimating the
potential from dairy industry

Parameters Dairy Reference
Average COD (kg/m®) 2.1475 [107]
Removal efficiency (%) 87 [114]
Biogas yield (m*/kg of COD 0.35 [8]

removed)

Effluent generated (m%/ton of manu- 1 [115]

factured milk)

is estimated in the same manner as in Sect. 2.4 (Eq. 14).
Installed capacity of installed data of sugar and dairy indus-
try is taken from Indiastat website (Table S.6 and Table S.7)
[50]. The quantity and chemical composition of wastewa-
ter generated is dependent on the type of raw material and
chemical process undergone [3]. Different parameter values
used in this study for estimating the potential from various
industries, such as the sugar industry, distilleries, and dairy,
are mentioned in Table 5, Table 6, and Table 7, respectively.

BPIWW, = Z WWGI, ( X COD;; X RE; { X BY; (14)

2.2 State-wise and total biogas potential

Biogas produced from various biomass resource is summed
up to estimate the overall state biogas potential (BP,)
(Eq. 15).
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BP, = BPCR, + BPAW, + BPAMSW, + BPWW, + BPIWW,
(15)

BP, = )’ BP, (16)

where BP; is total biogas potential in India (Eq. 16).

2.3 Uncertainty calculation and sensitivity analysis

The influence of variability of biogas yield value of various
substrate mentioned in literature on our biogas potential esti-
mations was next investigated using a sensitivity analysis. It
is a method of determining how different sources or input
values of each variable affect a specific dependent variable.
Global sensitivity analysis is defined as the variation of all
input parameters (in our case biogas yield of each substrate)
at the same time, and they are normally constructed accord-
ing to a proper probability distribution. For a model, Monte
Carlo (MC) simulation repeats the same operation (usually
for hundreds or thousands of times) using inputs generated
by suitable probability density functions [51]. In first step,
the uncertainty of model input variables was determined
in the MC simulation. Normal distribution of biogas yield
(input variables) is assumed [52] with each input parameter’s
uncertainty range is considered to have deviation of + 10%
of its nominal value. An input sample (X) is thus produced as
mentioned in Eq. 17. The desired output vector is obtained
by computing Y (i.e., Eq. 18) for each row of matrix X (i.e.,
Eq. 17) [53]. The analysis was performed using (N = 10,000)
trials.

By\" By By
BY?Y  BYD BY®
By™=V py(™P ... py@W-b
Y™ By BY™
BP'
BP*
Y = (18)
BP(N—I)
BP"Y

where BP' is biogas potential obtained from particular bio-
mass with input given by the row vector BY(]I), BY(ZI), ey
BYgl), and so on for the other row of matrix X (i.e., Eq. 17).
The process is repeated for all biomass resources (i.e., agri-
cultural residue, animal waste, municipal solid waste, and
waste water). Furthermore, the simulation is extended to
total biogas potential in India (i.e., Eq. 16)

With model input X and output Y, scatter plot is produced
against N values of each r input factors. The sensitivity/

uncertainty of the parameters was determined by graphing
the input vs. output values, often known as a scatter plot.
It is a handy tool for quickly determining the relationship
between inputs and outcomes. If any factor has a significant
effect on any dependent variable, a visible pattern should
appear in the associated scatter plot; or in the absence of a
distinguishing effect, little or no pattern should be expected
[53].

2.4 State-wise biogas utilization

State-wise installed data of biogas plants under the NBMMP
and NNBOMP is obtained from the annual report of the
Ministry of Renewable Energy (MNRE) [54]. To esti-
mate the biogas generation from various installed plants,
it is assumed the average size of the plants installed under
NBMMP and NNBOMP is 3m?, and the hydraulic retention
time (HRT) is 40 days. Data of established state-wise biogas
plants under the BPGTP is obtained from the MNRE website
[23]. Also, the reports available on the Ministry of Power
is used to estimate the state-wise installed waste to energy
biogas and bio-CNG plants [55]. Total installed capacity in
a state is determined by adding the biogas generating from
plants installed in a state under different schemes such as
NBMMP, NNBOMP, BPGTP, and waste to energy. State-
wise utilization percentage of biogas is calculated by divid-
ing the total installed capacity in a state by the potential of
biogas that could be generated in a state (Eq. 19).

Installed capacity

Utilization, = 100 (19)

State — wise potential

2.5 Economic analysis of different biogas system
on the basis of end use:

For economic evaluation, indicators such as net present
value (NPV) and internal return rate (IRR) are used (Eq. 20).
Time value of expected cash flow (costs and benefits) is
determined using NPV and its positive value of indicates
that the investment is beneficial from economic perspective.

- —OMC, + B,

NPV = —CC + ,
& (1+1)

(20)

where CC is capital cost, OMC, is operational and main-
tenance costs, B, is benefits in lifespan of project (i.e.,
t=20 years), r is discount rate which is assumed to be
15%. Discount rate at which NPV is zero is known as IRR.
Land, buildings, and equipment are examples of fixed costs.
Throughout the project’s life cycle, variable costs emerge on
a regular basis. Raw material costs, power, salaries, diesel,
packing, maintenance, and loan interest are all included. In
this study, different biogas system on the basis of end usage
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(such as cooking fuel, electricity and vehicle fuel) is evalu-
ated. The complete list of variables for aforementioned 3
types of biogas system, along with their price, which is used
in the study, is mentioned in Table S8. Fixed and variable
costs are all expected to rise by 2% every year. The interest
amount (ia) on bank loan is calculated using (Eq. 21).

_laxirx (1 +ir)?

“ (L +ir) —1)

2D
where ia is the interest amount, 1 a is the loan amount, ir is
the interest rate, and ly is loan years. It is assumed that one
half of the total investment is taken as a business loan for
5 years, where an ir of 18% is charged.

3 Results and discussions
3.1 Biogas potential from crop residues

Gross residue available in India from the principal crops
is found to be 708.18 MT. The maximum amount of 392
MT is contributed by cereals, followed by sugarcane at 116
MT. Annually, 208.19 MT of surplus residue is available
(29% of gross residue). Out of this, 88 MT is contributed
by cereals. It is estimated that surplus crop residues from
principal crops have biogas potential of around 39.07 bil-
lion m3/year. Contribution of cereals (rice, wheat, maize,
bajra, barley, small millets, and jowar) is about 17.51 bil-
lion m*/year (45%) followed by sugarcane 15.97 billion m?/
year (41%) at a crop group level (Fig. 1a). Even though the
production of gross residue from paddy (rice) is most out of
all the crops, it produces less surplus residue than sugarcane.
This is owing to the fact that rice wastes have more competi-
tive applications (feedstock, packaging material, and fuel)
than sugarcane. The contribution of horticulture (banana
and coconut) is 3.4 billion m®/year (9%), oilseed (mustard
and rapeseed, linseed, soybean, safflower, sunflower, and
groundnut) is 1.11 billion m3/year (3%), and others (cot-
ton) are 1.07 billion m3/year (3%). In cereals, at individual
crop levels, rice contribution is 9.04 billion m3/year 23%),
followed by wheat 4.99 billion m3/year (13%) out of total
potential. Table 1 shows that there is a considerable variation
of biogas yield from different crop residues, so it is essential
to account for these variations at crop level during estima-
tion. For example, the Surplus residue of cotton (22MT) is
observed to be more than banana (20 MT), but the estimated
biogas potential from banana residue is more than cotton. It
is because the biogas yield of banana is 165.3 m*/ton, and
cotton is 48.98 m>/ton.

The variation of biogas potential is found significant
among the states of India. Maximum contribution value of
9.31 billion m3/year (23.8%) is from Uttar Pradesh followed
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by Punjab and Maharashtra 4.91 billion m>/year (12.5%)
and 4.4 billion m*/year (11.3%) respectively (Fig. 1b). In
Uttar Pradesh, residues from sugarcane contribute 6.59 bil-
lion m3/year (16.87%) and from rice (straw and husk) 1.74
billion m3/year (2.92%). Together, sugarcane, rice, and
wheat contribute 8.62 billion m*/year (which is 92.6% of
biogas potential in the state and 22% of biogas potential in
the country). In Punjab, mainly rice and wheat contribute 4.5
billion m*/year (91.8% of the state’s potential and 11.5% of
the country’s potential). The combined potential of 8 states
(Arunachal Pradesh, Goa, Manipur, Meghalaya, Mizoram,
Sikkim, Nagaland, and Tripura) is found to be only 0.2 bil-
lion m*/year (0.58%).

The results shows a significant potential from agricultural
residue, however collecting and transporting these leftovers
for anaerobic digestion remains a barrier, but it may be doa-
ble provided the controlling agencies establish an adequate
policy to ensure their effective usage. Also, residues are not
available throughout the year, as crops are usually cultivated
in two seasons, i.e., kharif and rabi. So, due to poor sup-
ply chains and low collection efficiency in India, there are
concerns about feedstock supply and quality. Fluctuations
in feedstock supply and quality might reduce the plant’s
production efficiency, lowering its long-term profitability.
Hence, to install the plants based on agricultural residue,
proper planning must be done for storage facilities of feed-
stock throughout the year.

3.2 Biogas potential from animal wastes

Annually, total dung production from different livestock
and poultry is about 1508.30 MT. Overall, biogas potential
from surplus animal manure in India is found to be 29.141
billion m*/year. The maximum contribution is from cattle,
which is around 13.92 billion m3/year (47.8%) and is fol-
lowed by buffaloes 11.89 billion m*/year (40.8%). More
than 90% of the total potential of livestock waste is from
cattle, buffaloes, and poultry. Contribution of animals such
as sheep, goats, pigs, horses, ponies, mules, donkeys, cam-
els, yaks, and mithuns is only 1.90 billion m*/year (6.51%).
Uttar Pradesh has a maximum biogas potential of 5.02 bil-
lion m3/year (17.23%) from animal waste, which is followed
by Rajasthan and Madhya Pradesh having a possibility of
2.62 billion m*/year (9%) and 2.41 billion m*/year (8.28%)
respectively (Fig. 2). Individually, the maximum potential
of 3.35 billion m*/year (11.51%) is from buffaloes in Uttar
Pradesh, followed by cattle in Madhya Pradesh 1.431 billion
m®/year (4.91%).

Our calculations indicate a huge scope for biogas from
animal waste, though major portion of plants based on ani-
mal dung are installed in rural areas. In such case the initial
investment of the biogas plant is a major impediment to the
adoption of biogas plants among rural communities. The
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Fig.2 State-wise biogas poten-
tial from animal wastes
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financial incentive for establishing a small-scale biogas plant
is now targeted at households with sufficient livestock own-
ership under the NBMMP scheme. A large proportion of
rural households in the middle- and lower-income brackets
are left out of this classification. To enhance biogas distri-
bution in rural regions, a bottom-up method should be used
[56].

3.3 Biogas potential from municipal solid wastes
The total estimated potential from the municipal solid waste

in India is 2.20 billion m*/year. Out of total contribution,
Maharashtra and Tamil Nadu have the possibility of 377.54
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million m*/year (17%) and 241 million m*/year (11%),
respectively (Fig. 3). Although MSW generation in Uttar
Pradesh is more than in Tamil Nadu, its biogas potential is
less. This is because the collection efficiency is 91.3% in
Tamil Nadu and only 75% in Uttar Pradesh. Similarly, the
generation of MSW is more in Rajasthan than Punjab, but
the estimated biogas potential of Punjab is much more than
Rajasthan. This is again because the collection efficiency of
Punjab (99.53%) is more than Rajasthan (49.45%). These
figures indicate that the states should increase their collec-
tion efficiency so that more organic waste is available for the
generation of biogas. The estimated biogas potential from
MSW is calculated as 3.37 billion m3/year [3]. The amount
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Fig. 3 State-wise biogas poten-
tial from municipal solid waste
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of gas generated from the organic fraction of MSW varies
from plant to plant, depending on the plant’s design speci-
fications as well as the properties of the feed materials. The
gas yield of AD plants in India could be increased by chang-
ing the reactor architecture. When it comes to microbial
development requirements in anaerobic digesters, MSW is
generally inadequate in both nitrogen and phosphorus. Mix-
ing waste water (sewage sludge, dairy waste and distillery
waste) and other wastes can help AD plants run more effi-
ciently. The above research, on the other hand, is based on
the most cautious estimate of gas yield data from OFMSW
AD reactors in Indian conditions. The estimated potential
is lower than the previous studies because the collection

efficiency of MSW in different states is accounted for in
this study.

Despite having considerable promise of biogas from
municipal solid waste there are several challenges involved
in tapping the potential. For example, municipalities in cities
have limited budget and technical competencies. As a result,
the private industry has a critical role to play in expanding
the use of biogas technology for organic treatment plants.
The lack of private sector participation in the biogas sector
in metropolitan areas has been identified as a major issue.
The concerns connected with biogas technology are exac-
erbated by the unknown factors around waste quality and
availability. Even in the case of public—private partnerships
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(PPPs), private actors bear these risks, which inhibits private
investment in the industry.

3.4 Biogas potential from wastewater

The estimated potential of biogas from sewage in India is
1.25 billion m*/year. Maharashtra, with the possibility of
165.53 million m3/year (13.23%), is the top contributor, fol-
lowed by Uttar Pradesh 144.81 million m*/year (11.57%)
and Tamil Nadu 113.81 million m*/year (9.09%) (Fig. 4a).
In the sugar and distillery industry, the estimated potential
is 3.33 billion m*/year of biogas (Fig. 4b). The estimated
biogas potential from the dairy industry is 28.76 million
m?/year (Fig. 4c). The total estimated biogas potential from
wastewater is 4.61 billion m*/year. Out of overall potential
from wastewater, Maharashtra has the highest potential of
1.27 billion m*/year, followed by Telangana and Karnataka
with a potential of 985.8 million m*/year and 509.8 million
m?/year respectively. As a high-strength effluent producer,
the distillery industry must adhere to stringent pollution
control standards. As a result, the industry is being forced
to employ wastewater treatment procedures in order to meet
discharge standards prior to disposal. Distilleries are one of
the most promising sites for energy generation using biom-
ethanation in such a scenario. For industrial effluents, in
order to meet the standards specified by the Central Pollution
Control Board, a post-treatment process is still required fol-
lowing anaerobic digestion (CPCB). However, because most
dairy operations use aerobic plants for effluent treatment,
building an anaerobic plant after tearing down the existing
aerobic unit is not an option. Furthermore, because they are
in the small-scale sector, most of them do not believe it is

economically possible to build a treatment plant, despite the
fact that their high-strength effluent exceeds the pollution
limitations [27].

3.5 Total estimated state-wise biogas potential
from a different organic substrate

Total biogas potential from various organic substrate like
agricultural residue, livestock waste, municipal solid waste,
and wastewater in India is 74.795 billion m*/year. Out of
this, the maximum contribution is from crop residue 38.84
billion m3/year (51.93%), followed by livestock waste 29.14
billion m*/year (38.96%) (Fig. 5). More than 90% contri-
bution of total potential is from crop residue and livestock
waste. There is a significant difference of biogas potential
among the states of India. It ranges from the minimum value
of 15.94 million m*/year in Sikkim to a maximum amount
of 14,727.75 million m3/year in Uttar Pradesh. The reason
is mainly that Uttar Pradesh is having the highest popula-
tion of livestock and the highest surplus residue potential
(38 MT). After Uttar Pradesh, Maharashtra (8.05 billion m?/
year), Punjab (5.85 billion m*/year), Rajasthan (4.73 billion
m?/year), Karnataka (4.72 billion m*/year), Madhya Pradesh
(4.72 billion m*/year), and Tamil Nadu (4.63 billion m*/
year) are major biogas potential states of India. The high-
est potential among the north-eastern states is of Assam
(1.39 billion m*/year). It is observed that the finding of this
study varies from previous research. For example, Rao et al.
(2010) reported a biogas potential of (excluding wastewater)
around 40.734 billion m*/year [3]. Nautiyal et al. (2015)
reported that biogas potential 48.22 billion m3/year of from
manure [57]. According to Kaur et al. (2017) the potential of
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Fig.5 State-wise total biogas
potential
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biogas from livestock generated biomass (263.70 billion m?/
year) [25]; Shivika et al. (2017) mentioned biogas potential
in a range of 2948 billion m*/year [58]. Sukhesh and Rao
(2018) estimated the methane potential of 18.67 billion m’/
year from surplus paddy, wheat, and maize residue [24].
The variations in estimation are mainly due to differences in
consideration of various parameters. Hiloidhari et al. (2014)
also reported that there is inconsistency in data of different
parameters in documents from different agencies, and com-
plete or transparent statistics are often not provided [44]. The
bottom-up approach in this study, with consideration of each
biomass separately, has attempted to overcome the limitation
of previous findings.

3.6 Uncertainty and sensitivity analysis

From, Monte Carlo simulation (N =10,000), uncertainty
associated with various biomass’ biogas potential is pre-
sented in Fig. 6. It can be observed from the box whisker plot
that the distribution is symmetric about mean. Inter quartile
range (IQR) or middle 50% of box plot, is a measure of vari-
ability. IQR of biogas potential from crop residue, animal
waste, MSW, sewage, and industrial wastewater is 2664.72,
2494.20, 298.34, 167.94 and 448.72 respectively. It shows
that even after 10% deviation is considered in biogas yield
from nominal value, the potential of biogas generation is still
very high (Table 8). Total biogas potential from all biomass
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«Fig. 6 Boxplot showing uncertainity in biogas potential. a Individual
biomass. b Total

in India is (mean =74.94 billion m*/year, std. dev=2.71 bil-
lion m*/year, min=64.63 billion m*/year, max = 84.85 bil-
lion m*/year). For sensitivity analysis, usually the scatter
plots are used as starting point. In total, there were 34 scatter
plots for presented in which shows the influence of each resi-
due/biomass on total biogas potential (Fig. S1). However, for
brevity purpose, only 9 of these residue/biomass plots are
given in main text (Fig. 7). It can be clearly seen in Fig. 7e
that Y (total biogas potential) is more sensitive to X10 than it
is to any other input factors (biogas yield). Such a conclusion
can be drawn as the pattern (or shape) presented in the plot
for X10 is better than rest. Ordering of the top 5 influential
substrate is mentioned in Eq. 20. Scatterplot with little or no
shape, example (X2, X4, X26, X29) plot of which shows a
very uniform cloud of points on the abscissa over the range
of the input factor, is nearly always an indicator that the
parameter is less influential than factor X10. Since R? inform
us how much the variation in output model is explained by
variation in input to the model, so influential parameters
can also be identified using the R? of the scatter plot. Larger
slope indicates the stronger correlation among the input and
output parameters [51].

X10 > X19 > X20 > X1 > X3 22)

where X10 is sugarcane bagasse, X19 is cattle dung, X20 is
buffalo dung, X1 is rice straw, and X3 is wheat straw.

The results indicate that variation of biogas yield from
substrate can easily change overall potential. However, the
overall potential in India is significant and should be imme-
diately tapped into. Overall in India, major substrate that
should be focused into is sugarcane residue, cattle dung, buf-
falo dung, rice straw and wheat straw. For cattle and buffalo
dung, national policy such as NBMMP is already in effect.
However, waste to energy program that focus on agricultural
residue is still in its early phase and has very long way to go.

3.7 State-wise biogas utilization

Biogas generated from the installed biogas digesters in India
is estimated at around 3.635 billion m3/year. Out of the total,

2.72 billion m*/year (75.04%) is quantified to be generated
from family size digesters installed under NBMMP and
NNBOMP. The maximum contribution is from Maharash-
tra (497.96 million m*/year), which is followed by Andhra
Pradesh (303.04 million m*/year). Waste to energy biogas
plants has a contribution of 875 million m*/year (24.06%);
Uttar Pradesh has the maximum contribution of 206.05 mil-
lion m*/year (Fig. 8). Least contribution is from the biogas
plants installed under the BPGTP scheme (32.11 million
m?/year) (Table 9). More than 55% of total installed capac-
ity comes from the five states: Gujrat (306.65 million m>/
year), Karnataka (326.52 million m3/year), Andhra Pradesh
(384.25 million m3/year), Uttar Pradesh (448.70 million m%/
year), and Maharashtra (671.40 million m3/year). The total
installed capacity of states in the northeast region of India
is 99.02 million m*/year (2.72%). Among the north-eastern
states, Assam has the maximum installed achievement of
75.79 million m*/year.

The average utilization of biogas in India is 4.86%. Look-
ing at the state-wise biogas utilization scenario, it can be
seen that there is a massive gap between the estimated poten-
tial and installation. The maximum percentage of biogas
potential is utilized by the Uttarakhand (32.93%) and is fol-
lowed by Sikkim (31.07%) (Fig. 9). Uttar Pradesh, which
has the highest biogas potential, utilizes only 3.05% of its
available resource.

However, regardless of several national schemes, the
results in this study indicate an inadequate utilization of
potential and constrained diffusion. Economic limits in
infrastructure construction, logistic challenges, antiquated
and inefficient garbage disposal, collection, and management
systems, and a general lack of acceptance of new ideas in
favour of time-tested old waste disposal methods are some
of the identified barriers. The need to maximize the use of
India’s great potential for biomass-based energy generation
while also alleviating the country’s severe power shortage
necessitates the incorporation of bioenergy into national
energy policy, allowing for the formation of a balanced
energy mix. This, in turn, necessitates the advancement of
bioenergy technologies beyond the phases of testing, inno-
vation, and demonstration to implementation via proper
funding methods. Between technological and profitable
potential and realizable potential, there is a huge gap. Many

Table 8 Simulation results—

. O Crop residue Animal waste MSW Sewage Industrial
estlmatf:d varla.tlon m waste water
generation of biogas from
various sources (million m*/ Mean 39,038.63 29,075.06 2197.67 1250.54 3382.79
year) Standard deviation 1942.08 1860.32 217.04 124.92 334.41

Min 31,389.26 22,441.10 1414.28 78421 1989.31
Max 46,598.79 36,995.69 3109.04 1675.75 4507.44
10th percentile 36,552.95 26,772.63 1922.74 1091.22 2958.58
90th percentile 41,470.24 31,453.52 2475.48 1409.03 3808.91
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Fig.7 Scatter plot of varia-
tion of biogas yield of various
substrate input on abscissa vs
variation of biogas potential
on ordinate (Where X1 is rice
straw, X2 is rice husk, X3 is
wheat straw, X4 is maize stalk,
X10 is sugarcane bagasse, X19
is cattle dung, X20 is buffalo
dung, X26 is donkey dung, X29
is mithun dung)
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Fig.8 State-wise total installed
capacity
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things that are technically feasible are rejected for a variety
of reasons, including environmental protection, a shortage
of skilled personnel, economic possibilities, and even social/
psychological factors. The barrier for dissemination or adop-
tion of biogas technology ranges from different factors like
financial, social, technical, and institutional [59]. Factors
like high capital cost, bad design/installations, overfeeding
of digesters, and leakage were found to be common [58]. In
another study, Singh et al. (2020) found common issues such
as market, operation, finance, and regulation. In market—
organic manure market is missing, only limited players are
present. In operation—non segregated waste supply, skilled
labour availability, feedstock security. In finance—business

viability insecurity, higher capital cost, and payback period.
In regulation—inclination towards power based projects.
These challenges can be mitigated through; in market—
creating awareness, collaboration with academic institu-
tion; in operation—resource mapping, capacity building; in
finance—market development, different financial models; in
regulation—balance of centralized and decentralized tech-
nology [60]. Furthermore, the land and water requirements
for biogas are increasingly posing a problem [61].

As discussed, there are numerous barriers in both launch-
ing and implementing AD technology. However if resources
are fully utilized, AD technology may help to increase
biogas outputs, notably methane, which can be used as a
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Table9 State-wise estimated generation of biogas from installed
plants (million m*/year)

States NBMMP/ BPGTP Waste to energy Total
NNBOMP
Andhra Pradesh 303.05 1.58 79.63 384.25
Arunachal Pradesh 1.94 0.00 0.00 1.94
Assam 75.79 0.00 0.00 75.79
Bihar 71.11 0.00 4.38 75.49
Chhattisgarh 30.88 0.00 1.45 32.33
Goa 2.31 0.00 0.00 2.31
Gujarat 238.09 0.10 68.46 306.65
Haryana 34.10 0.93 19.53 54.56
Himachal Pradesh 26.09 0.00 4.38 30.47
Jammu and Kash- 1.75 0.00 0.00 1.75
mir

Jharkhand 4.27 0.00 0.00 4.27
Karnataka 272.37 5.72 48.43 326.52
Kerala 82.89 0.37 1.01 84.27
Madhya Pradesh 203.10 0.27 27.51 230.88
Maharashtra 497.96 4.27 169.17 671.40
Manipur 1.17 0.00 0.00 1.17
Meghalaya 5.84 0.00 0.00 5.84
Mizoram 2.99 0.00 0.00 2.99
Nagaland 4.35 0.00 0.00 4.35
Odisha 148.70 0.02 0.00 148.73
Punjab 99.64 3.64 72.92 176.21
Rajasthan 39.34 0.04 17.13 56.51
Sikkim 4.95 0.00 0.00 4.95
Tamil Nadu 122.16 11.08 81.95 215.19
Telangana 10.76 1.97 30.66 43.39
Tripura 1.99 0.00 0.00 1.99
Uttar Pradesh 241.04 1.61  206.06 448.70
Uttarakhand 198.70 0.39 37.21 236.29
West Bengal 0.49 0.12 5.12 5.74
Delhi 0.32 0.00 0.00 0.32
Total 2728.12 32.12  875.00 3635.23

clean energy source in cooking, electricity or vehicle fuel.
Animal waste based small-scale AD can help rural people
save money on energy and lessen their reliance on firewood
[62]. Usmani (2020) found that India has vast biomass
resources and proposes that these resources be used in the
transportation sector [63]. Compressed biogas (CBG) has
the ability to offset up to 8.5% of India’s fossil fuel imports,
boosting energy security significantly [64]. Using various
biomass resources, 62 MTA of CBG can be produced [65].
In other few assessment studies, for example, Singh et al.,
(2020) concluded with the help of life cycle assessment
study that sewage based biogas plant has beneficial impact
on environment [66]. In another study, biogas based on
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MSW shows promising results and concluded that solid-state
AD process is a viable option for pre-processed OFMSW
[67]. This shows that biogas production in urban as well
as rural areas using natively obtainable resources such as
agricultural residues and livestock manure would aid in the
achievement of numerous sustainable development goals,
including gender equality and women’s empowerment (SDG
5), universal coverage to affordable and clean energy (SDG
7), sustainable cities and communities (SDG 11), responsi-
ble consumption and production (SDG 12), and combating
climate change and its consequences (SDG 13). Aside from
that, reducing regional air pollution will be aided by enact-
ing strict regulations that prohibit crop leftovers burning, as
well as monetary benefits for the acquisition and transit of
residues from agricultural land to storage areas, thus ensur-
ing a steady supply of raw material for bioenergy power
plants. Biogas production from crop waste is a less expen-
sive and energy intensive technology that adheres to the
circular economy principles [68]. Renewable energy from
OFMSW in decentralized waste processing facilities could
be one of the finest choices for MSW treatment and dis-
posal sustainability in India. The use of OFMSW from the
MSW could reduce landfill space. Producing clean fuel from
renewable feedstock while also conserving natural resources
and lowering GHG emissions will be a significant benefit
in dealing with India’s future MSW concerns. By removing
the high-moisture organic waste from the MSW stream, the
remaining portion will have a higher calorific value, allow-
ing for incineration. Since, biogas has a number of societal
advantages. Focus in India should be on expansion of biogas
production as well as utilization.

3.8 Economic analysis

NPV of biogas plants used as cooking fuel, electricity, and
vehicle fuel is 0.18, 478.89, and 168.05 respectively; thus,
it is economically beneficial, according to the findings of
this study. Even though NPV of various biogas system is
positive, the maximum number of biogas plant (> 5 mil-
lion) is installed under NBMMP whose main objective is to
use biogas as a cooking purpose. Also, 75.04% total biogas
generation in India is from plant installed under NBMMP
scheme. Comparatively, BPGP (for electricity) and waste to
energy (for vehicle fuel) programs are new and hence it can
be seen that number of total plants installed and total biogas
generated from these plants are also fewer than the NBMMP.
IRR of three biogas system can be seen in Fig. 10, and it can
be observed that it is considerably high. As economically,
these plants are beneficially to install; hence, in future, the
acceptability of plants under BPGP and waste to energy is
also expected to increase.
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Fig.9 State-wise utilized
percentage of estimated biogas
potential
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3.9 Circular economy approach

The population is increasing, so is the demand for raw
materials. The availability of critical raw resources, on the
other hand, is limited. Furthermore, obtaining and using
raw materials has a significant environmental impact. It also
increases energy consumption and CO, emissions. However,
by optimizing the use of raw materials, CO, emissions can
be reduced. The circular economy is a production and con-
sumption paradigm that encourages people to reuse and
recycle existing materials and products for as long as feasi-
ble. In reality, this minimizes the overall requirement of the
resource and consequently reduces waste.

In this study, it is observed that there is a huge potential
to use different biomass (agricultural residue, animal waste,
municipal solid waste, wastewater) to generate biogas. CO,
emissions from biomass such as crop residue and animal
manure are not included. It is because in case of crop resi-
due they were recently fixed by photosynthesis when plants
were growing. The CO, in biogas created from animal dung
comes from the feed ingested by the animals [69]. As a
result, the use of biogenic fuels has the added benefit of
being environmentally friendly. Biogas is a promising bio-
fuel that may be produced utilizing the AD process from
biomass. Since no cultivation operations are required, biogas
produced from waste has no negative effects on land use
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Fig. 10 Internal rate of return 35
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when compared to liquid biofuels (biodiesel and bioethanol).
It is also observed that economically, different biogas system
has high rate of return (Fig. 10). Overall, the use of biogas
can not only solve the energy challenge to an extent but also
it will stop the further environmental degradation (no open
field burning, waste elimination and treatment and GHG
reduction). Furthermore, direct and indirect jobs are created
which will help in tackling social issues such as employabil-
ity. Soil quality is also said to be improved by utilizing the
digestate as organic fertilizer [68]. A circular economy based
on biomass to biogas necessitates an integrated approach
that addresses agricultural waste management, usage, and
legislation. Biomass has been unable to achieve an economic
value for which farmers and stakeholders are inspired and
encouraged to participate in biomass waste based biogas
circular economy due to supply chain flaws and a lack of
technical understanding [70]. This can also be seen from
low utilization of biomass resource in India as per calcula-
tion in this study. Different circular economy models such as
co-digestion, recovery of multiple products, and combined
bioprocess is proposed in previous study as a solution [71].

4 Conclusion

The present study estimated the biogas potential and biogas
utilization from all primary biomass feedstocks (crop resi-
due, livestock waste, municipal solid waste, and wastewa-
ter) for all states of India. The significant contributors from
crop residue are sugarcane, rice, wheat, banana, and maize.
Biogas potential from the crop residue is estimated high-
est in Uttar Pradesh (9.31 billion m*/year). Cattle and buf-
faloes are significant contributors to livestock wastes. The
maximum contribution is by Uttar Pradesh (5.021 billion
m?/year). For municipal solid waste and wastewater, in both
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Cooking

Electricity

categories, Maharashtra is leading with an estimated poten-
tial of 385.92 million m*/year and 1274.22 million m*/year,
respectively. India has a total estimated potential of 74.795
billion m*/year, with a 90% contribution from crop residue
(38.84 billion m3/year) and livestock waste (29.14 billion
m?/year). Overall, Uttar Pradesh has the maximum poten-
tial of 14.73 billion m*/year. The estimated generation from
the installed biogas digesters in India is 3.635 billion m?/
year. The country’s average biogas utilization is 4.86%. Eco-
nomic analysis shows positive NPV of three biogas system
on the basis of end use. IRR of 29.39, 25.54, and 30.63%
is observed with biogas used as cooking, electricity, and
vehicle fuel respectively. State-wise estimation and current
utilization scenario will help the local government in policy-
making and decentralized energy planning.
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