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Abstract
Purpose India is one of the fastest growing economies in the
world. Energy is a critical input for socio-economic develop-
ment, and its strategy aims at efficiency and security. To pro-
vide access to environmentally friendly energy resources, the
national biofuel policy targets cellulosic feedstocks which ne-
cessitates analysing feedstocks using holistic approaches. This
paper studies the life cycle impact of ethanol production from
cellulosic agricultural feedstocks.
Methods The difficulty of finding appropriate life cycle in-
ventory data for the analysed biofuels in the Indian context
is overcome by combining data from diverse sources such as
journal articles, government reports and personal contact with
farmers. Variation in these numbers across studies is captured
by means of error bars. These data are used to calculate envi-
ronmental sustainability metrics such as energy return on in-
vestment, life cycle greenhouse gas emissions and life cycle
water use for each fuel. Biomass sources considered in this
work include cellulose from wheat stalk, rice husk, sorghum
stalk, sugarcane bagasse and cotton stalk. These results are
compared with ethanol from molasses and sugarcane juice,
which are the conventional approaches.

Results and discussion Results of the analysis indicate that
sorghum stalk is most attractive due to its high energy return
on investment, low greenhouse gas emissions, and low water
and land use. Ethanol from rice husk has relatively high water
use and greenhouse gas emissions, but these are within the
margin of variability of other fuels. Despite the attractiveness
of sorghum stalk from the current analysis, it is not likely that
this will become a major feedstock for cellulosic ethanol in
India. This is because farmers value sorghum as an animal
feed and may not be willing to convert it into ethanol.
Conclusions This is the first life cycle study of Indian cellu-
losic biofuel pathways. The inventory data collected in this
work is a novel contribution that should be useful for other
studies. Findings from the analysis can help guide the
decision-making process in the biofuel sector for India.

Keywords Developing countries . Energy return on
investment . Ethanol . India . Lignocellulose

1 Introduction

Volatility in oil prices, desire for self-sufficiency, and concern
about environmental impacts are some of the reasons why
much attention continues to be given to the search for alterna-
tive energy sources and technologies (Cai et al. 2011; Felix
2006). The development of biofuels as an alternative energy
source has become an issue of increasing importance due to its
potential of reducing greenhouse gas emissions worldwide
(Gopalakrishnan et al. 2009; Yang et al. 2009). India is fifth
in the world in terms of primary energy consumption but has
only 0.5 % of global oil and gas resources with 16 % of the
global population. The country accounts for 3.5 % of global
commercial energy demand, which is fulfilled mainly by fos-
sil fuel resources. These facts, combined with accelerating
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demand for transportation fuels, have encouraged the Indian
government, like many governments all over the world to
focus on the development of fuels from diverse sources, in-
cluding those from biomass. Indian biofuel policy only sug-
gests a target of blending 20 % biofuels, both for bio-diesel
and bio-ethanol, by 2017. As in many other countries, this
policy is driven by the desire for energy efficiency and secu-
rity. This requires access to a mix of fuels that are environ-
mentally friendly and economically feasible (Sukumaran et al.
2010; National policy on Biofuels 2009).

The opportunities, choices and risks relating to biofuel pro-
duction vary considerably between different countries. Given
its high population density and growing economy, India can-
not afford to turn fertile cropland over to biofuel production
(Phalan 2009). Thus, evaluating and understanding the sus-
tainability of biofuels before their widespread adoption is a
strong societal need (Fingerman et al. 2010). First-
generation biofuels have received considerable criticism due
to their impact on increasing food prices, their relatively low
greenhouse gas (GHG) abatement capacity, their continuing
need for significant government support and subsides, and
their direct and indirect impacts on land use change and relat-
ed greenhouse gas emissions (Harvey and Pilgrim 2011).
Feedstocks that involve direct utilization of agricultural land
will affect food security and cause indirect land-use change,
while those that replace forests, wetlands or natural grasslands
will increase emissions and damage biodiversity (Phalan
2009). Ethanol produced at a large scale from lignocellulosic
raw materials is considered to be a promising alternative for
next-generation automotive fuels. Drivers for governments to
aggressively pursue lignocellulosic biofuel development are
complex and multidimensional because this fuel pathway has
the potential to address issues related to energy and food se-
curity, climate change, and domestic production. Presently, in
India, ethanol demand for blending is mainly sourced from
sugarcane molasses, but this is barely sufficient to meet the
current demand. In addition, reduction in government
subsidy on sugar increases the possibility of soaring
ethanol prices. This motivates development of technolo-
gies for converting other raw materials such as lignocel-
lulosic biomass into ethanol (Sukumaran et al. 2010).
Commercialization of lignocellulosic ethanol is limited
largely due to the lack of cost-effective processing tech-
nologies and the cost of enzymes. Although conversion
of active agricultural lands to biofuel production is like-
ly to adversely affect food security, it can be maintained
for future generations along with optimal growth of
bioenergy by using agro-industrial lignocellulosic waste
as it is a by-product of crops (Kumar et al. 2009). India
does not have surplus grains or other starchy biomass to
spare for fuel applications; hence, competition for land
use is intense due to depletion of existing fuel resources
(Harvey and Pilgrim 2011).

Currently, India mandates use of 5 % ethanol blending in
motor gasoline in ten states and three union territories, but
implementation of this policy is subject to availability and
market fluctuations (National Policy on Biofuels 2009).
Biofuels are considered a substitute for petroleum-fuels, but
to be viable, they should not depend heavily upon non-
renewable resources (Felix 2006). More than 70 % of the
needs of the country are met from imports of crude oil and
natural gas. Demand for motor gasoline has been growing at
an average annual rate of 7 % during the last decade, and it
shows an increasing trend. The consumption of petrol for
transportation needs (motor gasoline) is estimated to be
15.23 billion l for year 2008–2009, which implies an ethanol
demand of about 1.5 billion l for blending. This demand is
projected to be 2.2 billion l in 2017 (Sukumaran et al. 2010).

Decisions being made today regarding the management of
resources will profoundly affect our economic and environ-
mental future. Climate change and other stresses that are cre-
ated due to human activities are limiting benefits from the
services provided by nature. Major biofuel programs support-
ed in the USA and other countries have raised the discussion
about sustainability implications of biofuels, including the im-
pact on wildlife, biodiversity, land use, air pollution and water
resources (Mishra and Yeh 2011). To address sustainability
issues, focus should be on multiple indicators such as energy,
greenhouse gas emission, land and water. Motivation for such
systems analysis of biofuels is to provide a platform for
decision-making process as India has been pressing for renew-
able fuels. Life cycle studies of biofuels that analyse impact
widely and can help in designing national policies for devel-
oping countries like India can be valuable but are not yet
available. Lignocellulosic feedstock for biofuel production
can fill the gap between demand and supply of sugarcane
ethanol, but it needs to be analysed thoroughly to reduce the
chance of shifting impacts outside the analysis boundary. Ben-
efit of utilization of agro-industrial waste as feedstock is that it
is less likely to trigger land use change that could exacerbate
global warming and affect biodiversity (Searchinger et al.
2008; Mandade et al. 2015). This research aims to provide
insight into the environmental sustainability of lignocellulosic
tropical biofuels. To develop fuels that have a minimum life
cycle environmental impact, it is equally important that re-
searchers and policymakers focus on resource consumption
over the life cycle along with climate change and other envi-
ronmental impacts of fuel production and use.

Globally, many studies have been undertaken to assess net
energy balance and net carbon balance of biofuels. Nguyen
and Gheewala (2008) and Khatiwada and Silveira (2011)
analysed life cycle impact of ethanol from molasses for Thai-
land and Nepal, respectively. Earlier studies focus on the po-
tential of feedstocks and suitability of lignocellulosic biofuels
in Indian context, but details about the environmental sustain-
ability of feedstocks were not available (Sukharam and
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Pandey 2009). Tsiropoulos et al. (2014) compared LCA of
ethanol from molasses in India with the ethanol from sugar-
cane juice in Brazil. The Confederation of Indian Industry (CII
2010) has estimated energy and carbon balances of biofuel
production from Indian context. This article provides compre-
hensive insight by covering different aspects of sustainability
as it includes life cycle energy, emission, water and land use.

This article provides original insight into the life cycle
environmental impact and sustainability of lignocellulosic
biofuels in the Indian context on the basis of different
sustainability indicators that may be helpful for policy
makers. Since life cycle inventory data for these products
has not been readily available, compilation of this inven-
tory in a useful form for life cycle analysis is among the
contributions of this work. The structure of this paper is
as follows. The next section describes the methodology,
including data sources, analysis boundary, allocation
methods and the description of the metrics used in the
analysis. This is followed by the calculated values of var-
ious metrics and their comparison with other studies. Fi-
nally, insight about sustainability is discussed based on
calculated metrics along with scope for improving various
phases of the life cycle. It is expected that this analysis
will guide selection among lignocellulosic feedstocks
while considering their sustainability in the Indian con-
text. Results of this work are relevant to devising the
biofuel energy policy for any developing nation.

2 Methodology

The fuel pathways considered in this work include the
conventional approach for making ethanol in India, which
is from sugarcane molasses. In this approach, sugarcane
juice is converted into sugar, while remaining molasses
are converted into ethanol. The cellulosic residue called
bagasse is usually burned for heat or electricity. This ap-
proach avoids food-fuel conflict since it converts waste
into fuel. Direct conversion of sugarcane juice into etha-
nol is also included in this work, as that is the approach
used in Brazil and some other countries. These are
existing technologies. Emerging technologies considered
in this work convert cellulose into ethanol. The sources of
cellulose considered are agricultural residues of rice husk,
sorghum stalk, wheat straw and cotton stalk.

Estimated ethanol production potential for the analysed
feedstocks is given in Table 1 assuming availability of 50 %
of the feedstock for the year 2008–2009, based on collection
efficiency and other applications of lignocellulosic waste. The
numbers in this table are calculated from the existing data of
feedstock availability and estimates of ethanol production de-
termined from feedstock composition.

2.1 Scope and boundary of analysis

This study considers three phases of biofuel production pro-
cess in its Bcradle to gate^ boundary: feedstock production,
transportation of feedstock to process site and conversion of
feedstock to ethanol, as shown in Fig. 1. The feedstock pro-
duction phase includes fuels or energy-intensive material in-
puts such as fertilizers, herbicides, seed, diesel fuel, and elec-
tricity for irrigation, machinery and labour used for agricul-
ture. The transportation phase includes moving of agricultural
residues from farm to the process site by truck. The conver-
sion process stage consists of various inputs that are needed
for conversion of the bio feedstock to fuel such as lime, water,
ammonia, diesel, cellulose and sulphuric acid. These data are
obtained from the NREL life cycle inventory, resulting in the
assumption that the cellulose to ethanol conversion technolo-
gy does not change between the USA and India (Kadam
2002).

2.2 Data sources and assumptions

Obtaining relevant data for the selected life cycles was among
the challenges addressed in this work, since efforts to compile
life cycle inventory data for India are very recent. Further-
more, the relevant data are scattered across diverse sources,
or simply not available in the open literature. Data from var-
ious sources are not always consistent in terms of the reported
variables. For example, fertilizer data is available in only one
dataset, while information about inputs such as diesel are re-
ported in multiple datasets, as can be seen fromTable S9 in the
Electronic Supplementary Material.

Data for the farming phase were collected from different
sources such as journal articles, Ministry of Statistics, Minis-
try of Agriculture, India Stat database and personal commu-
nication with farmers. Details about each source are available
in the Electronic Supplementary Material. Farming data has
wide spatial and temporal variation across the country. Data
used in this study is from multiple sources that may cover
multiple spatial and temporal scales. Its variability is repre-
sented by the mean, median, mode, high and low values, and
error bounds in the graphs represent variability between stud-
ies as opposed to uncertainty in an individual study. Water
requirement data for each dataset is not available for the crops
considered in the analysis. But, water requirement data for
crops are available in the range from low to high input per
hectare. It is assumed that water used for irrigation is di-
rectly proportional to crop yield. Accordingly, water data
is allocated to low, mean and high values of crop yield
(Indiastat 2012). Distance of transportation of agro-
residue from farm to factory is estimated to be 50-km
roundtrip. As crop residues are the by-products, inputs
such as energy and water need to be allocated between
the main crop and its residue as described below.
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2.3 Allocation

Allocation has been one of the most discussed challenges
in LCA. It is the act of distributing the responsibility for
inputs and outputs in the life cycle between multiple prod-
ucts. This concept is extremely important for bioenergy
systems where multiple products are common. The effect
of allocation on outcomes is of crucial importance to LCA
as a decision support tool (Luo et al. 2009). This study
considers three allocation methods based on energy, mass
and economic value. Each method has its advantages and
disadvantages, and the choice of allocation procedure de-
pends on the goal of the study. The approach of allocation
by displacement is often used and is recommended in the
ISO standardized LCA approach. It relies on information
about conventional processes that may be displaced by
using by-products of the process being analysed. Unfor-
tunately, since this allocation approach requires additional
inventory information about processes that would be
displaced, difficulty in getting such inventory data for
India prohibits use of this approach.

One common allocation in this study is between the desired
agricultural product and lignocellulosic biomass residue. For
sugarcane crop, allocation is between three products: sugar,
bagasse and molasses. For other crops such as wheat, rice and
sorghum, cotton allocation is between desired crop and ligno-
cellulosic biomass residue. It is difficult to allocate agricultural
inputs to the main product and its residue. Today, agricultural
residue may have a smaller value, but increasing demand of
transportation fuel and extensive research on cellulosic biofuel
technologies is likely to increase the demand and monetary
value of agricultural waste. Consequently, use of different
allocation approaches gives broader picture of future implica-
tion of the policy decisions. Mass allocation is on the basis of
the amount of matter in the main product and residues gener-
ated in a hectare of land. The basis for energy allocation is the
fuel value of the main agricultural product and its residue.
Allocation based on economic value is between the crop res-
idue and main agricultural products on the basis of Rs/Tonne
of respective products and were calculated on a per hectare
basis. Energy-based allocation is used at the ethanol conver-
sion process between the main product fuel ethanol, and the
coproducts electricity and biogas. Allocated input energy for
fuel ethanol is used for energy return on investment (EROI)
calculations.

2.4 Sensitivity analysis

As the cellulosic ethanol technology is still developing, uncer-
tainties are present at each stage, particularly in the agricultur-
al phase where the cellulosic feedstocks are grown. Ethanol
yield is calculated on the basis of feedstock composition. For
the processing stage, it is assumed that practical yield of eth-
anol per dry metric tonne (MT) of feedstock is 70 % of theo-
retical yield. Data variation in the farming phase is due to
differences in yield of crop residues as a result of respective
resource inputs. Variation in yield with local soil, weather,
region and time is captured through diversity of the data used.
In most of the feedstock, it is observed that resource inputs are
directly proportional to yield of respective crop. Yield of crop
residues is calculated based on the crop to residue ratio present
in the literature (Purohit et al. 2006).

3 Metrics analysed

Numerous technologies and resources have been proposed as
partial solutions to our declining fossil energy stocks, and
several criteria have been used to analyse energy production
technologies and alternatives. The need for metrics that reflect
the multidimensionality of the system is widely acknowledged
(Hammerschlag 2006). In assessing possible replacements for
oil and natural gas, each alternative presents unique trade-offs
between energy quantity, energy quality, and other inputs and

Table 1 Estimated production potential of ethanol from cellulosic
feedstocks considered in the analysis on annual volume basis

Cellulosic feedstocks Ethanol production potential (l)
(Assuming 50 % of total availability)

Rice husk 2.35E+07

Sorghum stalk 6.12E+06

Wheat stalk 1.56E+07

Cotton stalk 1.39E+07

Sugarcane bagasse 5.59E+06

Fig. 1 Analysis boundary for life cycle of converting lignocellulosic
biomass to ethanol
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impacts such as land, water, labour and environmental health.
The metrics calculated in this work are the energy return on
investment, greenhouse gas emissions, water withdrawal and
land use, as described in the rest of this section.

3.1 EROI

Energy return on investment (EROI) is the ratio of the energy
or fuel value delivered by a process to the fossil energy used
directly and indirectly in the life cycle to convert the feedstock
into the product. This has been the most used metric to com-
pare energetic competitiveness of alternative fuels and ac-
counts for only fuel value. EROI>1 indicates that the product
provides more fuel value to society than what it has consumed
to produce the fuel. For ethanol, this quantity tells us how well
the processes being analysed leverage their non-renewable
energy inputs to deliver biomass-based energy (Mubako and
Lant 2008).

EROI is always greater than zero, since energy produced
and non-renewable energy used in the processing are both
positive numbers (Hammerschlag 2006). This metric con-
siders non-renewable energy and energy-related inputs con-
sumed in the various stages of the ethanol production process.
Energy return on investment (EROI) analysis provides a use-
ful approach for examining disadvantages and advantages of
different fuels and also offers the possibility to look into the
future in ways that markets seem unable to do (Hall et al.
2009). Present analysis focuses on only the primary fossil
energy consumption in the life cycle.

3.2 Life cycle GHG emission

In a GHG balance, emissions of the three most important
greenhouse gases, CO2, CH4 and N2O, must be accounted
for over the entire life cycle of the bioenergy system. These
gases can be emitted directly or indirectly over the fuel pro-
duction cycle and are responsible for the effect of increasing
temperature in the lower atmosphere. This effect is quantified
by using global warming potentials (GWPs) expressed as CO2

equivalents (Cherubini 2010; Macedo et al. 2008). Crop-
based biofuels, especially those grown in the USA, dominate
the literature, and most show a small negative GHG balance
(Phalan 2009).

Life cycle analysis of GHG balance is complex, and
inclusion or exclusion of co-products, processes behind
processes and land use change impacts (direct and indi-
rect) can all have a considerable influence on results
(Martín et al. 2011). The biofuels production chains are
divided in three processes: (i) biomass production or cul-
tivation, which involves emissions from fuel used for ag-
ricultural processes, electricity used for irrigation process-
es, fertilizers and chemicals, etc. The emission factors for
respective inputs which are used in biomass production

are taken from literature (ii) transport of the bioenergy
crops to the conversion plant, which includes fuel used
for transport (iii) emissions from conversion of bioenergy
crops to biofuels including inputs used such as NH3, die-
sel, cellulose, H2SO4 and fuels for processing. Estimation
of life cycle GHG emissions was based on a litre of eth-
anol production. This metric helps to evaluate and com-
pare the life cycle GHG performance of various lignocel-
lulosic bio-energy systems using a consistent set of sys-
tem boundaries (Guinée et al. 2009). Details about the
emission factors for various inputs and other calculations
are in the Electronic Supplementary Material.

3.3 Life cycle water use

Biofuel production at a large scale requires a consider-
able amount of water resources, and this water–energy
nexus is not always taken into account. Despite the
increase of biofuel production and the amount of re-
search about this issue, the potential effects of associat-
ed water consumption have not been rigorously
analysed, particularly in the Indian context. Many stud-
ies of water resource impacts of biofuel production only
consider uses at the biorefinary while ignoring the agri-
cultural water consumption and therefore do not fully
characterize the life cycle effect of biofuels on water
resources (Fingerman et al. 2010). As biofuel produc-
tion increases, a growing need exists to understand and
mitigate potential impacts to water resources, primarily
those associated with the agricultural stages of the bio-
fuel life cycle (Elena and Esther 2010; Powers et al.
2009).

This study computes life cycle water use by considering
farming and processing phases for biofuel production from
various feedstocks. It gives an overview of life cycle water
use per litre of ethanol production from the selected feed-
stocks. The replacement of fossil energy with bioenergy gen-
erates the need for detailed information on water requirements
since such a substitution may not be viable if the source is too
water intensive (Gerbens-Leenes et al. 2009). The major uses
of water are in both the agricultural and industrial phases of
biofuel production.

Two types of consumption are considered in this analysis:
agricultural water use including irrigation and rain water, and
industrial or bio refinery consumption for processes such as
cooling and incorporation into finished products (Macedo
et al. 2008). Though water availability and requirement vary
with space and time, it is assumed that irrigation is directly
proportional to crop yield and water resource input allocated
accordingly to crop yield which is described in the Electronic
SupplementaryMaterial. The results of this study are based on
estimates of freshwater requirements in crop production ob-
tained by integrating data from several sources.
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3.4 Land use

Many life cycles of biofuel production do not account for land
use changes that can result in unexpected surprises in the
future (Searchinger et al. 2008). Decisions about how to use
land need to consider many different factors like climatic con-
ditions, energy-saving potential, reduction in GHG emissions,
possible alternatives for energy production and need for other
human activities besides energy production (Stoeglehner and
Narodoslawsky 2009; Harvey and Pilgrim 2011). Populous
countries need feedstocks that are land efficient and should
not have a negative effect on the food supply (Kumar et al.
2009). Land utilization should justify the benefits of biofuels
while evaluating the associated environmental and socioeco-
nomic impacts. Scientific communities have been discussing
and debating whether restricting the development of biofuel
crops to avoid the conflicts among food production, biofuel
production, and the environment (Cai et al. 2011; Yang et al.
2009).

Since agriculture is by far the largest contributor to land
use, other steps in the life cycle are not included in this calcu-
lation. Land used per litre of ethanol production for each agro-
industrial feedstock is computed, and effect of allocation
method is determined.

4 Results

Results for the selected bioethanol pathways aim to highlight
comparative life cycle environmental impact in Indian con-
text. The resulting insight is expected to be useful for improv-
ing engineering and life cycle design, determining corporate
strategy and supporting national policy. As discussed in Sect.
2, the life cycle inventory itself is a novel contribution of this
work. Data has been collected from various resources de-
scribed in detail in the Electronic Supplementary Material.
Embodied energy values of some of the major inputs to the
farming phase for all cellulosic feedstocks are shown in Fig. 2.
Large variability in the inputs is due to collection of data from
various regions of the country for different crops. Variations
are captured by calculating mean, high and low value inputs.
For rice crop electricity, consumption shows large variability
as the electricity consumption varies according to the region
and the nature of its water supply. Consumption of fertilizers is
more for the sugarcane crop as compared to other feedstocks.

4.1 Life cycle EROI

The energy return on investment for lignocellulosic ethanol
life cycles considered in this work ranges from 1.59 to 8 under
different allocation approaches (Fig. 3). In general, economic
value allocation shows higher EROI than mass and energy
allocation due to the smaller relative economic value

allocation of biomass residue as compared to its mass or en-
ergy values. Sorghum stalk shows highest life cycle energy
return on investment among all lignocellulosic biomass feed-
stocks considered. Farming phase consumes major portion of
life cycle energy consumption. This is larger than the EROI of
the current commercial approach of producing ethanol from
molasses and comparable to the EROI for ethanol production
from sugarcane juice for an Indian context (Mandade et al.
2015). Among cellulosic ethanol life cycles, EROI for sugar-
cane bagasse and cotton stalk look most attractive, followed
by rice husk and wheat stalk. All the life cycles of feedstocks
considered in this work look more attractive than American
corn-based ethanol, which has EROI from 0.84 to 1.65, as
listed in the Electronic Supplementary Material. This is low
due to high energy inputs in the farming phase. EROI for
sugarcane-based ethanol for Brazil is 8.4 which is higher be-
cause of high yield of sugarcane crop (Kim and Dale 2005;
Pimentel and Patzek 2005). Further comparison of EROI for
various feedstock from India and other countries is given in
the Electronic Supplementary Material in Table S16.

4.2 Life cycle GHG emissions

Life cycle GHG emission for lignocellulosic biofuel shown in
Fig. 4 indicates that ethanol from rice husk has the highest
emission. This emission varies from 0.13 to 1.8 kg of CO2

eq. per litre of ethanol and is mainly due to use of fertilizers,
pesticides and electricity in the farming operations. The large
variability is due to difference in yield of rice husk per hectare.
GHG emission from other life cycles considered in this work,
except sorghum, is within their margins of error. Mass alloca-
tion shows higher GHG emission than energy and economic
value allocation for most of the feedstocks. Sorghum stalk
feedstock shows lowest GHG emission among all other lig-
nocellulosic feedstocks. Sugar-based feedstock like sugarcane
juice for India the values varies from 0.39 to 0.61 kg of CO2

eq. per litre of ethanol produced (Mandade et al. 2015).
These results are comparable to those for other ethanol

studies. For example, Macedo et al. reports life cycle GHG
emission for sugarcane juice to ethanol 0.401–0.436 kg of
CO2 eq. per litre of ethanol for Brazil (Macedo et al. 2008).
MacLean and Spatari report GHG emissions for corn to etha-
nol process 1.8 while for switch grass 0.31–0.63 kg of CO2 eq.
per litre of ethanol production (MacLean and Spatari 2009).
For municipal solid waste, Kalago et al. estimate life cycle
GHG emissions that are 0.18 kg of CO2 eq. per litre of ethanol.
Reported life cycle GHG emission of sugarcane-based ethanol
0.461–0.572 kg of CO2 per litre of ethanol in Brazil, while
corn-based ethanol ranges 1.39–1.45 for USA. GHG emis-
sions for sugarcane molasses-based ethanol for India estimat-
ed in the range from 0.07 to 0.5 kg of CO2 eq. per litre of
ethanol for different allocation approaches (Kalogo and
Habibi 2007; Oliveira et al. 2005).
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4.3 Life cycle water use

Life cycle water consumed per litre of ethanol is shown in
Fig. 5. From this figure, sorghum stalk seems to be most
efficient in using water, which should not be surprising since
it can grow in relatively arid conditions. Sugarcane juice to
ethanol process shows far higher water consumption for the
production of ethanol than sugarcane bagasse feedstock due to
the high water use in growing sugarcane and due to less water
allocated to sugarcane bagasse at the farming phase.

As rice crop requires a lot of water i.e. 900–2500 l/ha in
agricultural phase, it is a less efficient feedstock than other
lignocellulosic feedstocks that require 230–7150 l of water
for production of 1 l of ethanol under different allocation
approaches. Economic allocation shows comparatively less
water use per litre of ethanol than mass and energy allocation
methods. This is due to less economic value of biomass

residue than desired product. Yang et al. estimated average
water use per litre of ethanol ranges from 1830 to 2640 l for
starchy feedstocks like maize, cassava and sweet potato, while
for sugarcane crop, it is 1470 l in China (Yang et al. 2009).
Gerbens-Leenes et al. computed global water footprint for
ethanol from starchy crop which are in the range 2516–
9812 l of water use while for sugar crop 1388–2516 l of
water for production of 1 l of ethanol (Gerbens-Leenes
et al. 2009). Dominguez-Fau et al. show water footprint
for switch grass feedstock 1401 l/l of ethanol for USA
which is comparable for wheat stalk and sorghum stalk
in the present study, but former considers only evapo-
transpiration in the water footprint calculation. Average
water footprint of ethanol (litres of water/litre of ethanol)
for corn ethanol studies in USA ranges from 1174 to 1492
by Mubako and Lant (Dominguez-Faus et al. 2009;
Mubako and Lant 2008).
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4.4 Land use

Land used for feedstock production is a key factor in deter-
mining biofuel sustainability. The graph comparing land use
for the fuels considered is in the Electronic Supplementary
Material. One of the constraints to expand biofuel production
to reduce our dependence on fossil fuels is due to limited
amount of land available for producing energy crops. In this
work, land use per litre of ethanol ranges from 0.33 to
20.54 m2 for considered lignocellulosic feedstocks under dif-
ferent allocation approaches. Land use for production of a litre
of ethanol from sugarcane bagasse is comparatively smaller
than other feedstocks considered in the current study. All the
land use data show wide variability, with wheat stalk showing

the most variability due to large variation in the crop yield.
Yang et al. estimated land use per litre of ethanol production
ranges from 2.93 to 4.75 m2 for starchy feedstocks and 1.9 m2

for sugarcane feedstocks for China (Yang et al. 2009).

5 Discussion

In a populous country like India, converting sugar- and starch-
based crops into ethanol has been unattractive as these crops
are used for food or fodder. But, growing concerns about
energy security and climate change, along with abundant
availability of cellulosic feedstocks, are encouraging the de-
velopment of cellulosic or second-generation biofuels. Such
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decisions need to be supported by life cycle assessment, as has
been the case in many other parts of the world. However, such
studies are not yet available for India. This article presents
original data and life cycle evaluation of energy use, green-
house gas emissions, water use and land use for existing and
emerging bioethanol technologies in India.

Results of this work indicate that ethanol from sorghum
may have the smallest impact among the categories analysed,
as indicated by its high EROI and low GHG emissions. How-
ever, most farmers in India grow sorghum for food and fodder
for their cattle. Thus, diverting sorghum for fuel may result in
fodder-fuel conflict that may be unsustainable. Among other
cellulosic sources, rice husk, cotton stalk and wheat stalk are
likely to be most readily available as agricultural residues.
Bagasse to ethanol also looks attractive due to its land effi-
ciency and high yield of sugarcane. However, bagasse is al-
ready used for its fuel value, so conversion to ethanol may not
be feasible. In the present work, three methods were consid-
ered for the allocation between the main crop and residue to
show the broader picture of the assessment. Economic value
allocation seems to be most meaningful allocation methods
amongst the considered methods. As the usefulness of the
crop residue increases (after increase in the demand of biofu-
el), the economic value of the residues will increase in the
future. Allocation by displacement should be explored in the
future as data for displaced activities becomes available.

Selection of appropriate feedstocks for bioethanol needs
consideration of other impact categories and better data for
higher confidence in the results. It also needs careful planning
by considering various bottlenecks in technologies such as the
pre-treatment of biomass, enzymatic saccharification of the pre-
treated biomass, and fermentation of the hexose and pentose
sugars released by hydrolysis and saccharification. Each of
these problems requires substantial research and development
efforts for improved efficiency and process economics. Process
conversion efficiency is still improving, because technology of
conversion of cellulosic ethanol is still in its immature stage.
These improvements will slowly decrease gross energy input
over time, but no large, sudden changes are expected. Proper
management and supply chain logistics issues should be han-
dled for feedstock availability throughout the year. Gaining
insight into sustainability requires use of methods such as en-
ergy and life cycle analysis that reduce the chance of shifting
impacts outside the analysis boundary. Other technologies and
feedstocks also need to be examined by means of life cycle
studies. For reliable production of lignocellulosic ethanol from
agricultural feedstocks, sufficient quantity of appropriate feed-
stock must be available along with facilities to convert feed-
stock to ethanol within a practical distance of the feedstock
production area. Feedstock producers would have to be willing
to produce energy crops and/or remove a portion of residues
from their fields, and would have to do so in a sustainable
manner (Moreira and Feijoo 2010).

Large variation in water and land use per litre of ethanol
shows that there is need of proper resource utilization so that
optimum yield can be achieved. Resolving the apparent Bfood
versus fuel^ conflict seems to be more a matter of making the
right choices rather than hard resource and technical con-
straints. This analysis shows that even a populous country like
India can have suitable options of agro industrial lignocellu-
losic waste if the agricultural and manufacturing systems
adapt to produce food and biofuels. Although this is the most
comprehensive sustainability analysis of lignocellulosic
biofuels in Indian context, data used in the analysis has wide
temporal and spatial variability. Uncertainty and variability in
the data can be addressed by developing the database nation-
wide for bio feedstock. The quality of future LCAs can also be
improved through better data availability. Information on wa-
ter use for particular dataset also needs improvement due to
being scarce and of questionable quality (Maclean and
Maclean 2010).

The systems view and multiple indicators of environmental
sustainability make the current study useful for decision
makers and to guide energy policy. This study covers land
and water use which are basic ecosystem services; hence, it
helps in designing future policies which will avoid unexpected
surprises. The approach of energy analysis used in this work,
while appealing in many ways only considers fossil resources
with fuel value. Other methods such as energy analysis can
account for a wider array of resources, and their application to
these biofuels provides complementary insight (Mandade
et al. 2015). In addition, consequences and dynamics of deci-
sions made by static life cycle models should also be
considered.
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