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a b s t r a c t

India possesses a huge potential in biomass power generation to reduce dependency on fossil fuel
imports. Of the available biomass sources, crop residues are particularly interesting as they dispersed
resources with varying spatiotemporal availability and features. These residues also have competing
applications which differ geographically. In India, state-wise crop-level biomass databases are found
to be scarce, and local biomass records are critical to implement decentralized bioenergy projects.
The main objective of this study is to critically assess the potential of agricultural crop residues, their
subsequent bioenergy, and the syngas production potential in all of India’s regions (28 states and 8
UTs). 43 major crop residues produced from 28 different crops produced in different regions of India
were taken for this study, considering their recent crop production statistics for the year 2017-18
and following standard estimation procedures. The syngas production potential was estimated using
a Python gasification model using input parameters from the literature.

Overall, 869.11 MT of gross residue is generated annually, with 288.14 MT (33.15%) of surplus
residue. In terms of surplus crop residue, Uttar Pradesh produces the most surplus residue (57.72
MT) and sugarcane ranks first with a national potential of 62.68 MT. For the 2017-18 fiscal year, the
bioenergy production potential from surplus crop residue was estimated to be 4.88 EJ. This syngas
generation potential is determined to be 37.64% of India’s gross residual potential. Upgrading this
quantity of syngas via, for example, methanol (MeOH) synthesis is expected to provide 81.7905 MT of
MeOH with an equivalent energy content of 1.85 EJ.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

1.1. India’s present energy scenario

The energy sector greatly impacts a country’s economic
rowth and sustainable development in the contemporary world.
eing the seventh-largest country by land area and having the
econd largest population globally, India has a significant need
or energy. It is predicted that by 2040, India will be responsible
or a 25% increase in global energy use (Sahoo, 2021). By 2030,
ndia is expected to become the third largest consumer of energy,
urpassing the European Union and following only the USA and
hina (IEA, 2021). In recent decades, the ongoing urbanization
nd industrialization processes have led to a substantial increase
n India’s energy demands, with a 200% increase in primary
nergy consumption since 2000 (IEA, 2021). In 2020, there was a
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5.97% reduction in energy consumption due to the adverse effects
of the COVID-19 pandemic lockdown, but in 2019, India still con-
sumed 18.60 EJ of coal, 9.99 EJ of oil, 2.13 EJ of natural gas, 0.40
EJ of nuclear energy, and 1.33 EJ of renewable energy (BP, 2021).
Similarly, India’s electricity generation increased from 0.671 EJ
in 1985 to 4.96 EJ in 2019 (Ritchie et al., 2022). Fig. 1 depicts
India’s key energy and economy indicators like gross domestic
product (GDP), energy demand, oil demand, CO2 emissions per
capita, along with others) as a percentage of the global average.
Compared to 2000, in 2019, the indicators can be seen rising
steadily, but these data are well below the global average. Since
2005, India’s CO2 emissions have more than doubled, owing to
a rapid increase in coal consumption (Myllyvirta, 2019). In 2017,
India was accountable for 6.88% of global CO2 emissions, with an
nnual emission of 2.42 billion t CO2 (Ritchie et al., 2020).
Although India’s energy demand continuously increases with

ts increasing population, inadequate native energy production
nd supply have forced its dependency on oil, coal, and gas
mports. The production and imports in the case of coal, oil,
nd gas for the past two decades are shown in Fig. 2. India’s

verage monthly oil import was 17.51 Million Tonnes (MT) from

rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

List of abbreviations

EJ Exajoule
PJ Picojoule
MJ Megajoule
kWh Kilowatt-hour
MT Million tonnes
HV Heating value
HHV Higher heating value
RPR Residue production ration
FC Fixed carbon
C Carbon
O Oxygen
S Sulfur
H2/CO Hydrogen to carbon monoxide ratio
SRF Surplus residue factor
GR Gross residue
SR Surplus residue
UT Union territories
COP Conference of Parties
GHG Greenhouse gas
MeOH Methanol
M Moisture
VM Volatile matter
H hydrogen
N Nitrogen
SGY Syngas yield
GE Gasification efficiency

2014 until 2021, reaching the all-time highest value of 21.10 MT
in October 2018 (Trading Economics, 2022), whereas the yearly
import of crude oil was also seen increasing from 171.73 MT
in 2012 to 226.5 MT in 2019 (Jaganmohan, 2022). Coal has the
highest share in India’s energy mix, which has increased from 40%
in 2010 to 44% in 2019. It contributes to 70% of the electricity
produced in the country (IEA, 2021). By 2040, India’s annual coal
demand is expected to reach 772 MT (IEA, 2021). Since 2011,
India has become the fourth largest importer of liquefied natural
gas (LNG), and its import capacity has increased by 200% in the
past ten years (Zaretskaya, 2020).

Recently, the Indian government has been investing signif-
cantly in developing the renewable energy sector within the
ountry to meet energy demands in a more efficient and eco-
riendly manner. India’s renewable energy market is the fourth
argest in the world. According to COP26, India has committed to
chieving zero emissions by 2070. As one of the world’s top four
roducers of greenhouse gases after China, the US, and the EU,
ndia has pledged to generate 500 GW of energy from non-fossil
uel sources by 2030. The government has also set a new target
o reduce 1 billion projected carbon emissions by generating 50%
f India’s energy requirements from renewable energy sources by
030 (COP26, 2020).
However, despite the push towards renewable energy, non-

enewable fuels are still widely used in India due to a lack of
wareness and acceptance of renewable energy sources among
lectricity consumers. Therefore, it is crucial to explore various
ustainable energy sources. One of these unconventional sources
s biomass energy, which has the potential to produce grid-
uality electricity. Biomass is a sustainable energy source of a
3772
complex mixture of carbon, nitrogen, hydrogen, and oxygen. It
can be transformed into fuels suitable for use in the energy
sector while causing minimal environmental harm. Biofuels are
a possible solution to the problems of supply instability and
greenhouse gas emissions (Zhao et al., 2017). Because of its in-
creasing reliance on oil imports and environmental concerns,
India must embrace biofuel generation to replace conventional
fossil-based fuels. Unlike other renewable energy sources such as
wind, solar, geothermal, marine, and hydropower, biomass may
directly generate fuel as well as chemicals (Osman et al., 2021;
Quereshi et al., 2021). Substituting fossil-based fuel with the
energy mentioned above is not feasible, but utilizing biomass to
produce fuel and chemicals is highly recommended (Bharti et al.,
2021). Also, compared to other resources, biomass in India has a
comparatively constant availability. In the last decade, successful
engagement and completion of different bioenergy projects can
be seen in the entire country initiated by the Ministry of New
and Renewable Energy (MNRE), the Govt. of India.

1.2. Bioenergy utilization status in India

Biomass fuels play a crucial role in India’s energy mix, espe-
cially in rural areas, as they serve as the primary energy source
for most rural and peri-urban families and some rural busi-
nesses. Biomass contains a large amount of energy that can be
used as fuel. The classification of biomass as either traditional
or modern depends on the length of time it has been in use. In
developing countries like India, traditional biomass refers to the
long-standing use of biomass without any modifications. This tra-
ditional use of biomass involves burning fuelwood, crop residues,
or dried animal waste for cooking or heating purposes. Despite
the push towards renewable energy, roughly 32% of the country’s
total primary energy is still derived from biomass, and over 70% of
the population still relies on it to meet their energy needs (MNRE,
2022). Despite efforts to increase access to modern, clean cooking
fuels, there are still 660 million people in India who have not fully
transitioned from traditional biomass sources such as fuelwood,
animal dung, and charcoal. In 2000, 25% of India’s primary energy
came from traditional biomass, but this proportion decreased
by 12% in 2019 due to initiatives aimed at improving access to
modern fuels. Despite the country’s growing energy demand, the
use of biomass in the energy mix is declining. However, biomass
still plays a critical role in rural areas, where it remains the
primary energy source for the majority of rural and peri-urban
families and companies (IEA, 2021).

Gould and Urpelainen (2018) reported that less than 60% of
LPG users in rural India use it as their primary cooking method,
but families still utilize solid fuels to prepare various meals.
Another 40% use LPG to make tea and snacks, while the rest
utilize other traditional fuel sources. Studies have reported the
deteriorating air quality of rural regions because of agricultural
residue burning, negatively affecting human and environmental
health (Ravindra et al., 2019). Moreover, cooking with traditional
biomass is a substantial source of indoor air pollution because of
the combustion process. With growing efforts from the govern-
ment for efficient use of energy, it is expected that there will be
a huge decline in the population using conventional biomass for
cooking; according to reports, by 2040, only a quarter of India’s
population will rely on that (IEA, 2020).

For energy production in terms of heat, electricity, liquid &
gaseous fuels, biogas, etc., from the available biomass resources,
modern conversion techniques are finding worldwide popular-
ity in recent times. These technologies include mainly thermo-
chemical (pyrolysis, gasification, liquefaction, combustion, hy-
drothermal upgrading (HTU), and biochemical (anaerobic diges-
tion, fermentation) conversion processes, which have been stud-
ied widely in many pieces of literature (Faaij, 2006; Goldemberg
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Fig. 1. Key indicators in India as a percentage of global averages.
Fig. 2. India’s production and trade of coal, crude oil, and natural gas (IEA, 2021).
nd Coelho, 2004; Kothari et al., 2020; Kumar et al., 2015; Sikar-
ar et al., 2016). There is a great opportunity for modern biomass
nergy applications in rural India, particularly in the cooking and
ighting sectors. The availability of different biomass sources in
ndia, policies, and challenges regarding their conversion into
ioenergy has been studied by Kumar et al. (2015) and Kothari
t al. (2020). Common biomass feedstocks used for bioenergy
roduction in India are sugarcane bagasse, rice straw, rice husk,
heat straw, coconut shell, jute waste, cotton stalk, along with
thers (Hiloidhari et al., 2014). According to recent MNRE data,
lmost 10170 MW grid feeding power capacity from over 800
iomass power cogeneration projects has been installed in the
ountry (MNRE, 2022).

.3. Scope of agricultural residue-based bioenergy production

India’s economy is heavily dependent on agriculture, which
lso provides the majority of the country’s jobs. Approximately
0% of rural households in the nation still significantly rely on
griculture for a living, with 82% of those farmers being small
nd marginal. Only 17.5% of India’s GDP comes from agriculture,
espite a sizable population (PRS, 2022). In India, 275 MT of food
3773
grains were expected to be produced in 2017–18. India is the
world’s top producer of jute and pulses, while it ranks second
in the production of wheat, rice, cotton, sugarcane, and ground-
nuts (FAO, 2022). As a result, India produces a large amount
of agricultural residue each year, which can potentially be used
for bioenergy generation. Many studies have discussed the na-
tional potential of crop residues in India, policies, and technolo-
gies related to their conversion into bioenergy (Hiloidhari et al.,
2014; Hiloidhari and Baruah, 2011; Kothari et al., 2020; Kumar
et al., 2015). Ravindranath et al. (2005) discussed the potential
of efficient energy production from animal manure, crop residue,
municipal solid waste, industrial wastewater and biomass. They
estimated a potential energy generation of 5.14 EJ from all the
mentioned feedstock in 1997. Purohit (2009) estimated a total
of 74 MT agricultural residues for feedstock towards an efficient
gasification process to generate energy in India. In a similar study,
Hiloidhari et al. (2014) estimated 686 MT of gross crop residue in
India, out of which 34% (234 MT) was found as surplus residue.
They also estimated a potential annual bioenergy production
of 4.15EJ, which was equivalent to 17% total primary energy
consumption of India. Cardoen et al. (2015) also discussed and
assessed the potential availability of agri-residues in India in
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010. They estimated a total of 760.055 MT of gross residue pro-
uction considering 21 different crops. Usmani (2020) has tried
o estimate the potential for energy and biofuel production in
ndia from energy crops and agroforestry residues. He estimated
32.020 MT of surplus crop residue potential in India.
However, agricultural practices, as well as previous climatic

onditions, influence the availability and distribution of agricul-
ural residues. Because modern conversion technologies are mak-
ng biofuel production more popular, India’s agricultural residues
ave a high biofuel production capability. India’s goal of achieving
00 GW of non-fossil energy capacity and reducing carbon emis-
ions by 1 billion tonnes by 2030, following COP26, has created
n urgency in terms of new data generation related to agricultural
iowaste availability and subsequent biofuel production. A gap
xists in the study of biofuel production potential from India’s
vailable surplus crop residues at the state level. Furthermore, a
mall number of recent studies show the availability of bioenergy
nd related biofuel production potential from agricultural waste
esidues.

The main objective of this study is to investigate and discuss
he region-wise crop residue potential and subsequent bio syngas
roduction potential in 36 different regions (28 states & 8 Union
erritories) of India. Also, the methanol production potential from
stimated available syngas was also calculated nationwide. A total
f 43 crop residues were considered for analysis from 28 different
ajor crops grown across India. A brief comparison of estimated
urplus bioenergy and available syngas energy has also been
tudied.

. Methodology

.1. Study data & selection of crops

India is the world’s second-most populated country and the
eventh-largest in terms of land area. In this study, all 36 regions
28 states & 8 union territories (UTs)) of India were considered as
f the 2017–18 geographic scenario of India (NIC, 2022). For this
tudy, 43 crop residues produced from 28 primary crops grown
cross the country in different regions were selected and grouped
nto five categories. The heating values (HV), residue-production-
atio (RPR), and surplus residue fraction (SRF) for different types
f crop residue from each crop are mentioned in Table 1 according
o their categories.

In India, the Ministry of Agriculture (MoA) is a primary data
ource for estimating the amount of crop residue biomass avail-
bility (MoA and FW, 2020). It has established a dependable and
cientifically robust process for accurately estimating crop output,
ropping area, and yield. The production data used in this study
ere obtained from MoA-published reports for the agricultural
ear 2017–18 (MoA and FW, 2018). Moreover, for estimating the
ross and surplus crop residues, the RPR and SRF data were taken
rom BRAI (Biomass Resources Atlas of India) (IISC, 2020). Only till
004 is data covered by the BRAI data bank. As a result, due to the
ack of more recent data sources, the current study must rely on
RAI data from 2004. All the RPR and SRF data for each crop used
n this study are average uniform values available for the entire
ountry. Furthermore, no data for any parameters were available
or two regions (Ladakh and Lakshadweep, both UTs).

.2. Determining crop residue potential

Crop residue of a specific crop refers to all the organic material
y-products produced from the harvesting and processing of that
gricultural crop. The availability of crop residues mainly de-
ends on each crop’s yield or production value. The total residue
roduced during harvesting or processing can be termed as the
3774
gross crop residue, while the residue left after any traditional
uses (like cattle bedding, cattle feed, organic fertilizer, cooking,
and heating fuel) is called surplus crop residue. Depending on its
chemical properties, surplus crop residue from any crop can be
useful for the bioenergy generation process. The determination of
crop residue potentials for the 28 crops mentioned above using
standard procedures is discussed further below (Hiloidhari et al.,
2014; Hiloidhari and Baruah, 2011).

2.2.1. Gross crop residue estimation
In this study, estimation is done on a region (state/UT) wise

basis. The gross crop residue of a crop is mainly dependent on
two parameters, viz. (i) the production value of the crop and (ii)
the RPR value of the crop. The production data of a crop can
be directly found in sources. The total or gross residue has been
estimated with Eqs. (1)–(4).

GR(m,n) = P(m,n) × RPR(m) (1)

Rstate(n) =

43∑
m=1

GR(m,n) (2)

Rnational(m) =

36∑
n=1

GRstate(m,n) (3)

RIndia =

36∑
n=1

GRstate(n) =

43∑
m=1

GRnational(m) (4)

here, GR (m,n) is the gross residue potential for m crop residue
n nth state/UT, GRstate (n) is the state/UT level gross residue
otential for 43 crop residues in nth state/UT, GRnational is the
ross national residue potential of m crop residue, GRIndia is
he total gross residue potential of India, from 43 crop residues
enerated in 36 regions (states/UT’s).

.2.2. Surplus crop residue estimation
The surplus crop residue amount has been estimated using

urplus residue fraction (SRF) data for each crop residue type, as
hown in Eqs. (5)–(8).

R(m,n) = GR(m,n) × SRF(m) (5)

Rstate(n) =

43∑
m=1

SR(m,n) (6)

Rnational(m) =

36∑
n=1

SRstate(m,n) (7)

RIndia=

36∑
n=1

SRstate(n) =

43∑
m=1

SRnational(m) (8)

here, SR (m,n) is the surplus crop residue potential for m crop
esidue in nth state/UT, SRstate (n) is the state/UT level surplus
esidue potential for 43 crop residues in nth state/UT, SRnational is
he surplus national residue potential of m crop residue, SRIndia is
he total surplus residue potential of India, from 43 crop residues
enerated in 36 regions (states/UT’s).

.3. Estimation of bioenergy potential

The crop residue bioenergy potential has been estimated using
qs. (9)–(12).

(m,n) = SR(m,n) × HV(m) (9)

state(n) =

43∑
E(m,n) (10)
m=1
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Table 1
The residue-production ratio (RPR) and surplus residue fraction (SRF), and heating values (HV) data of the crop residues.
Crop group Crop Crop residue RPR SRF HV (MJ/kg) [Ref.]

Cereals

Rice Rice straw 1.5 0.24 14.4 Li et al. (2010)
Rice husk 0.2 0.71 15.45 Danish et al. (2015a)

Wheat Wheat straw 1.5 0.17 17.25 Danish et al. (2015a)
Wheat pod 0.3 0.45 16.42 Bledzki et al. (2010)

Jowar
Jowar stalk 1.7 0.13 16.797 Lu et al. (2006)
Jowar cob 0.5 0.35 18.36 –
Jowar husk 0.2 0.49 17.48 –

Bajra
Bajra stalk 2 0.16 18.16 Petras and Bognar (1981)
Bajra cob 0.33 0.47 18.36 –
Bajra husk 0.3 0.24 17.48 Raveendran et al. (1995)

Maize Maize stalk 2 0.2 17.08 Danish et al. (2015a)
Maize cob 0.3 0.38 18.36 Danish et al. (2015a)

Barley Barley stalk 1.3 0.1 18.16 Calvo et al. (2011)

Ragi Ragi straw 1.3 0.08 18.16 –

Small millet Small millet stalks 1.16 0.1 17.96 Petras and Bognar (1981)

Pulses

Gram Gram stalk 1.1 0.73 16.67 –

Tur Tur stalk 2.5 0.16 16.67 Singh et al. (2019)

Lentil Lentil stalk 1.8 0.1 16.67 –

Moong Moong stalk 1.1 0.1 16.67 –
Moong husk 0.15 0.2 17.39

Urad Urad stalk 1.1 0.11 16.67 –
Urad husk 0.2 0.47 17.39

Oilseeds

Mustard Mustard stalk 1.8 0.95 23.21 Skoulou et al. (2011)

Soybean Soybean stalk 1.7 0.33 25.6 Skoulou et al. (2011)

Sunflower Sunflower stalk 3 0.16 22.46 Skoulou et al. (2011)

Niger Niger stalk 1 0.08 22.46 –

Sesamum Sesamum stalk 1.2 0.23 14.169 El-Sayed et al. (2018)

Groundnut Groundnut stalk 2 0.15 16.67 Singh et al. (2019)
Groundnut shell 0.3 0.64 18.65 Raveendran et al. (1995)

Linseed Linseed stalk 1.47 0.1 14.169 El-Sayed et al. (2018)

Castor Castor stalk 1.7 0.44 16.5 Kaur et al. (2018)

Safflower Safflower stalk 3 0.8 22.46 –

Horticulture

Arecanut Arecanut fond 3 0.35 12 George et al. (2021)
Arecanut Husk 0.8 0.35 22.32 Gogoi et al. (2017)

Coconut Coconut fond 4 0.5 12 George et al. (2021)
Coconut Husk 0.53 0.71 15.6 George et al. (2021)

Banana Banana waste 3 0.35 16.15 Kabenge et al. (2018)

Others

Sugarcane Sugarcane tops & leaves 0.05 0.19 14.73 Parikh et al. (2005)
Sugarcane bagasse 0.33 0.5 17.54 Danish et al. (2015b)

Cotton

Cotton Stalk 3.8 0.53 19.01 Danish et al. (2015b)
Cotton husk 1.1 0.45 17.34 Bhavanam and Sastry (2015)
Cotton shell 1.1 0.45 18.3 Parikh et al. (2005)

Çağlar and Demirbaş (2001)

Jute & mesta Jute & mesta stalk 2 0.1 18.27 Islam MNN and Islam (2001)

* Please refer to the assumptions mentioned in Table 2.
i

Enational(m) =

36∑
n=1

Estate(m,n) (11)

EIndia=

36∑
n=1

Estate(n) =

43∑
m=1

Enational(m) (12)

here, E (m,n) is the surplus crop residue bioenergy potential
or m crop residue in nth state/UT, Estate (n) is the state/UT
evel surplus residue bioenergy potential for 43 crop residues in
th state/UT, Enational is the surplus national bioenergy potential
f m crop residue, EIndia is the total surplus residue bioenergy
otential of India, from 43 crop residues generated in 36 regions

states/UT’s).

3775
2.4. Estimation of syngas production potential from surplus crop
residue

The syngas production potential for each crop residue has
been estimated using a co-gasification model developed by Ro-
drigues (2015), Rodrigues et al. (2016). The model uses a non-
stoichiometric formulation with an equilibrium approach (Baratier
et al., 2008; Rodrigues et al., 2010), which determines the product
composition by minimization of the total Gibbs free energy of
a multi-phase ideal mixture. The equilibrium state, including
various chemical species and phases, can be calculated using
this equilibrium model. The model was developed for the co-
gasification of biomass and coal. The main assumptions of the
model are described below (Rodrigues et al., 2016)-
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Table 2
Input and output parameters of the PYTHON gasification model used to estimate the syngas yield. These input parameters if this table contains the proximate and
ultimate analysis data for 43 different crop residues used in this study. The output parameters are syngas yield, syngas high heating value, H2/CO ratio, and %
asification efficiency.
Crop residue Input Parameters Output parameters

Proximate analysis (wt%) Ultimate analysis (wt%) Residue
HHV
(MJ/kg)

[Ref.] SGY
(Nm3/kg)

Syngas
HHV
(MJ/m3)

H2/CO
ratio

% GE

M FC VM Ash C H O N S

Rice straw 5.58 16.55 65.23 12.64 38.61 4.28 37.16 1.08 0.65 13.48 Li et al.
(2010)

1.16 4.37 1.11 50.27

Rice husk 7.88 23.71 54.39 14.02 44.13 5.01 50.4 0.39 0.07 15.45 Danish et al.
(2015a)

1.08 3.88 1.14 41.25

Wheat straw 8.45 20.97 65.59 4.99 47.25 5.28 46.68 0.61 0.18 17.25 Danish et al.
(2015a)

1.31 4.96 1.11 47.88

Wheat husk 5.98 12.72 69.19 12.11 41.47 5.82 37.945 2.55 16.42 Bledzki
et al. (2010)

1.27 4.6 1.3 50.29

Jowar stalk 5.97 18.45 69.11 6.47 43.32 5.42 38.2 0.37 0.25 16.797 Lu et al.
(2006)

1.39 5.26 1.19 54.41

Jowar cobc 11.74 4.97 72.33 10.67 46.2 5.42 47.22 0.92 0.24 18.36 – 1.21 4.46 1.15 40.56–
Jowar huska – 1.2 80.7 18.1 42.7 6 33 0.1 17.48 – 1.3 4.82 1.31 50.26
Bajra stalkb 4.2 89.3 6.5 40.9 8.9 48.3 1.1 0.1 18.16 Petras and

Bognar
(1981)

1.33 4.06 1.78 45.41

Bajra cobc 11.74 4.97 72.33 10.67 46.2 5.42 47.22 0.92 0.24 18.36 – 1.21 4.46 1.15 40.56–
Bajra husk – 1.2 80.7 18.1 42.7 6 33 0.1 17.48 Raveendran

et al. (1995)
1.29 4.82 1.31 50.26

Maize stalk 8.78 12.02 73.25 5.95 41.85 5.38 51.34 1.36 0.07 17.08 Danish et al.
(2015a)

1.15 3.96 1.22 38.69

Maize cob 11.74 4.97 72.33 10.67 46.2 5.42 47.22 0.92 0.24 18.36 Danish et al.
(2015a)

1.21 4.46 1.15 40.56–

Barley stalk 8.1 16.31 74.3 9.39 44.9 5.51 39.47 0.54 0.19 17.96 Calvo et al.
(2011)

1.33 4.06 1.184 48.33

Ragi strawb – 4.2 89.3 6.5 40.9 8.9 48.3 1.1 0.1 18.16 – 1.34 5.04 1.78 45.41
Small millet
stalk

– 4.2 89.3 6.5 40.9 8.9 48.3 1.1 0.1 18.16 Petras and
Bognar
(1981)

1.33 4.06 1.78 45.41

Gram stalkd 5.43 10.96 82.12 1.49 46.12 6.73 46.42 0.73 – 16.67 – 1.42 5.05 1.32 54.77
Tur stalk 5.43 10.96 82.12 1.49 46.12 6.73 46.42 0.73 – 16.67 Singh et al.

(2019)
1.42 5.05 1.32 54.77

Lentil stalkd 5.43 10.96 82.12 1.49 46.12 6.73 46.42 0.73 – 16.67 – 1.42 5.05 1.32 54.77
Moong stalkd 5.43 10.96 82.12 1.49 46.12 6.73 46.42 0.73 – 16.67 – 1.42 5.05 1.32 54.77
Moong husk 9.5 1.2 80.7 18.1 42.2 5.6 45.8 0.8 – 17.39 Rehan et al.

(2019)
1.08 3.77 1.26 37.32

Urad stalkd 5.43 10.96 82.12 1.49 46.12 6.73 46.42 0.73 – 16.67 – 1.42 5.05 1.32 54.77
Urad husk 9.5 1.2 80.7 18.1 42.2 5.6 45.8 0.8 – 17.39 – 1.08 3.77 1.26 37.32
Mustard &
rapeseed stalk

2.01 2.66 91.46 3.87 44.52 5.53 49.37 0.58 – 23.21 Skoulou
et al. (2011)

1.26 4.53 1.19 32.45

Soybean stalk 2.24 3.09 90.74 3.93 43.59 5.6 50.46 0.35 – 25.6 Skoulou
et al. (2011)

1.24 4.36 1.22 27.49

Sunflower stalk 1.68 4.72 88.52 5.08 42.6 5.47 51.74 0.19 – 22.46 Skoulou
et al. (2011)

1.19 4.1 1.22 30.15

Niger stalke 1.68 4.72 88.52 5.08 42.6 5.47 51.74 0.19 – 22.46 – 1.19 4.1 1.22 30.15
Sesamum stalk 4.11 21.1 70.2 4.59 40.47 6.35 47.78 – 14.169 El-Sayed

et al. (2018)
1.27 4.24 1.39 54.34

Groundnut
stalk

5.43 10.96 82.12 1.49 46.12 6.73 46.42 0.73 – 16.67 Singh et al.
(2019)

1.42 5.05 1.32 54.77

Groundnut
shell

– 11.1 83 5.9 48.3 5.7 39.4 0.8 – 18.65 Raveendran
et al. (1995)

1.46 5.68 1.15 52.54

Linseed stalkg 4.11 21.1 70.2 4.59 40.47 6.35 47.78 – 14.169 El-Sayed
et al. (2018)

1.27 4.24 1.39 54.34

Castor residue 11.14 9.16 74.3 5.4 43.59 5.56 46.16 4.69 – 16.5 Kaur et al.
(2018)

1.23 4.46 1.21 53.36

Safflower stalke 1.68 4.72 88.52 5.08 42.6 5.47 51.74 0.19 – 22.46 – 1.19 4.1 1.22 30.15
Arecanut fondf 13.1 11.9 59.9 15.1 37.43 5.51 55.46 1.31 0.29 17.54 George

et al. (2021)
0.92 2.82 1.36 36.64

Arecanut husk 3.56 15.92 75.32 5.19 57.67 5.87 35.62 0.84 19.01 Gogoi et al.
(2017)

1.65 6.98 1.04 53.03

Coconut fond 13.1 11.9 59.9 15.1 37.43 5.51 55.46 1.31 0.29 16.7 George
et al. (2021)

0.92 2.82 1.36 36.64

Coconut husk 10.4 17.3 64.4 7.9 41.82 6.07 50.3 1.66 0.14 16.37 George
et al. (2021)

1.17 3.92 1.33 42.81

Banana waste 11.56 2.7 88.02 9.28 35.65 6.19 45.94 1.94 20.75 18.27 Kabenge
et al. (2018)

0.89 2.1 1.32 20.31

Sugarcane tops
& leaves

6.61 14.9 77.4 7.7 39.75 5.55 46.82 0.17 – 12 Parikh et al.
(2005)

1.19 4.06 1.29 40.04

(continued on next page)
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Table 2 (continued).
Crop residue Input Parameters Output parameters

Proximate analysis (wt%) Ultimate analysis (wt%) Residue
HHV
(MJ/kg)

[Ref.] SGY
(Nm3/kg)

Syngas
HHV
(MJ/m3)

H2/CO
ratio

% GE

M FC VM Ash C H O N S

Sugarcane
Bagasse

8.77 3.82 79.39 8.02 46.96 5.81 46.72 0.28 0.23 22.32 Danish et al.
(2015b)

1.29 4.74 1.19 46.26

Cotton stalk 6.85 4.95 81.08 7.12 46.81 5.41 46.81 0.67 0.04 12 Danish et al.
(2015b)

1.28 4.79 1.14 42.02

Cotton husk 7.9 20.1 66 6 46.88 4.83 41 0.93 0.36 17.34 Bhavanam
and Sastry
(2015)

1.36 5.65 1.06 51.11

Cotton shell – 16.9 68.5 14.6 50.2 5.8 42.7 1.3 – 18.3 Parikh et al.
(2005)
Çağlar and
Demirbaş
(2001)

1.28 5.19 1.14 52.09

Jute & Mesta
stalk

9.02 11.8 78.4 0.78 44.94 4.38 49.9 0.78 – 14.73 Islam MNN
and Islam
(2001)

1.26 4.74 1.02 40.84

aInput parameters for the Jowar husk are taken the same as the Bajra husk.
bInput parameters for Bajra stalk and Ragi straw are taken the same as small millet stalk.
cInput parameters for Jowar cob and Bajra cob are taken the same as Maize cob.
dInput parameters for Gram stalk, Lentil stalk, Moong stalk & Urad stalk & Groundnut stalk is taken the same as Tur stalk.
eInput parameters for Niger stalk and Safflower stalk are taken the same as Sunflower stalk.
fInput parameters for Arecanut fond are taken the same as Coconut fond.
gInput parameters for Linseed stalk is taken the same as Sesamum stalk.
E

E

s
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f

2

i
(
s
c
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(a) Atoms of the following elements are present in the feed
stream (fuel and gasifying agent): C, H, O, N, S, Cl, Ar, Si,
Ca, Al, Fe, Na, K, Mg, P, and Ti;

(b) A two-phase mixing of gas and solid phases makes up a
multi-phase formulation;

(c) Graphitic carbon is a representation of the portion of non-
converted solid carbon (char);

(d) In a perfectly mixed reactor, the process proceeds in
steady-state conditions with constant pressure and tem-
perature;

(e) To attain the equilibrium state, the gasification reaction
rates are high enough, and the residence duration must be
long enough.

For this study, Rodrigues’s model for co-gasification was mod-
ified for single agricultural residue feedstock gasification, and
desired results were obtained. The proximate and ultimate anal-
yses data of all the 43 crop residues have been collected to
determine the syngas yield from individual crop residues. These
data are then fitted one at a time into the model under stan-
dard gasification parameters (viz., equivalence ratio = 0.45, bed
temperature = 800 ◦C, Steam-to-biomass ratio = 0.6) (Shirke
et al., 2018). The syngas potential has been estimated using
Eqs. (13)–(16).

SGP(m,n) = SR(m,n) × SGY(m) (13)

SGPstate(n) =

43∑
m=1

SR(m,n) (14)

SGPnational(m) =

36∑
n=1

SRstate(m,n) (15)

SGPIndia=

36∑
n=1

SRstate(n) =

43∑
m=1

SRnational(m) (16)

Where, SGP (m,n) is the syngas production potential for m crop
residue in nth state/UT, SGPstate (n) is the state/UT level syn-
gas production potential for 43 crop residues in nth state/UT,
SGP is the national syngas production potential of m crop
national
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residue, SGPIndia is the total syngas production potential of India,
from 43 crop residues generated in 36 regions (states/UT’s).

The output syngas yield from the model is in Nm3 per kg
of feedstock. For better uniformity and comparison between the
pre-estimated crop residue data, syngas production potential is
calculated in MT (million tonnes) considering the density of syn-
gas as 0.95 kg/m3 (Mustafa et al., 2017). Moreover, the model
also generated the HHV (in MJ/kg) for each crop residue syngas,
using which the syngas energy potential for each crop residue
and thereby for each state/UT are estimated. The syngas energy
potential can be estimated using the following equations-

Esg(m,n) = S(m,n) × HHV(SGY(m)) (17)

Esgstate(n) =

43∑
m=1

Esg(m,n) (18)

sgnational(m) =

36∑
n=1

Esgstate(m,n) (19)

sgIndia=

36∑
n=1

Esgstate(n) =

43∑
m=1

Esgnational(m) (20)

Where, Esg (m,n) is the syngas energy production potential for
m crop residue in nth state/UT, Esgstate (n) is the state/UT level
yngas production potential for 43 crop residues in nth state/UT,
sgnational is the national syngas production potential of m crop
esidue, EsgIndia is the total syngas production potential of India,
rom 43 crop residues generated in 36 regions (states/UTs).

.5. Estimation of methanol production potential

In view of upgrading the produced syngas from gasification,
t can be converted into biomethanol. The moderate-temperature
250–300 ◦C), high-pressure (50–150 bar) exothermic methanol
ynthesis reactions, as shown in Eqs. (21) and (22), are used for
atalytic methanol production. In the past, ZnO/Cr2O3 catalysts
ere mostly employed; however, Cu catalysts have lately found
heir use for most of the commercial synthesis of methanol from
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Fig. 3. Crop residue-wise national-level production potential in India.
yngas.

O + 2H2 ↔ CH3OH ∆H25 ◦C = −90.64 kJ/mol
(21)

CO2 + 3H2 ↔ CH3OH + H2O ∆H25 ◦C = −49.67 kJ/mol
(22)

The conversion efficiency of methanol production from syngas is
found to be 25% which is quite low. The common by-products
of the methanol synthesis process are- methyl formate, CH4,
acetone, and other higher alcohols. Here in this study, to estimate
the potential production of methanol from the surplus residue
syngas produced, we have taken the conversion factor of syngas
to methanol as 0.25 (Yang and Ge, 2016). The basic equation for
all the potential estimations of methanol production is as follows-

MPz = 0.25 × SGPz (23)

Where MPz is the methanol potential for z basis and SGPz is the
respective syngas potential concerning Eqs. (14)–(16), z is the
basis variable (state/national/India).

3. Results and discussion

3.1. Estimation of crop residue potential

3.1.1. Estimation of national-level potential
As mentioned above, the gross residue potential for a crop

residue was estimated using Eqs. (1)–(4). The estimated gross
crop residue potential of India annually from the selected 43
crop residues generated from 28 different crops is found to be
869.11 MT (million tonnes), out of which cereals contribute the
highest amounts (478.74 MT) followed by others category (178.11
MT) and horticulture (126.67 MT), respectively. The oilseed gross
residue potential is 52.36 MT, and the pulses produced an es-
timated gross residue potential of 33.23 MT, which turned out
to be the lowest. Of all the individual crops, the highest gross
crop residue amount of 191.69 MT is produced by rice (cereal).
Wheat (cereal) and sugarcane (others) possess the 2nd and 3rd
3778
rank contributing gross crop residue amounts of 179.76 MT and
144.36 MT, respectively. Out of all the 28 selected crops, niger
(oilseed) produces the lowest gross crop residue (0.0702 MT).

The surplus crop residue potential for each crop residue has
been estimated with the SRF values from Table 1, using Eq. (2).
The annual national surplus crop residue generated from the
28 crops is estimated to be 288.14 MT which is almost 33.15%
of the gross crop residue potential. At a crop group level, the
highest amount of surplus crop residue is contributed by the
cereals (118.233 MT), followed by others (81.64 MT), horticulture
(50.44 MT), oilseeds (25.64 MT), and pulses (12.17 MT). At the
individual crop levels, the highest and lowest surplus crop residue
is produced by sugarcane (66.29 MT) and niger (0.005616 MT),
respectively.

Table 3 presents the estimated national-level potential of In-
dia’s gross and surplus crop residue for the 43 types of crop
residues generated from 28 crops for the year 2017–18. The
estimated residue potential data from Table 3 are demonstrated
in Fig. 3.

Among the 43 different crop residue types, the highest gross
crop residue is found for rice straw (169.14 MT), followed by
wheat straw (149.08 MT) and sugarcane bagasse (125.37 MT).
Again, in the case of estimated surplus residue potential, sugar-
cane bagasse possesses the highest surplus crop residue (62.68
MT), followed by rice straw (40.59 MT), banana waste (33.23
MT), and wheat straw (25.466 MT). Despite being the 1st two
highest gross residue producers at the individual crop level, rice
and wheat come 2nd and 3rd in the surplus crop residue list with
a production value of 56.60 MT and 38.95 MT, respectively. This
shows the highly competing traditional uses of rice and wheat
residues (straw, husk, and pod) over other crop residues.

The results obtained in the present study can be seen to vary
from the previous research. Baruah and Jain (1998) estimated
India’s crop residue potential of 539.48 MT from 1994–95. Ravin-
dranath et al. (2005) found 626.5 MT of gross residue production
from 1996–97, with 325.3 MT of surplus residue available for
energy production. They also estimated the projected increase of
gross and surplus residues for 2010 up to 840.6 MT and 450.7
MT, respectively. Murali et al. (2007) estimated 511.041 MT/year
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Table 3
Crop residue-wise potential of different key parameters in India. This table provides estimated potential amounts of gross residue, surplus residue, syngas potential,
surplus bioenergy potential, syngas energy potential, and syngas energy conversion ratio for each of the 43 crop residues covered in this study.
Crop group Crop residue Gross residue

potential (MT)
Surplus residue
potential (MT)

Syngas potential
(MT)

Surplus Bioenergy
potential (PJ)

Syngas energy
potential (PJ)

Syngas energy
conversion ratio (%)

Cereals

Rice Straw 169.14 40.59 44.73 584.55 205.78 35.20
Rice Husk 22.55 16.01 16.43 247.38 67.10 27.12
Wheat Straw 149.80 25.47 31.69 439.30 165.47 37.67
Wheat Pod 29.96 13.48 16.27 221.38 78.76 35.58
Jowar stalk 8.17 1.06 1.40 17.83 7.76 43.53
Jowar cob 2.40 0.84 0.97 15.43 4.54 29.39
Jowar husk 0.96 0.47 0.58 8.23 2.95 35.79
Bajra Stalk 18.42 2.95 3.72 53.51 15.91 29.73
Bajra cob 3.03 1.43 1.64 26.22 7.71 29.39
Bajra husk 2.76 0.66 0.81 11.59 4.12 35.57
Maize stalk 57.51 11.50 12.57 196.44 52.38 26.66
Maize cob 8.63 3.28 3.77 60.18 17.69 29.39
Barley stalk 2.32 0.23 0.30 4.21 1.56 37.19
Ragi straw 2.58 0.21 0.26 3.75 1.12 29.73
Small millet stalks 0.51 0.05 0.06 0.92 0.28 30.07

Pulses

Gram stalk 12.52 9.14 12.33 152.32 65.53 43.02
Tur stalk 10.73 1.72 2.32 28.61 12.31 43.02
Lentil stalk 2.92 0.29 0.39 4.86 2.09 43.02
Moong stalk 2.23 0.22 0.30 3.71 1.60 43.02
Moong husk 0.30 0.06 0.06 1.06 0.25 23.41
Urad stalk 3.84 0.42 0.57 7.04 3.03 43.02
Urad husk 0.70 0.33 0.34 5.71 1.34 23.41

Oilseeds

Mustard stalk 15.17 14.42 17.26 334.57 82.28 24.59
Soybean stalk 18.59 6.13 7.23 157.02 33.16 21.12
Sunflower stalk 0.67 0.11 0.12 2.39 0.52 21.72
Niger stalk 0.07 0.01 0.01 0.13 0.03 21.72
Sesamum stalk 0.91 0.21 0.25 2.95 1.12 38.00
Groundnut stalk 11.10 1.67 2.25 27.76 11.94 43.02
Groundnut shell 2.78 1.78 2.46 33.13 14.73 44.47
Linseed stalk 0.26 0.03 0.03 0.36 0.14 38.00
Castor stalk 2.67 1.17 1.37 19.35 6.43 33.25
Safflower stalk 0.17 0.13 0.15 2.98 0.65 21.72

Horticulture

Arecanut fond 2.50 0.88 4.08 10.50 2.27 21.62
Arecanut Husk 0.67 0.23 76.82 5.21 2.69 51.60
Coconut fond 19.86 9.93 11.51 119.16 25.76 21.62
Coconut Husk 8.70 6.18 3.57 96.35 28.33 29.40
Banana waste 94.95 33.23 3.36 536.69 62.11 11.57

Others

Sugarcane tops & leaves 19.00 3.61 0.43 53.16 17.44 32.80
Sugarcane bagasse 125.37 62.68 0.76 1099.48 383.29 34.86
Cotton Stalk 17.86 9.46 0.37 179.91 58.02 32.25
Cotton husk 6.14 2.76 8.68 47.90 20.17 42.12
Cotton shell 6.14 2.76 6.87 50.55 17.43 34.48
Jute & mesta stalk 3.61 0.36 28.10 6.60 2.16 32.69

Total 869.11 288.14 327.16 4880.34 1489.91 30.52
of residue feedstock available in India for bioenergy production.
According to Hiloidhari et al. (2014), between 2003–2008, In-
dia’s average gross annual residue production was 686 MT, out
of which 234 MT is considered surplus residue. Purohit (2009)
reported that about 74 MT of agricultural leftovers might be used
as biomass feedstock for energy applications in India each year.
Tripathi et al. (1998) studied the crop residue availability from
8 crops in India and reported a total crop residue availability of
83.9 MT in 2000–2001. Singh and Gu (2010) also found an annual
gross residue production potential of 1055 MT in India from
various crops, including horticulture, cereals, pulses, spices, and
plantation crops. Bhuvaneshwari et al. (2019) mentioned that 500
MT of agricultural residue is generated annually in India. Usmani
(2020) estimated 230 MT of available biomass from mixed crops
for energy generation. It should be noted that the variations in the
RPR and SRF data in different sources are the reason behind the
variation in crop residue availability data in India. Moreover, the
time of documentation of the biomass resource data, the variation
of data in different sources/agencies along with the errors related
to transparency also effect the data estimation process. However,
this study attempted to estimate the availability of crop residues
based on a wide variety of major crops available in the country
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and considering government data sources. Fig. 4 shows state-
wise mapping comparison of the gross residue potential and
surplus syngas potential under the same scale (0–171.0 MT).

3.1.2. State-wise potential
Among the 28 states and 8 UTs of India, the estimated crop

residue potential (gross and surplus) data can vary significantly
for 2017–18. Fig. 5 shows the variations in gross and surplus crop
residue potential in the different regions of India. Concerning the
gross crop residue potential, Uttar Pradesh, with 170.96 MT, is at
the top, followed by Maharashtra (82.77 MT), Madhya Pradesh
(78.94 MT), Punjab (60.26 MT), Karnataka (54.31 MT), Gujarat
(51.44 MT), Rajasthan (49.39 MT) and so on. All the top states
in the list are agriculturally advanced in India. Sugarcane has the
highest contribution to the gross crop residue in Uttar Pradesh,
followed by rice and wheat. These three crops together were
found to contribute about 86.11% of the state’s total estimated
gross crop residue.

In terms of surplus crop residue potential, the highest con-
tributor is Uttar Pradesh, with the maximum amount of 57.72
MT, followed by Maharashtra (30.86 MT), Madhya Pradesh (23.80
MT), Karnataka (19.53 MT), Gujarat (18.39 MT), Rajasthan (16.89
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M
(

Fig. 4. State-wise gross residue potential (left) and syngas production (right) potential (from surplus residue) variation in India for the year 2017–18 (coloured map
plotted under the same scale (0–171 MT)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
Fig. 5. Gross & surplus residue potential in different regions of India.
T), Tamil Nadu (16.12 MT), Punjab (15.97 MT), Andhra Pradesh
15.03 MT) and so on.
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Fig. 6 shows the different types of crops and their state-level
potential in terms of surplus residue production. Also, the total

surplus residue potential map for India is shown in Fig. 6(f).
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Fig. 6. Region (state/UT) wise demonstration of surplus residue production potentials of –(a) Cereals, (b) Pulses, (c) Oilseeds, (d) Horticulture, (e) Others and (f)
Overall surplus residue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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.2. Bioenergy production potential from surplus crop residue

The heating value of individual crop residues have been col-
ected from different sources and are presented in Table 1. The
ioenergy potential from the surplus crop residue has been cal-
ulated using Eq. (3). From the surplus amount of 43 crop residues
enerated from 28 crops used in this study, an estimated annual
otal of 4.88 EJ bioenergy potential was available in India for
017–18. This amount is almost equivalent to 12.67% of India’s
rimary energy consumption for 2018 (IEA). At the individual
rop level, sugarcane produced the highest amount (1152.644
J) of surplus reside bioenergy, followed by rice (794.5859 PJ),
heat (660.6783 PJ), banana (536.685 PJ) and so on. Considering
rop group level, the highest amount of surplus crop bioen-
rgy was contributed by cereals (1890.91 PJ), followed by others
1437.5897 PJ), horticulture (767.887 PJ), oilseeds (580.641 PJ)
nd pulses (203.309 PJ). The national per capita surplus crop
esidue bioenergy potential for India in 2017–18 is estimated
o be 3607.754 MJ (as per India’s 2018 population data from
orldometer (Worldometer, 2018)).
At the state level, Uttar Pradesh has the highest potential for

urplus crop residue bioenergy (985.864 PJ), and Chandigarh has
he lowest (0.0017 PJ). Other states having high surplus crop
esidue bioenergy yield are Maharashtra (546.9597 PJ), Madhya
radesh (435.41 PJ), Rajasthan (333.3566 PJ), Gujarat (319.8713
J), Tamil Nadu (251.28 PJ). Assam has the highest surplus crop
esidue bioenergy within all the northeastern states (70.21 PJ).

.3. Production potential of syngas and syngas energy from surplus
rop residue

It can be seen from Section 3.2 that India has around 12.56%
vailable surplus crop residue bioenergy as per the data of 2017–
8. The available bioenergy from the surplus crop residue greatly
ndicates the possibility of producing other biofuels in the coun-
ry. One of the most convenient ways of using crop residue
or energy production is by gasification. Gasification of the crop
esidue biomass will produce syngas that can be used in various
ays to produce valuable chemicals like methanol (MeOH) or
imethyl ether (DME) or can also be burnt directly to produce
nergy more efficiently.
Here in this study, we have collected the data for the ulti-

ate and proximate analysis of the 43 different crop residues
hat can be used for syngas generation, as shown in Table 2. It
hould be noted that data for all 43 crop residues were not fully
vailable, and therefore we have made some assumptions within
rop residues from the same family crops, as mentioned below in
able 2.
The total annual syngas production potential for the whole

ountry with 43 crop residues is estimated to be 327.1621 MT.
t individual crop type levels, sugarcane has the highest syngas
roduction potential (80.90 MT), followed by rice (61.16 MT),
heat (47.96 MT), banana (28.10 MT), cotton (19.405 × 109

Nm3), coconut (15.54) and so on. In terms of the crop residue
types, the top 7 highest syngas-producing crop residues are sug-
arcane bagasse (76.82 MT), rice straw (44.73 MT), wheat straw
(31.69 MT), banana waste (28.10 MT), mustard stalk (17.25 MT),
rice husk (16.43 MT) and wheat pod (16.27 MT).

Considering the region-wise annual production of syngas for
the year 2017–18, Uttar Pradesh has the highest estimated po-
tential (68.36 MT), followed by Maharashtra (35.84 MT), Madhya
Pradesh (28.29 MT), Karnataka (21.42 MT), Gujarat (20.74 MT),
Rajasthan (20.63 MT), Punjab (18.61 MT) and so on. States with
high sugarcane, rice, wheat, banana, and cotton production have
comparatively higher production potential for syngas than other
states, as the respective surplus residue potential is also high. The
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lowest potential of syngas production was found for Chandigarh
(0.000131 × 109 Nm3). Among the northeastern states, Assam
has the highest syngas production potential (4.888 × 109 Nm3).
Fig. 4 shows the comparison between the gross residue produc-
tion potential and syngas production potential (from surplus crop
residue). This gives a better understanding of the amount of gross
residue available and the actual amount of syngas that can be
generated. The national syngas production potential is almost
37.64% of India’s total gross residue potential.

The H2/CO ratio and the gasification efficiency for each crop
residue syngas production are mentioned in Table 2. The H2/CO
ratio ranges from 1.78 (for small millet stalk, bajra stalk, and
ragi straw) to 1.02 (for Jute & Mesta). The highest gasification
efficiency is seen for Tur stalk (54.77%), and the lowest is for
banana waste (20.31%).

In the case of syngas energy production in India, the potential
is estimated to be 1.49 EJ, almost 30.52% of the total surplus
bioenergy potential. The state-wise colour mapping (under the
same scale) of bioenergy potential and the syngas energy po-
tential in India is shown in Fig. 7. This clearly describes Uttar
Pradesh as having the highest potential in both bioenergy as well
as syngas energy throughout the country.

3.4. Methanol production potential from surplus crop residue syngas

The methanol (MeOH) production potential is estimated using
Eq. (23) concerning the syngas production potential. Considering
the 25% conversion efficiency of MeOH from syngas (Yang and Ge,
2016), the national potential of methanol production is estimated
to be 81.79 MT of MeOH.

Considering the HV of MeOH as 22.7 MJ/kg, the MeOH energy
potential in India is estimated to be 1.86 EJ, which is equivalent
to 4.82% of the country’s primary energy consumption in 2018.
Uttar Pradesh alone has a production capacity of 20.89% of the
estimated total national MeOH production.

4. Comparative analysis, strength and limitations

A limited number of studies have been found focusing on
evaluating India’s agricultural biomass and bioenergy potential
in the last two decades. Table 4 shows a comparative analy-
sis of data found in the literature from 2005 to the present.
Different types of data, viz., year of study, method of study,
region, crop production data source, number of studied crops and
total residues, highest residue producing crops, estimated gross
residue, and estimated surplus residue data, were analysed and
compared with the present study. In terms of effective estimation
of bioenergy and syngas production potential from 43 major
crop residues generated from 28 major crops throughout India in
2017–18, the present study is novel in its own right. There is no
other literature that contains the data mentioned in this study. In
addition, the PYTHON gasification model was utilized to estimate
the syngas potential of each of the 43 distinct crop residues.
Most of the studies mentioned in Table 4, including the present
study, have tried to estimate India’s residue potential nationwide
by data fusion methodology, assessing the crop production data,
their respective RPR, and SRF values. The gross residue amount
of 869.11 MT estimated in this study is the highest compared to
all the other studies. However, the surplus residue is estimated
to be 288.14 MT, which is much below compared to that of the
others.

Unlike other studies, where rice has been mentioned as the
highest residue-producing crop, this study estimates sugarcane
as the highest residue-producing crop, followed by rice, banana,
wheat, and mustard. Regarding India’s bioenergy potential, this
study estimates an estimated annual total of 4.88 EJ bioenergy
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Fig. 7. State-wise variation of Bioenergy potential (left) and Syngas Energy potential (right) (both from surplus residue) in India for the year 2017–18 (coloured map
plotted under the same scale (0–985.9 PJ)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
for the year 2017–18. Other pieces of literature have also re-
ported the bioenergy potential of India from different agri-residue
biomass. Ravindranath et al. (2005) found 4.715 EJ of available
bioenergy in India from crop residues for ear 1996–97, with
an increased projection of up to 6.565 EJ in 2010. According
to Hiloidhari et al. (2014), an average of 4.15 EJ crop residue
bioenergy per year was available in India from 2003 to 2008.

The main limitations that challenged the present study in-
ludes unavailability of certain data sets, regional variation of
esidue production factors, and PYTHON model. As mentioned
reviously, ‘‘Agricultural statistics at a glance 2018’’ and ‘‘Horti-
ulture statistics at a glance 2018’’, published by MOA, Govt. of
ndia, were used for the crop production data collection (MoA
nd FW, 2018). However, the RPR and SRF data were taken from
RAI data bank, dating back to 2004. With time there might be
egion-wise variations in practical RPR and SRF values, which
re neglected due to the unavailability of proper sources. Also,
ertain assumptions were considered in different sections due
o the unavailability of proper sources. Furthermore, no data for
ny parameters were available for the two regions—Ladakh and
akshadweep, both UTs.
The proximate and ultimate analysis data of the crop residue

eedstocks have been taken from literature, which is fitted into
he PYTHON model used in this study to estimate the potential
yngas production. The chemical characterization of each crop
esidue might vary region-wise, which implies another limitation
f this study. Also, the PYTHON model was verified only for co-
asification of coal and biomass by Rodrigues (2015), Rodrigues
t al. (2016), but we have modified and used this model for single
eedstock gasification.

. Research needs and future directions

This study has certain limitations in the case of data col-

ection, including RPR, SRF, and gasification input parameters
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data for different crop residues. In general, these data fluctuate
region-wise as well as season-wise. Also, certain assumptions
were considered for determining the results of this study which
are mentioned in individual sections. However, standard available
literature was referred to in the case of most of the data collection
processes. More recent data in terms of RPR, SRF, and gasification
input parameters would result in a more precise assessment in
estimating the crop residue-based bioenergy, syngas, and MeOH
production potential.

The results of this study should help policymakers adopt local
agricultural residue-based renewable energy production and pro-
vide them with a better grasp of the bioenergy supply in India.
Decentralized agricultural residue-based bioenergy projects in
various regions of India will benefit from this as well. Converting
crop residue biomass into syngas through gasification and then
upgrading the available syngas into MeOH production can help
in the efficient utilization of the surplus crop residue biomass
available in India. Using MeOH as a fuel source in different in-
dustries and through diesel generators following proper blending
procedure can provide extra boost towards tackling the energy
crisis as well as working towards sustainable development.

The main challenges related to energy production from crop
residue biomass are feedstock availability, supply chain manage-
ment, techno-economic and techno-environmental challenges.
The efficacy of the whole process described in this estimation
study can only be guaranteed after looking into all the different
challenge aspects. To promote and execute crop residue-based
bioenergy production facilities in India, more study using various
recent and regional agricultural data is necessary. Experimenta-
tion, validation, heat and mass transfer analyses in relation to the
conversion of each agricultural residue to syngas production and
subsequently MeOH generation are other investigations related to
this topic. Additionally, research on the life cycle analysis of crop
residue-based syngas and methanol synthesis and deployment in
rural India will help towards sustainable energy generation from
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Table 4
Comparison of different literature focused on crop residue estimation in India. This table provides a comparison of the key approach and findings of crop residue
estimation in India by past pieces of literature along with this present study.
Author(s) Study

year
Method of study Study

area
Crop production data Covered

number of
crops (&
residues)

Highest residue
producing crops

Total estimated
gross residue
(in MT/year)

Total estimated
surplus residue
(in MT/year)

Ravindranath
et al. (2005) 2005 Crop statistics (year

1997-98) India CMIE, Directory of Indian
Agriculture, 1997

18 (24) Rice, Sugarcane,
Wheat, Cotton,
Maize

626.500 325.300

Data projection for
year 2010 (based on
crop statistics from
1951–1995)

840.600 450.700

Purohit (2009) 2009 Crop statistics India Agricultural statistics at
a glance 2002, MOA,
Govt. of India

8 (9) Rice, Coconut,
Maize, Mustard,
Cotton

73.970 –

Hiloidhari et al.
(2014)

2014 Crop Statistics India Crop statistics of India
(2003–2008), MOA, Govt.
of India

26 (39) Rice, Wheat,
Sugarcane,
Banana, Cotton

686.000 234.500

Cardoen et al.
(2015)

2015 Data fusion (Crop
statistics, production
data, crop
independent residue
yield)

India FAO, 2010 21 Paddy, Wheat,
Sugarcane,
Banana, Cotton

760.055 –

Singh et al.
(2020)

2020 Data fusion (Crop
statistics, literature
models)

Punjab Energy statistics of
Punjab 2015–16

4 Rice, Wheat,
Maize, Sugarcane

29.786 –

Usmani (2020) 2020 Data fusion (Crop
statistics, literature
review data)

India FAO database 7 Food grains, fibre
crops,
horticulture, oil
crops, sugarcane

– 438.020

Pande et al.
(2021)

2021 Data fusion (Remote
sensing of LULC,
residue production
data)

Akola
district,
Maha-
rashtra

Maharashtra energy
development agency
(MEDA)

– Wheat,
Sugarcane,
Soybean

0.215 0.1453

Kaur Channi
et al. (2022)

2022 Crop statistics Punjab District-wise agriculture
office data

10 (11) Paddy, Wheat,
Sugarcane,
Maize, Cotton

63.51455 25.60975

This study 2022 Data fusion (Crop
statistics, RPR, SRF)

India Agricultural statistics at
a glance 2018 &
Horticulture statistics at
a glance 2018, MOA,
Govt. of India

28 (43) Sugarcane, Rice,
Banana, Wheat,
Mustard

869.11 288.14
crop residues. Also, there is a high need of research related to sup-
ply chain management of different crop residue biomass available
in different regions of India for efficient energy production.

6. Conclusion

For 2017–18, a detailed estimation of major crop residue avail-
bility as well as the potential for the production of bio syngas
rom the 43 crop residues produced from 28 different crops
hroughout the 36 distinct regions (28 states and 8 UTs) of India
ave been presented. Uttar Pradesh has the largest potential
or producing surplus residues, with a potential of 57.72 MT.
ugarcane with 62.68 MT surplus crop residue potential ranks
st nationwide. The potential for bioenergy from surplus crop
esidues was calculated to be 4.88 EJ, or around 12.67% of the
rimary energy used in the year 2017–18.
The syngas production potential of India from surplus crop

esidue gasification was found to be 327.16 MT per year. Uttar
radesh ranks 1st among all the regions in terms of syngas
roduction potential. The national syngas gas energy potential
s found to be 1.489 EJ which is 30.52% of the total bioenergy
otential of India. The syngas production potential is also found
o be 37.64% of the gross residue potential of India. Upgrading this
mount of syngas through the MeOH synthesis process, 81.7905
T of MeOH production is estimated, with an equivalent en-

rgy content of 1.8566 EJ. The amount of surplus syngas and

3784
MeOH energy potential from the upgradation of the crop residue
biomass.
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