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Addressing Environmental Criteria
and Energy Footprint in the Selection
of Feedstocks for Bioenergy Production

Iana Salim, Lucía Lijó, Maria Teresa Moreira
and Gumersindo Feijoo

Abstract The search for alternatives to fossil fuel resources relies on the use of
renewable bioenergy. The objective of this research is to define the most relevant
sustainability criteria in the exploitation of feedstocks for bioenergy production
from a life cycle perspective. Three types of biofuels were evaluated: biogas,
bioethanol and biodiesel. In addition, conventional and innovative biomass sources
for bioenergy will be analysed and compared. A comprehensive literature review
was conducted to identify the most suitable feedstocks for each type of biofuel in
terms of environmental impacts and energy-related indicators. Many studies have
identified inconsistent results (from very positive to negative environmental con-
sequences), leading to great uncertainty on this issue. Cereal crops (wheat, maize
and triticale) and animal waste are examples of feedstocks for biogas production.
Sugarcane, sugar beet and their by-products (molasses and bagasse) are recognised
as technologically validated biomass sources for bioethanol production. As for
biodiesel, oilseeds (soybean, palm, sunflower, etc.) and cooking oil residues are
possible feedstocks. The number of environmental studies related to emerging
biofuel feedstocks, such as algae and jatropha for biodiesel; poplar, beech, black
locust for bioethanol and macroalgae for biogas, is steadily increasing. Therefore,
the processes involved in feedstock production should be properly calculated for an
accurate assessment, as they play an important role in the substitution of fossil fuels.
The outputs from the life cycle assessment (LCA) methodology will help to support
decision-making in the analysis of alternatives and avoid misleading conclusions.
The Energy Return on Investment (EROI) methodology was found to be suitable
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for comparing conventional and innovative biomass sources for bioenergy. The
results vary considerably from one feedstock to another, due to differences in
geographical distribution, agricultural practices and energy efficiency index. In
many cases, it was found that the use of by-products (e.g. maize stover for bioe-
thanol) or waste (pig slurry for biogas) as a biomass source for biofuels could have
better EROI values than first-generation feedstocks due to the allocation of envi-
ronmental burdens.

Keywords Biofuels � Energy crops � Energy Return on Investment (EROI)
Life Cycle Assessment (LCA) � Second generation feedstocks � Sustainability
criteria � Cumulative energy demand (CED)

1 Introduction to Bioenergy Production

It is impossible to consider life without energy. Energy has been one of the most
fundamental drivers of progress and prosperity in all civilisations of human history. In
the 18th century, during the Industrial Revolution, coal began to replacewood as a fuel
source, marking the beginning of the fossil fuel era. Henceforth, this biomass, which
has stored the energy released by the sun over geological time scales, became avail-
able to serve society for the first time in history. In the 19th century, crude oil (pet-
roleum)was added to the energymix, signalling the beginning of the oil era. Later, the
oil crisis dramatically boosted demand for natural gas in the early 1970s, while
hydroelectric, geothermal and nuclear power sources increased steadily. Over the last
decade, biofuels have been extensively investigated and produced (Bithas and
Kalimeris 2016).

To date, fossil fuels are the prevailing energy sources, accounting for about 80%
of the global energy demand, with oil, coal and natural gas responsible for 33, 30
and 24% of the primary energy consumption, respectively (Abas et al. 2015; World
Energy Council 2016). However, carbon-based fuels are non-renewable energy
sources with limited reserves. It is estimated that, at existing levels of consumption,
fossil fuels can last a maximum of 120 years (Guo et al. 2015).

Besides, the combustion of fossil fuels produces harmful environmental impacts,
such as climate change, ozone layer depletion, acidification and air pollution
(Nicoletti et al. 2015). Among them, coal is the most polluting carbon-based source,
contributing to about 45% of the overall CO2 emissions worldwide (IEA 2017a). In
the current framework of growing global energy demand, actions have been taken
to reduce greenhouse gas (GHG) emissions associated with the consumption of
fossil fuels. In this context, Europe has set itself the target of reducing GHG
emissions by 40% by 2030 compared to 1990 levels (Bonn et al. 2015). Renewable
energies presented an average annual growth rate of about 5.5% between 2005 and
2015 (Eurostat 2017). Efforts to find sustainable substitutes for non-renewable
energy sources have therefore intensified. In the current context of certain
resources influenced by the geopolitical characteristics of the production region,
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diversification of energy sources will ensure a steady and secure energy supply for
many countries (Sonnemann et al. 2015).

The European Commission has set targets for achieving an efficient and sus-
tainable low-carbon economy by 2050 (Scarlat et al. 2015). It is expected that the
bioeconomy will play a key role in the extension and discovery of valuable and
advanced biomass in the coming decades, promoting and encouraging the efficient
use of these resources. To this end, supply chain systems will need to be adapted,
integrated or renewed to drive the development of a sustainable bioeconomy.

In fact, bioenergy produced from biomass has been traditionally used for mil-
lennia until today for cooking and heating (IEA 2017b). However, this practice,
particularly in developing countries, has often been unsustainable due to inefficient
material use, causing health and environmental issues (Lelieveld et al. 2015).
Modern and sustainable sources of bioenergy are promising alternatives. In this
context, favoured by technological development, the efficient conversion of bio-
mass into solid, liquid and gaseous biofuels has been increased considerably,
reducing production costs and improving its competitiveness on the market (IEA
2017b). In addition, waste and biomass valorisation can also support rural devel-
opment and improve agricultural production (Scarlat et al. 2015). Figure 1 shows
the development of renewable energy production in Europe. As depicted, as with
other forms of renewable energies in the EU-27, biomass production is expected to
increase by 2020. Bioenergy from biomass accounted for 5.9 Mtoe1 in Europe in
2005 and is expected to increase by 19.9 Mtoe in 2020 (Beurskens and Hekkenberg
2011).

The main drivers for supporting biofuels development are: (1) they have the
potential to reduce GHG emissions compared to conventional energy sources;
(2) the required biomass can be grown locally; (3) countries can become less
dependent on price fluctuations and feedstock imports; (4) they can be fused with
oil; (5) they can support rural economic development (Lendle and Schaus 2010;
Markeviius et al. 2010). However, the production of bioenergy from biomass can be
a controversial issue for many reasons, including food security, land competition
and use, biodiversity loss and food prices. Nevertheless, by-products of agricultural/
forestry operations, industrial waste streams and abandoned, degraded and marginal
lands as alternatives to fertile farmland are important options to consider when
dealing with biomass for bioenergy (IEA 2017b; Immerzeel et al. 2014; Timilsina
and Shrestha 2010).

Many studies in the scientific literature have evaluated the multiple possibilities
of the raw materials available for bioenergy. It comprises starch crops, such as
maize and wheat (Chen et al. 2018a; Muñoz et al. 2014); sugar crops, such as sugar
cane and sugar beet (Duraisam et al. 2017); oil-seeds, for instance, canola (Efe et al.
2018); waste streams from industrial or domestic activities, i.e. animal waste,
sewage sludge; organic fraction of solid urban waste (OFMSW) (IEA 2017b;

1Mtoe: Million Tonnes of Oil Equivalent. It is a standard unit with net calorific value 41 868 MJ,
which is the net energy of a tonne of crude oil.
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Timilsina and Shrestha 2010) and kitchen oil waste (Ho et al. 2014); lignocellulosic
biomass from forest operations, such as wood chips (Neupane et al. 2011) or
by-products of agricultural activities or crop processing (e.g. straw, bagasse,
molasses) (Nakanishi et al. 2018; Sadik and Halema 2014; Tutt et al. 2012); In
addition, another perspective of feedstock source for bioenergy could be the use of
macro- and micro-algae (Chia et al. 2017).

Depending on the type of feedstock and production process, biofuel technologies
can be classified as first, second or third generation biofuels. First-generation or
conventional biofuels, which compete directly with food, have advanced tech-
nologies and are currently being marketed. They typically use starch crops (e.g.
wheat or maize) for biogas production, sugar and starch crops (e.g. maize, sugar
cane, sugar beet) for ethanol production and oilseed crops (e.g. palm oil and soybean
oil) for biodiesel production. Second-generation biofuels use non-edible biomass or
those that do not compete directly with the food market. Certain food products may
become second-generation fuels when they are no longer useful for consumption.

Many second-generation biofuels are lignocellulosic biomass, whose main
composition is cellulose (Isikgor and Becer 2015). Although lignocellulosic bio-
mass represents the most abundant carbohydrate on earth, it is currently more
difficult and costly to convert cellulosic biomass into liquid fuels as an alternative to
starch, sugar and oils (Timilsina and Shrestha 2010). With the exception of a few
raw materials (e.g. jatropha), these processes are still in the technological and
commercial development phase. The classification can be extended to
third-generation biofuels, which are those produced by advanced feedstocks (e.g.
algae). Unlike land-based raw materials, algae are not affected by volatile food
prices and changes in land use (Chia et al. 2017). Figure 2 shows the available and
potential routes of biofuel production from a life-cycle perspective.

As noted in Fig. 2, along with the variety of feedstock options, there are many
types of processes that can be used and combined on the path to biofuel production.
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Fig. 1 Projections of energy production from renewable sources in the EU Adapted from
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The choices already begin with how, when and where to grow and store the crops,
which are important stages that will determine the quality of the raw material. The
following steps, especially those relating to the initial processing stages, are deci-
sive for efficient production and also depend on the type of biomass. The use of
sugar crops requires the extraction of sucrose for subsequent fermentation
(Duraisam et al. 2017). Moreover, starch crops, after the milling process (starch
extraction), need to carry out a hydrolysis pathway to produce glucose prior to
fermentation (Arifeen et al. 2009; Deloitte 2014). On the other hand, lignocellulosic
biomass is more difficult to process, leading to a pre-treatment route prior to
hydrolysis to separate its recalcitrant chemical composition into lignin, hemicel-
lulose and cellulose (The German Federal Government 2012). Oil crops require a
transesterification step that converts lipids into biofuel (Anastopoulos et al. 2009).
Biogas is commonly produced in Europe in a single-stage reactor as a result of
anaerobic digestion of crops such as maize and wheat, alone or in combination, for
example, with waste streams such as MSW and animal manure.

Shifting from a status-quo to a new paradigm will always mean overcoming
political, social, environmental and economic barriers. Sustainability assessment
frameworks, including Life Cycle Assessment (LCA), use environmental, economic
and social criteria and indicators to assess the performance of products and pro-
cesses. Criteria add qualitative meaning and guidance to standards/certifications,

Fig. 2 Life cycle biofuels pathways
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while indicators are usually quantitative variables that provide information on
performance, efficiency, compliance, etc. In the field of bioenergy and biofuels,
many studies have defined sustainability frameworks for the selection of criteria and
indicators (Buchholz et al. 2009; ISO Standard 2011; Meyer and Priess 2014; Van
Dam and Junginger 2011), highlighting the relevance of GHG emissions and the
energy balance. Not only are these two main indicators critical, but also the
assessment of the impacts associated with land use, air emissions, water use, bio-
diversity loss, price and supply of raw materials, working conditions, etc. (Fritsche
et al. 2012; Fritsche and Iriarte 2014; Markeviius et al. 2010).

Focusing on the energy efficiency of biofuels, there are many methods and
indicators, depending on the purpose of the study. However, many indicators are
not standardised and often have different designations for the same objective,
making it difficult to compare studies. For example, the meaning of “energy use”
does not have a standard pattern and varies considerably between reports
(Arvidsson et al. 2012). The Energy Return on Investment (EROI) and the Net
Energy Ratio (NER) are examples of indicators used for energy analysis related to
biofuels. They evaluate the relationship between the energy distributed as fuel to the
market and the energy generated during the upstream process of a product life cycle
(Hall et al. 2014). EROI and NER are non-dimensional variables that facilitate
communication and interpretation for decision-making. Moreover, the Cumulative
Energy Demand (CED), also called “primary energy consumption”, is another
popular indicator that has been used for the EROI calculation (Frischknecht et al.
2015). The variables chosen for the calculation of these indicators affect the results
obtained, for instance, whether or not the analysis considers `primary energy’,
which is the energy content inherent in the feedstock and renewable energy.

One approach to calculate the EROI is to divide the energy supplied by the
non-renewable CED (Lijó et al. 2015), as described below. In this way, only the
consumption of non-renewable energy is considered, as it makes it possible to
quantify the amount of energy from fossil fuels actually needed for the production
of biofuels in relation to the potential energy produced.

EROI ¼ Energy delivered
Non� renewable CED

ð1Þ

The main objective of this book chapter is to review the most relevant envi-
ronmental and energy criteria in relation to the exploitation of feedstocks for
bioenergy production from a life-cycle perspective. Three types of biofuels were
evaluated: biogas, bioethanol and biodiesel. First, a review of the sustainability
criteria was carried out to find current biomass sustainability initiatives for bioen-
ergy. Secondly, a thorough review of the literature was conducted to identify the
most appropriate feedstocks for each type of biofuel in terms of environmental
impact and energy-related indicators. Finally, an energy analysis of the most
commonly used feedstocks was carried out, considering the CED and EROI indi-
cators, to compare their energy footprint.

6 I. Salim et al.



2 General Overview on Sustainability Criteria
for Feedstock

One way forward is to understand the value of sustainability, how to evaluate it and
what criteria to use. In addition, studies and practices related to sustainable biomass
assessment are based on non-standard guidelines, with a lack of comparability
(Bosch et al. 2015). A multitude of certification standards can be found, governed by
private and public organisations, focusing on the production and use of feedstocks at
different scales. For instance, the International Trade Centre (ITC) unveiled a plat-
form, in the form of a Sustainability Map, covering more than 230 voluntary stan-
dards options.2

Bioenergy sustainability initiatives are regulatory or voluntary schemes aimed at
increasing and improving the use of biomass for energy purposes. In Europe, the
most well-known initiative is the Renewable Energy Directive (RED) (RED—
Directive 2009/28/EC), which targets carbon emission limits and increase the use of
renewable energies in the transport sector. In the USA, the Renewable Fuel
Standard (RFS-2) specifies the percentages of biofuels to be blended with their
fossil counterparts. In terms of voluntary schemes, a wide range of options can be
found, such as the Forest Stewardship Council (FSC) and the International
Sustainability and Carbon Certification Scheme (ISCC). Table 1 below presents
more examples and summarises the major biomass sustainability initiatives for
bioenergy reviewed in the literature.

All these aforementioned initiatives demonstrate the growing concern for the
sustainability of bioenergy and the involvement of many stakeholders in the
development of guidelines for a sustainable bioeconomy. However, there is a lack
of binding instructions that include, with equal importance, the three pillars of
sustainability. For example, the mandatory sustainability criteria of Directive 2009/
28/EC (European Parliament 2009) on the use of energy from renewable sources
mainly concern environmental aspects, taking into account soil protection, biodi-
versity, carbon stocks, GHG savings, etc. It also includes socio-economic aspects,
but is not considered relevant in this directive. However, some EU Member States,
such as the “Netherlands Technical Agreement on Sustainability criteria for bio-
mass for energy purposes” (NTA8080 2011) and voluntary initiatives, such as the
“Roundtable on Sustainable Biomaterials (RSB)” (RSB 2016) provide a more
detailed analysis of socio-economic considerations (Fritsche and Iriarte 2014).

The use of criteria and indicators is essential to ensure the reliability of the
sustainability assessment. They work together in the same direction, with the aim of
establishing conditions and requirements to ensure sustainability. Sustainability
criteria guide the improvement and compliance with environmental, social and
economic performance standards, which must be met by stakeholders within the
biofuel production chain. However, accounting for the sustainability of biofuels is

2https://www.sustainabilitymap.org/home.
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Table 1 Sustainability initiatives for bioenergy. Adapted from Allen et al. 2016; IEA 2017b

Activity Brief description

Regulatory Sustainability requirements

European Directive (RED—
Directive 2009/28/EC)

One of the main targets is to reach 20% of renewable
energy use by 2020 in Europe and 10% of renewable
energy share for the transportation sector. Each Member
State has their own national procedures to achieve this goal.
It is the main directive in Europe for Biofuels and
Bioenergy (European Parliament 2009). The RED
established from the beginning of 2018 a threshold of at
least 50% GHG emission reduction for the current and old
production facilities. Nevertheless, for new facilities, which
have started their activities after October 5th, 2015, the
threshold is 60%. The baseline for comparison is 94.1 g
CO2 eq/MJ FBS (Fuel baseline standard) (FBS)1

US Renewable Fuel Standard
(RFS-2)

This directive specifies the amount of biofuel, depending on
its type, that must be mixed with conventional biofuels
from 2006 until 2020 (EPA 2010)

The California Low Carbon
Fuel Standard (LCFS)

The objective is to decrease carbon intensity from the
transportation sector in California State (US) by 10%
(minimum) until 2020

Oregon Clean Fuels Program
(HB 2186)

The objective is to decrease carbon intensity from the
transportation sector in Oregon State (US) by 10%
(minimum) until 20253

Canada Clean Fuel Standard The aim is to have an annual saving of 30 Mt GHG
emissions by 20304

The German
Biofuels Quota Act

This act establishes a minimum 6.25% of biofuels used in
the transportation5

Pró-Álcool (Brazil) The National Alcohol Program (Pró-Álcool) surged in 1975
due to the oil crisis period in 1973. In 1984, for instance,
84% of the cars were powered by ethanol (Kazamia and
Smith 2014)

Voluntary certification schemes

Forest certification systems Forest Stewardship Council (FSC): It establishes
sustainable practices for forest managements. Although
there are some initiatives regarding wood for bioenergy and
GHG balances, it is not their main priority. However, FSC
includes mainly biodiversity, water, soil and human rights
(FSC 2017)

Agricultural certification
systems

Sustainable Agriculture Network (SAN) with Rainforest
Alliance (RA): SAN/RA and GlobalGAP: both considers
mainly organic certification (Rainforest Alliance,2015).
There are some certifications that are restricted to a specific
crop: Round Table Responsible Soy (RTRS), Roundtable
on Sustainable Palm Oil (RSPO) and Bonsucro
(Sugarcane). RTRS, RSPO and Bonsucro include
considerations for biofuels, such as GHG emissions (Allen
et al. 2016)

(continued)
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not an easy task, as it depends on multiple variables, such as the type of biomass,
geography, technology, consumption patterns, etc. In addition, the lack of con-
sensus on methodologies, the numerous assumptions and the different limits of
functional systems and units further challenge this assessment, leading to great
uncertainty (Markeviius et al. 2010). Table 2 summarises examples of sustainability
criteria for biofuels, according to the literature.

Table 1 (continued)

Activity Brief description

General biofuel/bioliquids
certification systems

Most of the certifications were developed to comply with
the EU RED directive. Examples of certification for
biofuels and bioliquids are: International Sustainability and
Carbon Certification System (ISCC)6; Certification for
Biomaterials Biofuels and Biomass: Roundtable on
Sustainable Biomaterials (RSB)(2016); Biomass Biofuel
Sustainability Voluntary scheme (2BSvs) (2016) and
REDcert7, from Germany. They generally focus on
downstream process and GHG emissions saving, compared
to conventional fuel. However, few considerations
regarding the upstream process, such as fertiliser use,
tillage, soil quality, working conditions, etc. (Allen et al.
2016)

Voluntary certification schemes

Wood pellet certification
systems

Green Gold Label (GGL)8 and the Laborelec9: they also can
be used with other certification scheme, such as FSC. Also,
the Initiative Wood Pellet Buyers (IWPB)10 to allow the
transaction of industrial wood pellets among associates

ISO standard 13065:2015 The ISO 13065:201511—“Sustainability criteria for
bioenergy” recognises the importance of waste as a
potential input for carbon balance and it specifies some
references of how it should be handled. It is mainly built to
simplify the comparison between bioenergy sources.

NTA 8080, 2012 “Netherlands technical agreement Sustainability criteria for
biomass for energy purposes” (NTA8080 2011)

1http://www.f3centre.se/renewable-fuels/fact-sheets/eu-sustainability-criteria-biofuels
2http://www.energy.ca.gov/low_carbon_fuel_standard/
3http://www.oregon.gov/deq/aq/programs/Pages/Clean-Fuels-History.aspx
4https://www.canada.ca/en/environment-climate-change/services/managing-pollution/energy-
production/fuel-regulations/clean-fuel-standard.html
5https://www.bmwi.de/Redaktion/EN/Artikel/Energy/mineraloel-biokraftstoffe-und-alternative-
kraftstoffe.html
6https://www.iscc-system.org/process/certification-scopes/iscc-for-energy/
7https://www.redcert.org/en/
8http://www.greengoldcertified.org/
9http://www.laborelec.be/ENG/services/biomass-analysis/
10http://www.laborelec.be/ENG/services/biomass-analysis/initiative-wood-pellet-buyers-iwpb/
11https://www.iso.org/standard/52528.html

Addressing Environmental Criteria and Energy Footprint … 9

http://www.f3centre.se/renewable-fuels/fact-sheets/eu-sustainability-criteria-biofuels
http://www.energy.ca.gov/low_carbon_fuel_standard/
http://www.oregon.gov/deq/aq/programs/Pages/Clean-Fuels-History.aspx
https://www.canada.ca/en/environment-climate-change/services/managing-pollution/energy-production/fuel-regulations/clean-fuel-standard.html
https://www.canada.ca/en/environment-climate-change/services/managing-pollution/energy-production/fuel-regulations/clean-fuel-standard.html
https://www.bmwi.de/Redaktion/EN/Artikel/Energy/mineraloel-biokraftstoffe-und-alternative-kraftstoffe.html
https://www.bmwi.de/Redaktion/EN/Artikel/Energy/mineraloel-biokraftstoffe-und-alternative-kraftstoffe.html
https://www.iscc-system.org/process/certification-scopes/iscc-for-energy/
https://www.redcert.org/en/
http://www.greengoldcertified.org/
http://www.laborelec.be/ENG/services/biomass-analysis/
http://www.laborelec.be/ENG/services/biomass-analysis/initiative-wood-pellet-buyers-iwpb/
https://www.iso.org/standard/52528.html


Table 2 Sustainability criteria for biofuels. Adapted from Allen et al. 2016, Lendle and Schaus
2010

Criteria Description

General criteria

Greenhouse gas emission
intensity

To determine an absolute value to decarbonise transport fuels,
instead of setting relative values to compare with fossil fuels

Land use changes and
displacement effects

The biomass production used for biofuels should not incite
indirect and direct dislocation of current food, feed and timber
agriculture/silviculture practices in a precise zone. Special
attention to avoid feedstock production on non-agriculture land
of high ecosystem value

Scale of deployment Competition with food/ feed stocks, biodiversity and
ecosystem quality should not be negatively affected by the
production of biofuels. It is important to set limits to the
amount of land devoted for bio-based products, mainly those
which use first generation feedstocks

Consistency with existing
legislation

Feedstock agriculture/silviculture production, harvesting,
processing, use and end-use stages should comply with
international, national, regional and local mandatory rules

Specific criteria

Resource and Energy
efficiency

Resource and energy efficiency are very important issues,
concerning mainly social and economic values. Energy
demand and energy security must indispensably and positively
walk together

Prioritisation for waste and
residues

Since there are many concerns about using first generation
biomass for biofuels due to land use, food competition, food
price, etc, it is essential to prioritise waste, by and co-product to
be used as feedstock for bioenergy

Working conditions The worker´s quality of life is essential for assuring a fair
product delivery

Biodiversity value Feedstocks used for biofuels should not be produced on land
with high biodiversity value, such as primary forest, protected
areas, etc.

Carbon stock Feedstocks used for biofuels should not be produced on land
with high carbon stock, such as wetlands, continuously
forested areas, etc.

Ecosystem function Feedstocks used for biofuels should not affect ecosystem
functions, such as the reduction in the diversity of species, soil
erosion, decline of water quality and availability, reduction of
soil fertility, etc.

Invasive species Feedstocks used for biofuels that includes new non-native or
invasive species, such as some algae, should be complemented
with risk assessment study and continuous monitoring

Whole trees Trees used for biofuel production should not be used entirely,
but it should be defined according to each forest biomass, using
diameter at breath height (DBH) as an indicator. DBH is a
standard indicator for tree measures

10 I. Salim et al.



3 Feedstock Selection for Bioenergy Production

In the literature, there are several LCA studies that address the environmental
implications of bioenergy systems. However, the use of different methodological
assumptions, such as different input data, functional units, allocation methods and
reference systems, together with the use of specific local factors, hinders the
comparison between environmental outcomes (Cherubini and Strømman 2011).
Despite this fact, most LCA studies have found significant reductions in GHG
emissions and energy consumption when biofuels are used to replace conventional
energy sources (Cherubini et al. 2009). There is also evidence that biofuels cause an
increase in other environmental impacts, such as acidification, eutrophication and
land use. The main source of these impacts is attributed to dedicated crops, which
involve the intensive use of fertilisers and pesticides, causing soil and water pol-
lution. Therefore, the selection of biomass used as feedstock for bioenergy pro-
duction is crucial for the environmental impacts produced in the life cycle of
biofuels.

In terms of energy footprint, it should be considered that the cultivation of
dedicated crops requires fossil energy for biomass production, mainly in agricul-
tural or forestry operations (machinery production and diesel extraction), as well as
in the production of fertilisers and other chemicals such as pesticides. Undoubtedly,
the more fossil fuel required for the production of a certain amount of biofuel, the
less desirable it is as a source of bioenergy (Cherubini et al. 2009). Consequently,
the energy efficiency of the process is a key factor in the selection of feedstocks for
bioenergy purposes, mainly due to crop yields, agricultural or forestry activities and
the amount of fertilisers and other chemicals used.

3.1 Biogas

• Feedstocks for biogas systems and environmental consequences

Biogas is a biofuel produced, together with digestate, during the anaerobic digestion
process. Anaerobic digestion of waste streams shares the principles of circular
economy by converting waste into energy, water and nutrients. Biogas as a biofuel
is a very versatile form of renewable energy, as it can be used for the production of
heat, cogeneration of electricity and heat, as a vehicle fuel or distributed on the
natural gas grid after its upgrade into biomethane (Da Costa-Gomez 2013). The
digestate produced can be used as organic fertiliser because of its nutrient content,
decreasing the need for mineral fertilisers and providing water, relieving pressure
on limited water resources (Norton-Brandão et al. 2013). Figure 3 shows the
general stages of the life cycle of a biogas system.

During the 1970s, anaerobic digestion was mainly applied to the stabilisation
of waste flows (Al Seadi et al. 2013). In this regard, anaerobic digestion was
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considered an option for the management of large quantities of animal waste pro-
duced by the livestock sector, as well as other organic sludge streams produced by
the treatment of industrial and municipal wastewater, which posed a potential risk
of contamination (Holm-Nielsen et al. 2009). In contrast, the cultivation of dedi-
cated crops, such as cereals, was developed in the 1990s in countries such as
Germany and Austria (Al Seadi et al. 2013). In fact, the popularity of financial
incentives for biogas production increased the use of these energy crops. For
example, in Germany, about three quarters of the substrates are energy crops
(mainly maize silage) (Einarsson and Persson 2017). This raised concerns about
land competition, rising food prices and indirect land-use change (iLUC). As a
result, some of the major biogas producers in Europe (Germany and Italy) have
modified the subsidy scheme to encourage the use of agricultural and livestock
waste.

According to Eurostat, the European Union produced 15.6 Mtoe of biogas in
2015: 4.2% more than in the previous year. More than 75% was concentrated in
three countries: (1) Germany (7.9 Mtoe), (2) the United Kingdom (2.3 Mtoe) and
(3) Italy (1.9 Mtoe). As regards the feedstock, the main biomass currently used for
biogas production is energy crops, animal manure and slurry, agricultural and food
wastes, as presented in Table 3. Among the different routes of energy use, biogas is
mainly used for electricity production, with 60.9 TWh in 2015 (5.3% growth in just
one year).

In order to ensure the cost-effectiveness of the process, the potential energy and
nutrient content of the feedstock must be taken into account, which has a direct effect
on the potential production of biogas, as well as on the quality of the digestate
produced. In addition, there are other challenges related to legislative requirements
and technological difficulties in digesting some raw materials (Feiz and Ammenberg
2017).

Energy crops are common substrates for bioenergy production due to their high
biogas potential. Their cultivation requires a high input of fertilisers, pesticides and
energy for agricultural and transport activities, entailing substantial environmental
impacts due to emissions to air, water and soil (European Commission 2014). They
can be fed immediately to the digester after harvest or stored as silage for
year-round availability. Energy crops are various types of grass, cereals, beet,
potato and sunflower. Among them, maize is the most widely used in Europe
(European Commission 2014). The growing demand for maize may imply a change
in land use, increasing the pressure to convert pastures and peatlands into areas for
maize cultivation. In this regard, alternative crops such as sugar beet have recently
been proposed as an alternative for bioenergy production (Jacobs et al. 2017).

However, the concern about the use of cereals for energy purposes is not only
related to the environmental impacts of their production. According to Mela and
Canali (2014), more than 10% of the available agricultural land in the Po Valley
(Italy) was occupied by energy crops, especially maize, which could displace food
crops. Since different energy crops generate different energy yields per hectare, it
is essential to increase the efficiency of agricultural land use (Gissén et al. 2014).

12 I. Salim et al.



It is foreseeable that, in the future, agricultural land used for energy purposes may
be limited by European regulations (Gissén et al. 2014).

In terms of waste type, there are several potential sources of biomass for biogas
production (Table 4). Agricultural residues are produced as crop residues for
human and animal consumption (e.g. straw). These substrates can be left on agri-
cultural soils or used for animal husbandry (Einarsson and Persson 2017). In this
sense, when left on agricultural soil, crop residues are an important source of
organic matter for the soil, and their removal can lead to significant losses of
biogenic carbon (Einarsson and Persson 2017).

Anaerobic digestion of manure recovers energy and reduces the risk of patho-
gens during land spreading (Akbulut 2012). They offer an adequate carbon/nitrogen
ratio (C/N) (around 25/1) and are rich in several nutrients, necessary for the growth
of endogenous anaerobic microorganisms and provide a high buffering capacity that
can help stabilise the process in case of pH decrease. However, they have a low dry
matter content, which negatively affects methane yield and results in high transport
costs (Al Seadi et al. 2013). The yield of biogas production from manure determines
the economic viability of biogas plants located in livestock production areas.
Smaller and more dispersed facilities reduce emissions associated with manure
transport and digester management, while better supporting local farmers’ incomes
(Negri et al. 2016).

Fig. 3 Life-cycle chain of biogas systems

Table 3 List of potential and available feedstocks for biogas production

First-generation biogas

Cereals Barley, Rye, Triticale, Wheat

Others Maize, sorghum

Second-generation biogas

Animal waste Cattle manure, pig manure, poultry manure, rabbit manure

Agricultural waste Maize straw, triticale straw, wheat straw

Industrial and municipality
waste

Food waste, green waste, sewage sludge, waste from biofuel
production

Animal waste Cattle manure, pig manure, poultry manure, rabbit manure,
sheep manure

Third-generation biogas

Microalgae Spirulina

Macroalgae Sargassum spp.

Addressing Environmental Criteria and Energy Footprint … 13
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The use of OFMSW from separate collection provides a clean, high-quality
material for anaerobic digestion that does not compete for land use and reduces
organic material going to landfills or incineration. The rationale behind the use of
OFMSW as an organic substrate for anaerobic digestion is its high methane
potential. It should be noted, however, that the composition of OFMSW varies
according to regions and seasons of the year, as well as to different collection
systems. It is essential to ensure a high degree of purity, since the presence of
inappropriate foreign materials, such as plastics and metals, can adversely affect
process performance and digestate quality as a fertiliser. The impurity content
depends to a large extent on the human factor, i.e. the awareness and motivation of
the population involved in the collection systems (Al Seadi et al. 2013).

There are different studies that analyse the environmental impacts of energy
crops. Bühle et al. (2011) compared the production of biogas and pellets from
residual agricultural biomass with the digestion of whole crops. As shown in
Table 4, the crops studied were rye and maize, growing in a double cropping
system. The limits of the system studied included the release of carbon dioxide from
the soil and heat production. The study included the assessment of technical
indicators such as process efficiency and primary energy requirements as well as
environmental indicators such as climate change, acidification and eutrophication.
For energy efficiency, the authors considered the final energy supplied by biogas
and pellets as produced energy and the non-renewable primary energy required in
the process as an energy input. The results showed that co-production of biogas and
pellets from residual biomass was a more energy-efficient option than the digestion
of whole crops. In addition, GHG savings were achieved in all scenarios because of
the avoidance of fossil fuel-based processes related to heat production, but no
significant differences were found between the two scenarios. Finally, emissions
that produce impacts related to acidification and eutrophication were higher in both
cases than in the fossil reference system. The main drivers of these impacts were
emissions from the combustion of biogas and pellets, as well as from the appli-
cation of fertilisers.

Another paper analysed the effect of local and climatic conditions and agricul-
tural procedures on the cultivation of maize for biogas production in Germany
(Dressler et al. 2012). The system boundaries also included credits for the pro-
duction of digestate and heat. The impacts studied were climate change, fossil
energy demand, acidification and eutrophication. The results showed the important
effect of regional factors on the environmental impacts of maize cultivation. The
main reasons for these differences were different demand for fertilisers, pesticides
and field work due to different irrigation needs.

Subsequent work analysed the production of biogas from maize, triticale and
sorghum, as well as agricultural residues and livestock effluents (Fantin et al. 2015).
The study demonstrated the importance of energy crop cultivation in the environ-
mental performance of biogas systems. These authors also pointed out the relevant
role of digestate management, which entails liquid and solid storage and their
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application as well as the methodological difficulties in accounting for emissions
from the application of mineral and organic fertilisers in LCA studies.

Therefore, according to the studies analysed, the identification of the best energy
crop for biogas production depends on different factors, including biomass yield,
the requirements of fertilisers and pesticides, as well as the agricultural activities
involved. In addition, double-crop systems (maize and wheat rotation or triticale)
achieved better environmental results than single-crop systems.

Beyond energy crops, different studies were carried out on the production of
biogas from waste. The studies conducted by Mezzullo et al. (2013), De Vries et al.
(2012) and Vega et al. (2014) focused on the evaluation of animal waste for biogas
production. The first studied the environmental impacts of biogas production from
cattle waste at a small-scale plant. The results showed that it led to a reduction in
GHG emissions and energy impact compared to kerosene-based energy. However,
other environmental impacts, such as ammonia emissions, were identified. The
second study focuses on the comparison of pig manure mono-digestion with the
co-digestion with several possible co-substrates, including maize silage (alone or in
combination with glycerine), beet tails, wheat yeast concentrate and roadside grass.
The single digestion of animal waste was identified as a limited source of bioen-
ergy; while co-digestion with other substrates increased the environmental impacts
such as climate change, marine eutrophication and marine use due to the use of
products for the substitution of co-substrates. Similarly, Vega et al. (2014) also
evaluated possible co-substrates for animal slurry. The substrates chosen were
straw, organic household waste and the solid fraction of separated slurry, and the
reference scenario selected was the management of animal slurry without biogas
production. Straw was identified as the most successful co-substrate due to its high
methane potential and low nutrient content.

In the field of co-digestion of energy crops in combination with food waste,
Whiting and Azapagic (2014) analysed the production of biogas from agricultural
waste streams such as manure, cheese whey, silage maize residues and fodder beet.
The study concluded that the use of agricultural residues for biogas production
reduced GHG emissions; however, the use of energy crops such as maize reduced
other impacts due to higher biogas yields. In a recent publication, Lijó et al. (2017)
assessed the environmental consequences of replacing energy crops with food waste.
The authors also analysed the influence of raw material composition on the yield of
the entire biogas plant. In biogas systems using energy crops, one of the most
important hot spots was the cultivation step due to diesel consumption and emissions
from fertiliser application. However, these substrates had a higher biogas potential.
Moreover, the characterisation of food waste demonstrated that it can be used as an
alternative co-substrate capable of improving the environmental profile of biogas
production due to its higher energy potential than other waste (e.g. pig slurry).

Giwa (2017) studied the suitability of marine algae (i.e. third generation feed-
stock) as a substrate for biogas production compared to cattle manure. According to
the results obtained, macro-algae achieved slightly better results due to lower
energy and water requirements than cattle manure.
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• Energy of different biogas systems

As indicated in the previous section, the use of waste for biogas production is
beneficial from an environmental point of view, since, in addition to the benefits of
its valorisation for the production of bioenergy and biofertilisers, the advantages of
waste management are added. In fact, in many LCA studies, the environmental
burden of waste production is not considered within the boundaries of the biogas
system, as its production is not affected by its valorisation as bioenergy. Therefore,
in order to calculate the energy life cycle balance of these systems, the input of
energy from waste streams is limited to the collection of waste, its transport to the
biogas plant and the necessary pre-treatment operations. As a result, the energy
balance is very positive, even when some waste streams, such as animal waste, have
a lower energy potential compared, for example, to maize silage. The situation is
completely different when calculating the energy balance of energy crops. Since
this biomass is grown exclusively for bioenergy purposes, all the energy needed for
its cultivation, including pesticides, fertilisers, diesel fuel and the production of
machinery, should be accounted for.

Aiming at analysing the energy efficiency of different substrates for biogas
production, three studies on energy crops were selected (Bühle et al. 2012; Gissén
et al. 2014; González-García et al. 2013). All the non-renewable energies needed
for agricultural and chemical activities were accounted for to meet the fossil energy
needs of different energy crops in different European countries (Germany, Italy and
Sweden). In addition, pig slurry and MSW collection were considered as waste
streams included in the analysis (Lijó et al. 2017). The potential biogas yield
reported in the literature was used as a reference to estimate the energy production
of these raw materials.

Different biomass yields and biogas potential are documented among the dif-
ferent feedstocks in different European countries (Table 5). Sugar beet was iden-
tified as the most productive feedstock, followed by maize cultivated in Germany
and Italy. The biogas potentials of other Italian crops (wheat and triticale) together
with rye produced in Germany, were also high, being hemp as the species with the
lowest yield reported. It is worth noting the significant difference in potential biogas
production between maize produced in Germany and Italy, according to the sci-
entific literature, which may be caused by different types of maize, climatic con-
ditions or management practices. Agricultural activities can be classified into field
preparation, crop growth and biomass harvesting. Within field preparation, the most
common activities are ploughing, harrowing and organic fertilisation with digestate.
Irrigation is only carried out during maize cultivation in Italy, probably due to the
drier climate compared to Germany. Mineral fertilisation is also performed on all
crops under study, but with different chemicals and fertilisation rates.

Figure 4 shows the energy requirements and the production of different feed-
stock in different European countries, together with the EROI obtained. As shown,
all these differences discussed before are translated into different energy inputs and
outputs for different feedstocks. Energy crops that require more energy in their
cultivation (i.e. rye and maize) also translate into higher energy production due to
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the high potential for biogas production. Hemp and sugar beet have similar energy
potential; however, the energy required to produce 1 kg of sugar beet is less than
that required to produce 1 kg of hemp, even though sugar beet production requires
more intensive agricultural practices. More specifically, while hemp requires har-
rowing twice a year, sugar beet includes harrowing repeated 3 times; in addition,
unlike hemp, sugar beet also includes the application of pesticides (twice) and

Table 5 Feedstocks considered in the energy analysis

Feedstock Source Location Feedstock
yield

Biogas potential

Rye Bühle et al. (2011) Germany 32.2 t rye/ ha 108.0 LN CH4/kg
rye

Maize Bühle et al. (2011) Germany 60.0 t maize/ ha 71.4 LN CH4/kg
maize

Wheat González-García et al. (2013);
Negri et al. (2014)

Italy 37.0 t DM/ ha 78.45 LN CH4/kg
wheat

Triticale González-García et al. (2013);
Negri et al. (2014)

Italy 38.0 t DM/ ha 92.9 LN CH4/kg
triticale

Maize González-García et al. (2013);
Negri et al. (2014)

Italy 50.0 t DM/ ha 125.6 LN CH4/kg
maize

Hemp Gissén et al. (2014) Sweden 24.8 t hemp/ha 74.7 LN CH4/kg
hemp

Sugar
beet

Gissén et al. (2014) Sweden 97.7 t sugar
beet/ha

76.9 LN CH4/kg
sugar beet

Pig slurry Lijó et al. (2017) Italy – 13 LN CH4/kg
pig slurry

OFMSW Lijó et al. (2017) Italy – 66 LN CH4/kg
OFMSW
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inter-row weeding (twice). Higher sugar beet yields per hectare significantly
improved the energy efficiency of the crop.

As regards waste streams, pig slurry for biogas generation requires a very low
energy input, since only the tractor used for its collection and transport to the plant
is included; however, this feedstock produces less biogas than any other biomass
under consideration (Table 3). On the other hand, OFMSW represented a higher
energy input compared to pig slurry due to the impact associated with municipal
waste collection; however, the biogas potential of this feedstock is much greater
compared to pig slurry.

However, it should be noted that food waste streams vary greatly from season to
season and from region to region. The EROI value of each feedstock, as well as the
energy consumed in production and the energy potential can be found in Table 6.
According to the results obtained, the highest EROI corresponds to triticale, fol-
lowed by pig slurry. While triticale yields a relatively high energy yield with low
energy requirements, the satisfactory results of pig slurry are motivated by the low
energy demand required for its collection. Finally, hemp led to the worst ratio
between the energy needed for production and the energy produced per unit mass.
These results are related to a low biomass yield per hectare of cultivated land,
despite relatively intensive agricultural activities.

3.2 Bioethanol

• Available feedstocks for bioethanol production and their environmental
implications

Ethanol is a volatile, transparent and flammable liquid that is widely used as a
solvent, as an ingredient in alcoholic beverage companies and as a fuel additive in
the transport sector. Within the total liquid fuels available on the world market,
demand for bioethanol has grown considerably and currently represents the main
commercially available biofuel. World ethanol production has increased from 28.5
billion litres in 2004 to 98 billion litres in 2015 (Debnath et al. 2017). Some
countries, such as Brazil and the United States, have established minimum volumes
of biofuel production as government policies (Timilsina and Shrestha 2010). These
two countries are leaders in the global bioethanol market, accounting for 85% of
total world production of 101 billion L in 2016 (IEA 2017b).

Sugarcane produced in Brazil and maize in United States are the main sugar and
starch crops used for bioethanol production, respectively. In addition to sugar cane,
other sugar crops for ethanol production include sugar beet and sweet sorghum
(Machado et al. 2017). For sugar crops, the process usually involves sugar
extraction, fermentation and distillation (Fig. 5). Although it can be produced by
chemical processes, fermentation is the most common used step, which occurs
when yeasts break down sugars into alcohol and carbon dioxide (Timilsina and
Shrestha 2010).
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When starches are used for ethanol production, after the milling stage to extract
the starch, an enzymatic process is required to convert starch into simple sugars (i.e.
glucose) (Fig. 6). Therefore, this process implies increased energy use and higher
costs (Timilsina and Shrestha 2010). The most commonly used starch crops for
bioethanol are maize and wheat. Others include cassava, rice, barley, wheat, etc.
(Machado et al. 2017).

The conversion of edible biomass for bioethanol production is increasing the
debate on the real sustainability of using virgin sugar and starch crops (Bansal et al.
2016). Unlike first-generation ethanol (sugars and starches), lignocellulosic ethanol
has the potential to use a wide variety of biomass sources, which do not compete
with food and feed markets, found in agricultural by-products, forestry operations
as well as residues from industrial and household streams.

Lignocellulosic biomass is composed of tree natural polymers: cellulose,
hemicellulose and lignin. The process of conversion to sugars usually includes the
following processes: pre-treatment, hydrolysis (to break down cellulose into glu-
cose), fermentation (to convert sugars into ethanol) and purification (i.e., distilla-
tion) (Chia et al. 2017; Song et al. 2018; Timilsina and Shrestha 2010) (Fig. 7).
However, the techno-economic feasibility for the use of lignocellulosic ethanol is

Fermentation DistillationSugar 
crops Bioethanol

Sugar 
Extraction

Fig. 5 Bioethanol production process from sugar crops

Fermentation DistillationStarch 
crops Bioethanol

Hydrolysis 

Starch 
extraction

Fig. 6 Bioethanol production process from starch crops

Hydrolysis Fermentation BioethanolLignocellulose Distillation

Pre-
treatment

Fig. 7 Bioethanol production process from lignocellulose
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now significantly lower than the process associated with the use of sugars and
starch-based crops (Song et al. 2018). Today, the lignocellulosic raw materials with
the greatest potential for bioethanol production are maize stover, straw, grass and
bagasse (IEA 2017b; Lynd et al. 2017).

Although not yet technically and economically viable, bioethanol production
from microalgae (e.g. spirulina) (Hossain et al. 2015) and macroalgae (e.g.
Sargassum) (Borines et al. 2013) is very promising, as these feedstocks can store a
large amount of carbohydrates, consisting mainly of starch and cellulose
(Sivaramakrishnan and Incharoensakdi 2018). Table 6 below summarises the
potential and available raw materials used for bioethanol.

Table 7 presents a review of the literature on LCA of different types of feedstocks
for bioethanol production. It can be observed that the most common functional units
(FUs) are mass of ethanol (in kg), energy content in ethanol (in MJ) or distance
(in km). The most widely used impact categories are climate change, acidification,
eutrophication, ozone depletion, photochemical oxidant formation, human toxicity
and ecotoxicity. LCA studies on bioethanol feedstocks usually analyse both energy
content (MJEtOH) and GHG emissions (kg CO2 eq) to understand the relationship
between GHG emissions and energy use (kg CO2 eq/ MJEtOH).

The literature review summarised in Table 7 shows a time scale of approxi-
mately 10 years, which includes LCA studies of bioethanol production using first
and second generation feedstocks. The results of LCA can vary considerably,
depending on many factors: data quality, the impact assessment methods chosen,
geographical location, climatic conditions, consideration of land-use change and
biogenic carbon dioxide, system boundaries, type of feedstock, agriculture/forestry
management, and so forth.

The work of Zimbardi and Cerone (2007), comparing the most common feed-
stocks used for ethanol production (maize, sugar cane, beet and wheat), concluded
that sugar cane has by far the best energy and environmental performance, followed
by maize. Sugar beet and wheat, however, had the lowest energy yield and the

Table 6 List of potential and available feedstocks for bioethanol production

First generation bioethanol

Sugar crops Sugarcane, sugar beet, sweet sorghum

Starch crops Maize, rice, barley, wheat, cassava

Second generation bioethanol

Lignocellulose from agriculture and
silviculture production and residues

Corn stover, straw, bagasse, Molasse switchgrass,
Ethiopian mustard, Flax shives, Poplar,
miscanthus, Fiber Sorghum, Banana rachis

Industrial and commercial waste Food waste; Pulp and paper sludge

Animal waste Cattle manure

Third generation bioethanol

Microalgae Spirulina

Macroalgae Sargassum spp.
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worst environmental burdens. However, local considerations are likely to influence
the environmental outcomes. In India, sugar cane-based ethanol appears to be more
environmentally friendly than Brazil in terms of GHG emissions, since ethanol in
India is produced exclusively from a co-product of sugar cane: molasses. However,
India has lower sugar cane yields and much higher irrigation water requirements
(Tsiropoulos et al. 2014).

Soam et al. (2015) considered different allocation methods to assess the per-
formance of molasses-based ethanol in different regions of India. Sugar cane cul-
tivation alone is responsible for more than 60% of total energy consumption due to
high fertiliser and water use. The results showed that the inclusion of the allocation
is imperative, due to the value of the by-products of the sugar cane industry. Muñoz
et al. (2014) carried out an evaluation among different feedstocks (sugarcane,
maize, maize stover, sugar beet and wheat) in France, Brazil and the USA and
concluded that, from a GHG perspective, biomass-based ethanol is advantageous
compared to carbon-based counterpart. Nevertheless, when other environmental
indicators, such as land use, are investigated, there are many trade-offs. The authors
also require harmonising calculation methods related to land use change.

Wang et al. (2012) investigated maize, corn stover, switchgrass and miscanthus
(cultivated in the USA) and sugarcane (cultivated in Brazil) for bioethanol pro-
duction. For all potential biomass assessed, it was concluded that GHG emissions
are highly dependent on the use of nitrogen fertilisers, due to the release of nitrous
oxide into the atmosphere. Another important consideration is that the seasonal
characteristic of the lignocellulosic cultivation. Cassava fuel ethanol showed a 73%
reduction in gasoline-related GHGs (Hanif et al. 2017). From an energy point of
view, the outcomes from NEB and NER showed positive values from
cassava-based ethanol, confirming its energy efficiency.

With regard to sugar beet ethanol, its carbon intensity in California was esti-
mated to be 71% lower than that of gasoline (Alexiades et al. 2018). However,
regarding other impact categories, such as land-use change, conventional gasoline
is preferable. Foteinis et al. (2011) assessed the impact of converting old sugar beet
plants into novel bioethanol plants in Greece. The results showed that this trans-
formation would reduce overall environmental impacts by approximately 30%. In
addition, the existing infrastructure and knowledge of the sugar beet plant facilitates
the redesign of the sugar beet bioethanol plants.

Bioethanol produced from switchgrass (Bai et al. 2010) and wheat straw
(Borrion et al. 2012) achieved 65% and 73% reductions in GHG emissions driven
by a blend of ethanol and E85 fuel, respectively. For E15 wheat straw ethanol,
GHG emissions were reduced by only 13%. The E100 high-level ethanol blend was
evaluated in the work of Wang et al. (2013) using five types of pretreatment
technologies for wheat straw. Compared to their gasoline counterparts, the results
showed a GHG emission savings of 45% using E100 ethanol. In addition, the
authors indicated that enzyme production is a major burden on the environment and
that, although wheat straw is a by-product, it contributes significantly to global
warming, eutrophication and ecotoxicity.
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In LCA studies, it is important to consider that ethanol fuel is commonly blended
in the market with gasoline, for example, as a low level blend of E10 ethanol (10%
anhydrous ethanol and 90% gasoline) or a high level blend of E85 ethanol (85%
anhydrous ethanol and 15% gasoline). When comparing different potential ligno-
cellulosic feedstocks (alfalfa stems, poplar, Ethiopian mustard, flax shives and
hemp hurds) for ethanol production, Ethiopian mustard showed a 145% reduction
in GHG emissions compared to conventional gasoline regarding the blend E85
(González-García et al. 2010). On the other hand, the amount of fuel required to
drive 1 km is estimated as 0.063 kg for E10 and 0.092 kg for E 85 (Forte et al.
2018; González-García et al. 2010; Knoll et al. 2009).

The LCA study on banana lignocellulosic waste for ethanol in Ecuador showed
an emission of 0.031 kg CO2/MJ of bioethanol, compared to 0.088 kg CO2/MJ for
conventional gasoline (Guerrero and Muñoz 2018). Ecuador is the largest exporter
of bananas in the world, representing a great opportunity to use the products of its
crops for the production of ethanol, such as Banana rachis. In Italy, lignocellulosic
fibre sorghum fuel ethanol demonstrated environmental improvements for climate
change, ozone and fossil fuel depletion, but worse values for acidification and
eutrophication (Forte et al. 2017). This LCA included the use of marginal land for
sorghum production with the aim of reducing risks related to land competition,
saving energy and reducing environmental pressure.

LCA studies on side streams from industrial or households activities for bioe-
thanol production were also evaluated. Bioethanol conversion from food waste was
assessed, with a reported improvement in GHG emissions of about 500% compared
to maize ethanol and conventional gasoline, when avoided emissions from food
waste disposed in landfills were included in the analysis (Ebner et al. 2014). In
terms of cattle manure for bioethanol, the recovery of waste offsets the environ-
mental burden of biofuel production. Overall, all the impact categories showed low
values, being the drying process of manure the largest contributor (de Azevedo
et al. 2017). Sebastião et al. (2016) modelled a pulp and paper sludge bioethanol
plant. The results demonstrated that hydrolysis and neutralisation of CaCO3 account
for up to 85% of the global environmental impacts.

• Energy requirements of these feedstocks

As indicated in the previous section, the use of waste and by-products from
agricultural activities is advantageous from an environmental point of view, pro-
vided that it does not affect soil quality and fertility. The number of studies on
second-generation biomass, such as lignocellulosic raw materials from agricultural
and forestry residues, has increased considerably over the last decade and has
shown that it is possible to reduce environmental burdens.

Aiming to assess the life-cycle energy of different biomass located worldwide,
this study will analyse the energy efficiency by comparing the following feedstocks:
sugarcane, maize, wheat straw, maize stover and switchgrass (Bai et al. 2010;
Borrion et al. 2012; Giuntoli et al. 2013; Luo et al. 2009; Muñoz et al. 2014;
Tumuluru 2015), as shown in Table 8.
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As shown in Table 8, sugarcane biomass has the most productive yield, fol-
lowed by switchgrass, maize, maize stover and wheat straw. Nevertheless, in terms
of bioethanol potential, sugarcane has the lowest percentage, followed by wheat
straw, maize stover, switchgrass and maize. Chemical fertilisation and phytosani-
tary application are taken into account in all feedstocks. The irrigation phase is only
included for maize, maize stover and wheat straw. Only agricultural activities,
harvesting and transport are investigated in this study. Additionally, an average
distance of 30 km was estimated between the agricultural field and the bioethanol
plant.

Figure 8 shows the calculation of EROI for the different biomass and bioe-
thanol potentials. The energy considered for ethanol is based on its low heating
value (LHV), which is 28 MJ/kg of ethanol (Rocha et al. 2014). As regards the
CED calculation, only non-renewable energies used in the agricultural phase were
considered.

Table 8 Biomass considered for energy analyses for bioethanol

Feedstock Source Location Feedstock
yield

Bioethanol
potential

Sugarcane Muñoz et al. (2014) Brazil 82,697 kg/
ha

7.7 kg/kg
EtOH

Maize
stover

Luo et al. (2009); Muñoz et al.
(2014); Tumuluru (2015)

United
States

4,676 kg/
ha

3.9 kg/kg
EtOH

Wheat
straw

Borrion et al. (2012); Giuntoli
et al. (2013); Muñoz et al. (2014)

France 2972 kg/ha 5 kg/kg
EtOH

Switchgrass Bai et al. (2010); Mitchell et al.
(2012); Tumuluru (2015)

Global 16 000 kg/
ha

3.8 kg/kg
EtOH

Maize Muñoz et al. (2014) United
States

9703 kg/
ha

2.5 kg/kg
EtOH
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As noted, maize biomass has the greatest energy potential. However, it turned
out to have the highest CED. Although sugarcane is known for its high production
yields, the production of sugarcane bioethanol requires more biomass inputs than
maize. The maize stover is a by-product and, as a result, the fossil energy used will
be reduced as the energy flows between maize and the stover are allocated. The
same reasoning applies to wheat straw, as a by-product of wheat. Switchgrass
showed the lowest CED because of its agricultural practices, which do not require a
large amount of chemical inputs compared to traditional crops.

The biomass switchgrass achieved the highest EROI, followed by the maize
stover, wheat straw, maize and sugarcane, as shown in Fig. 8. It can be observed
that second-generation bioethanol has achieved a higher EROI result than
first-generation bioethanol (i.e. sugar cane and maize). Compared to sugarcane,
maize has a high CED value due to high irrigation practice. However, the bioe-
thanol yield of maize is much higher than that of sugarcane, resulting in a more
positive EROI. Overall, all feedstocks reached an EROI higher than 1, which means
that the production of bioethanol from these raw materials is not an energy sink.
However, to be considered sustainable, the literature indicates that the EROI value
must have a minimum value of 3 (Carneiro et al. 2017).

3.3 Biodiesel

• Environmental consequences of different feedstocks for biodiesel generation

Biodiesel fuel is constituted by lipids, known as fatty acid methyl esters
(FAME). Its production is produced mainly by transesterification, where a catalysed
chemical reaction occurs between an alcohol and a vegetable oil, generating FAME
and glycerol (Fig. 9) (Anastopoulos et al. 2009). Biodiesel reached a worldwide
production of 36 billion litres in 2016 (IEA 2017b). Unlike bioethanol, which has a

TransesterificationAlcohol

Oilseed crops/ 
residual materials

Refining Biodiesel

Glycerol

Fig. 9 Biodiesel production process
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market dominated by two countries (Brazil and the USA), the distribution of bio-
diesel is more dispersed throughout the world. There is a wide range of possible
feedstocks for biodiesel production, with more than 350 types of biomass (Oh et al.
2012; Rehan et al. 2018). This fuel is mainly produced from oilseed crops (e.g.
palm oil, rapeseed, soybean, sunflower, jatropha and coconut). With the exception
of jatropha, these raw materials mentioned above are classified as first-generation
biodiesel, since they compete with food and feed markets (Timilsina and Shrestha
2010).

The opportunity to use second-generation biofuels has grown on the basis of the
many examples found in the literature. The feedstock possibilities are those pro-
duced by non-food oilseed crops such as jatropha (Siregar et al. 2015) and camelina
(Tabatabaie et al. 2016), biomass from agricultural and forestry residues, such as
rice straw (Zheng et al. 2012), tomato seeds (Giuffrè et al. 2016), industrial and
household waste streams, such as sewage sludge (Chen et al. 2018b), used cooking
oil, animal fat waste, etc (Seber et al. 2014). As for third-generation biodiesel,
efforts to produce biodiesel from micro and macroalgae have increased in the last
decade (Gnansounou and Kenthorai Raman 2016; Khan et al. 2017; Kligerman and
Bouwer 2015; Piloto-Rodríguez et al. 2017). Table 9 depicts examples of feed-
stocks for biodiesel production.

It is estimated that about 75% of the global production cost of biodiesel is due to
the selection of the feedstock. In addition, it is cheaper to produce diesel from fossil
fuels, between 1.5 and 3 times (Rehan et al. 2018). It is therefore important to find
alternatives to the traditional oilseed crops used for biodiesel technology, as well as
to improve the processing technologies of feedstocks that can compete with fossil
diesel. A literature review based on LCA studies of feedstocks for biodiesel pro-
duction was conducted using references from the last decade (Table 10). Two main
functional units were used: mass-based (e.g. kg) and energy-based (e.g. MJ). Unlike
bioethanol, few studies use km as the functional unit. This may be due to the
biodiesel market as transportation fuel, which is less established and distributed
than bioethanol. It is important to note that results may vary significantly according

Table 9 List of potential and available feedstocks for biodiesel productions

First-generation biodiesel

Edible oil crops Palm, rapeseed, sunflower, soybean, Linseed, Cotton seed

Second-generation biodiesel

Non-edible oil crops/
Lignocellulosic residues

Jatropha, camelina, pongamia, neem, rice straw, castor oil

Industrial and commercial
waste

Food waste, used cooked oil, sewage waste

Animal waste Fish oil, tallow, poultry fat

Third-generation biodiesel

Microalgae Chlorella vulgaris, Nannochloropsis sp., Arthrospira
platensis and Arthrospira maxima

Macroalgae Cladophora fracta
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to the system boundary applied in the bioethanol production chain. For instance, if
the results are analysed by quantity of biodiesel or area under cultivation.

Hu et al. (2008) displayed trade-offs between soybean biodiesel and conven-
tional diesel. The results showed that nitrogen oxides (NOX) emissions from
soybean-based biodiesel in China are nearly 80% higher than those of conventional
gasoline, despite the significant reduction (67% less) in CO2 emissions. However,
the prices of biodiesel (without subsidies) are much higher (86%) than those of
conventional gasoline. In Malaysia, compared to gasoline, 38% of CO2 emissions
from biodiesel combustion were reduced using palm oil biomass (Yee et al. 2009).
In addition, this study indicated a net positive energy through the use of palm
biodiesel, more than twice as much as rapeseed oil.

Tsoutsos et al. (2010) compared three types of biomass for biodiesel (rapeseed,
sunflower and soya) in Greece, with rapeseed being the worst raw material from an
environmental point of view, due to the high use of fertilisers. However, it is the
most favourable bioethanol yield. Sanz Requena et al. (2011) also compared the
same three feedstocks under a general geographic perspective. The results
demonstrated that among all the biodiesel production processes, the cultivation of
these feedstocks presented the worst impact. In addition, the impact category most
affected is land use, due to the high impact on the category of damage to ecosystem
quality. An LCA study on soybean and palm biodiesel was conducted using
inventory data from Brazil (Rocha et al. 2014). For both feedstocks, the agricultural
process is the main contributor to environmental impacts due to the use of fertilisers
and pesticides. The eutrophication impact category showed a greater impact for
soybean than palm oil. This is due to the high input of nutrients.

Siregar et al. (2015) compared palm oil and jatropha-based biodiesel in
Indonesia and concluded that palm oil had a higher environmental impact. The
application of fertilisers and the protection of plants on both crops are primarily
responsible for environmental burdens. Fernández-Tirado et al. (2016) investigated
rapeseed grown in Spain and soya grown in Argentina for biodiesel consumption in
Spain. Soybean biodiesel from Argentina had a better environmental performance,
with seed production and fertilisation being the processes with the greatest envi-
ronmental impact.

Chen et al. (2018b) analysed biodiesel production in the USA, showing that,
compared to gasoline diesel, soy-based biodiesel can achieve a reduction of up to
80% in fossil energy consumption and between 66 and 72% in GHG emissions. The
raw material cotton was investigated under Brazilian conditions by Lima et al.
(2017). Once again, the results showed that the agricultural phase represents the
greatest environmental burden, due to the application of fertilisers and pesticides. In
addition, the transesterification process produces liquid effluents that are released
into water bodies, increasing eutrophication levels.

The production of camelina and flax seed for biofuels in the Italian
Mediterranean region was investigated, showing that the seed production process
represents by far the largest environmental weight for both feedstocks, due to the
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diesel required for agricultural machinery (Bacenetti et al. 2017). In fact, the use of
fossil fuels in the agricultural process for biofuel production is quite controversial.
Tabatabaie et al. (2016) investigated camelina biomass and demonstrated the
importance of soil emission in LCA studies from a regional perspective. The way
how agriculture is managed will have a positive or negative impact on the envi-
ronment. Using non-tillage cropping system, for instance, has lower GHG emis-
sions than conventional tillage.

In Algeria, Castor oil biomass for biodiesel presented a positive alternative
environmental pathway, showing a positive reduction in climate change (Amouri
et al. 2017). Additionally, in this study, the EROI value of 2.6 demonstrated a
positive energy balance. The results of the LCA study by Rajaeifar et al. (2016)
comparing the use of olive pomace in Iran as biodiesel (B20 and B100 blends) with
conventional diesel showed positive and negative aspects. For instance, the use of
biomass-based B100 blends is a better option in terms of GHG and resource
damage categories, but the worst choice in terms of human health and ecosystem
quality categories. Khandelwal and Chauhan (2013) considered the use of neem and
pongamia plants for biodiesel production and identified that energy use during the
initial processing phase of these plants is lower than the combustion phase. The
wood from these plants is also valuable to the construction industry (e.g. furniture),
which is an advantage over carbon sequestration.

In the USA, the use of poultry fat as a feedstock for biodiesel showed a slight 6%
reduction in GHG emissions compared to diesel fuel (Jørgensen et al. 2012). This is
because poultry fat already has a market value and increasing the use of biomass for
biodiesel would eliminate this biomass from its initial use. Therefore, the current
user of poultry fat would have to find substitutes, which would lead to an increase
in GHG emissions. Sajid et al. (2016) evaluated used cooking oil and jatropha as
feedstocks for biodiesel production in the United States, showing that the total
environmental impact of cooking oil use is 74% lower than that of jatropha bio-
mass. However, as the process of converting cooking oil into biodiesel requires a
number of chemicals and a great deal of energy, jatropha biodiesel is more efficient.

Microalgae-based biofuels demonstrated environmental and energy benefits in
China (Yanfen et al. 2012). The major impact to produce microalgae biodiesel is
associated to photochemical ozone formation. The energy use for microalgae bio-
diesel showed an improvement of about 40% compared to its fossil
counterpart. Moreover, CO2 is the major input source that microalgae use for
growth. Therefore, the higher the microalgae yield, the lower GHG is emitted.
Another study on microalgae as an alternative to biodiesel and to use its co/products
for chemicals and animal feed in India was reported (Gnansounou and Kenthorai
2016). The study highlighted the importance of conducting LCA studies in the early
stages of product development. Not surprisingly, the results indicated that
algae-based biodiesel has a lower environmental burden in relation to land use than
other biofuels. However, with current technology, algae biodiesel cannot compete
with terrestrial biofuels and fossil fuels in terms of energy efficiency.
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• Energy efficiency of biodiesel production from different biomass

As indicated in the previous section, the use of second-generation biomass for
biodiesel is favourable since, in general, environmental burdens are reduced. In
addition, the number of studies concerning second-generation biomass, such as
Jatropha, used cooking oil and even third-generation raw materials, such as algae,
has increased in the last decade, as alternatives to non-edible crops. This study will
perform an energy analysis of the following feedstocks: palm, jatropha, soybean,
cotton seed and poultry fat, as shown in Table 11. All agricultural activities are
included, as well as harvesting and transportation. A transport distance of 30 km
from the field to the processing plant was assumed. In the case of poultry fat, as it is
a waste, a longer distance (50 km) to the biodiesel processing plant was considered.

The feedstock yield and biodiesel potential vary widely from one study to another
as they depend on a plethora of considerations: regional and climate conditions,
types of agricultural practices, types of feedstock etc. Soybean and palm fruit fresh
bunch (FFB) are the two main feedstocks used for biodiesel. Palm FFB has the
highest feedstock yield and soybean is the least productive. However, palm FFB
takes longer to be harvested and soybean has a higher biodiesel yield than palm FFB.
It is important to bear in mind that jatropha also has a high production per hectare
and is a second-generation biomass, which does not compete with food/feed mar-
kets. With the exception of the assessment of poultry fat, the countries considered in
the feedstock analysis are one of the main agricultural producers worldwide and
these feedstocks account for a significant part of their economy. Fertilisation and
plant protection have very different input loads and are considered in all agricultural
activities. Irrigation is not taken into consideration in the assessed feedstocks.

The energy analysis of the different biomass for biodiesel production is shown in
Fig. 10. For the calculation, the EROI methodology was used, which in this case
represents the relationship between the biodiesel energy supplied and the energy
produced. In the case of biodiesel, the energy considered was based on its LHV
(39 MJ/kg of biodiesel) according to the literature (Mata et al. 2014).The CED did
not include renewable energy for chemical and agricultural assets, as the objective
is only to account for fossil energy use. Poultry fat was only counted as a waste
stream from collection to the biodiesel plant.

Table 11 Biomass considered for energy analyses for biodiesel

Feedstock Source Location Feedstock
yield

Biodiesel yield

Palm Siregar et al. (2015) Indonesia 82,697 kg/ha 6.38 kg/kg
BDF

Jatropha Siregar et al. (2015) Indonesia 9,703 kg/ha 4.5 kg/kg BDF

Soybean Chen et al. (2018c) United
States

4,676 kg/ha 5.5 kg/kg BDF

Cotton
Seed

Lima et al. (2017) Brazil 3846 kg/ha 10 kg/kg BDF

Poultry fat Jørgensen et al.
(2012)

Global – 1.16 kg/kg
BDF
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It is important to note that the results of EROI may be different if treatment and
utilization phases are taken into account. Each raw material and each processing
plant has different processing phases and characteristics. A very important con-
sideration is to reflect on the potentialities and trade-offs to use alternative feed-
stocks for biodiesel production, such as poultry fat. Jørgensen et al. (2012)
demonstrated that poultry fat has already an established market in the USA and the
replacement of fossil fuels by poultry fat biodiesel will lead to a reduction in the
poultry fat feedstock, which may increase the necessity to find fossil fuel
alternatives.

As depicted in Fig. 10, poultry fat portrays a high energy potential. The
cumulative energy demand is very low, as only the transport of poultry fat waste to
the plant is taken into account, which generates a very high EROI value. Jatropha in
Indonesia represents the greatest potential for biodiesel and has a relatively low
energy demand in the agricultural phase. In addition, although soybeans in
Indonesia have a higher yield than jatropha, they require more agricultural and
chemical inputs. In addition, a large amount of palm fruit is needed to produce
biodiesel.

Soybean has the lower yield among the feedstocks, but is energy efficient,
resulting in an EROI more than 3 MJ/MJ. Regarding cotton seed in Brazil, its
production is characterised by intensive fertiliser and pesticide application.
Moreover, the technology is still not developed for cotton seed biodiesel, resulting
in an “energy sink”. As shown in Fig. 10, the outcomes from EROI are very
different for each feedstock. This is due to different amount of energy consumption,
geography, climate, agricultural and processing practices. The results from poultry
fat, for instance, are driven by its very low energy demand, while cotton seed by its
high chemical fertiliser and pesticide demand in agriculture.

-50
-40
-30
-20
-10
0 
10
20
30
40
50

-10
-8
-6
-4
-2
0
2
4
6
8

10

Palm Jatropha Soybean Cotton Seed Poultry fat

Indonesia Indonesia United States Brazil Global

ER
O

I (
M

J o
ut

/M
J i

n)

En
er

gy
 in

 a
nd

 o
ut

 (M
J/

kg
 o

f b
io

m
as

s)

Ced in production Energy potential EROI

Fig. 10 Energy required and produced for each feedstock under study

Addressing Environmental Criteria and Energy Footprint … 35



4 Conclusions

One of the main challenges for the energy sector in this century will be to decouple
a growing energy supply from increasing GHG emissions. Bioenergy has been
considered as one of the options to address this challenge. The analysis of sus-
tainability and energy criteria for feedstocks produced for bioenergy generation
highlights the benefits of using waste streams as well as raw materials produced
through logistically efficient and sustainable production systems.

This research defined the most relevant sustainability criteria in the exploitation
of feedstocks for bioenergy production from a life cycle perspective. Three types of
biofuels were evaluated: biogas, bioethanol and biodiesel. The comprehensive lit-
erature review on LCA studies conducted showed the diverse type of functional
units found in the literature. Using a mass-oriented perspective as functional unit
assumes that fuel supply is constrained by biomass production and supply. In
contrast, a distance-oriented supposes biofuels supply are unlimited. An
energy-driven functional unit will evaluate the quality and efficiency of this biofuel.
Moreover, many studies have identified inconsistent results (from very positive to
negative environmental consequences), leading to great uncertainty on this issue.

The results will be based on geographical, technological and temporal coverage
and data quality. Many sustainability criteria, such as the quality of biodiversity and
land use change, are very difficult to assess due to the lack of information and the
difficulty of quantifying them. However, some criteria can be addressed: GHG
emission intensity, consistency with legislation, resource and energy efficiency,
prioritisation for waste and residues and scale of deployment (e.g. competition with
food/feed stocks). The most common impact categories selected are climate change,
abiotic depletion, ozone depletion, eutrophication, acidification, photochemical
smog, human toxicity and fossil depletion. Land use and water depletion, although
a very important impact category in relation to agriculture and forestry, were
addressed in a few studies. Many studies analyse only climate change and energy as
environmental indicators to understand the relationship between GHG emissions
and energy. Future prospects for sustainable biofuel production include improved
understanding of feedstock properties and suitable alternatives, as well as of the
material and energy mass balances between production facilities. Another key issue
is to assess uncertainty in LCA studies, due to the inherent variability and com-
plexity of biofuels.

The EROI methodology was found to be suitable for comparing conventional
and innovative biomass sources for bioenergy. The results vary considerably from
one raw material to another, due to differences in geographical distribution, agri-
cultural practices and energy efficiency index. In many cases, it was found that the
use of by-products (e.g. maize stover for bioethanol) or waste (pig slurry for biogas)
as a biomass source for biofuels could have better EROI values than first generation
feedstocks due to the allocation of environmental burdens.

Biofuels currently play an important role in the economy, society and envi-
ronment worldwide. However, the widespread of biofuels in the future may lead to
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unintended negative side-effects, such as land use and biodiversity losses.
Moreover, these environmental consequences may be also increased due to the
growing demand of feedstocks for the production of other products including
bioplastics, biolubricants, biocomposites and biochemical, as a result of the
growing European bioeconomy. However, the indicators available for quantifying
these impacts are not only controversial, as already noted, but also difficult to
quantify and interpret. Biofuel technology from first-generation feedstocks is now
well established. However, for a sustainable future, research into the recovery of
waste and by-products from raw materials must grow in order to avoid land
competition as well as with the food and feed supply. Moreover, the use of
abandoned land is another relevant factor in the pursuit of sustainable development
of these products. LCA studies should also address not only global but regional
assessments, especially when dealing with the biomass production stage. For
example, aspects related to soil fertility or crop yield rely on local aspects such as
soil type and climate. This study only assessed a cradle to gate analysis, from
agriculture production until biomass transportation. For a global assessment, it is
recommended to evaluate the energy footprint for the downstream processing
stages.
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Glossary

BDF Biodiesel Fuel

CED Cumulative Energy Demand

CC Climate Change

CO2 Carbon dioxide

C/N Carbon to nitrogen ratio

EIA Environmental Investigation Agency

EPA Environmental Protection Agency

EtOH Ethanol

EROI Energy Return on Investment

FFV Flexible-Fuel Vehicle

FSC Forest Stewardship Council

FBS Fuel Baseline Standard
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GGL Green Gold Label

GHG Greenhouse gases

GWP Global warming potential

ISCC International Sustainability and Carbon Certification System

ITC The International Trade Centre

LCA Life Cycle Assessment

LHV Low Heating Value

LUC Land Use Change

NER Net energy Ratio

OFMSW Organic Fraction of Municipal Solid Waste

RA Rainforest Alliance

RED Renewable Energy Directive

RSB Roundtable on Sustainable Biomaterials

RSPO Roundtable on Sustainable Palm Oil

RTRS Round Table Responsible Soy

SAN Sustainable Agriculture Network
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Cumulative Energy Demand
of Hydrogen Energy Systems

Antonio Valente, Diego Iribarren and Javier Dufour

Abstract Hydrogen energy systems are expected to play a significant role in
achieving a sustainable energy sector. This requires that sustainable hydrogen
options are actually available and implemented. In order to check the suitability of
hydrogen under sustainability aspects, the life cycle assessment methodology is
often used. In particular, global warming (i.e., carbon footprint) and cumulative
energy demand (CED or energy footprint) are among the most common life-cycle
indicators evaluated for hydrogen energy systems. This chapter provides a complete
library of consistent (i.e., harmonised) CED values for a high number of hydrogen
production options belonging to different technological categories (thermochemical,
electrochemical, and biological). Overall, 71 case studies of renewable hydrogen
are benchmarked—in terms of CED—against the reference case of conventional
(fossil-based) hydrogen from steam reforming of natural gas. Furthermore, a cor-
relation equation between CED and carbon footprint is calculated and applied for
the estimation of harmonised CED values. The use of harmonised values allows
sound comparisons by mitigating the risk of misinterpretation. The results show that
electrochemical hydrogen generally performs better than thermochemical hydrogen,
while biological systems show a high dispersion of values. Especially, the use of
wind power as the driving energy for electrochemical hydrogen production tends to
be associated with a favourable performance.
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1 Introduction

To date, fossil fuels dominate the energy outlook. However, the growing energy
demand and the increasing socio-environmental concerns make the decarbonisation
of energy sources a priority. Hence, within this context of unsustainability of the
energy sector, low-carbon energy options are required to meet the global energy
demand.

In particular, the production of energy from fossil or nuclear fuels presents
significant concerns from the environmental standpoint. While fossil fuels represent
one of the first causes of global warming (due to greenhouse gas emissions) and
acidification (due to the release of sulphur dioxide), nuclear fuels raise concerns
about safety and contamination of soil and groundwater due to radioactive waste
management.

On the other hand, renewable energy has great potential all over the world to
satisfy the needs of industrial, residential and transport sectors. Many benefits can
be gained from the use of renewable sources under environmental, economic and
health aspects. Since these energy sources are renewed through cycles much shorter
than those of non-renewable fuels, they are considered inexhaustible. Their use can
significantly contribute to national energy security by reducing dependence on
foreign energy suppliers. Furthermore, it promotes economic development with
positive consequences on employment.

Nevertheless, there are disadvantages associated with renewable energy tech-
nologies, such as a lower efficiency when compared to conventional technologies.
Intermittency is another relevant issue, which potentially affects their continuous
availability both throughout the day and along seasons. Given the desired stability
in energy availability, the storage of surplus renewable energy (i.e., exceeding the
demand) is a crucial issue widely discussed by the scientific community.

Many energy carriers are proposed in the literature, each one with its advantages
and drawbacks. Among the most promising ones, hydrogen has been gaining
growing attention thanks to its high potential for use in mobility or stationary
applications. Nonetheless, hydrogen is still mainly used for non-energy purposes
such as ammonia production or use in metallurgy (Dincer 2012).

Key advantages of hydrogen are:

• high energy content per mass unit;
• water as the only product of its oxidation;
• production through many technological pathways;
• production can take place without geographical limitations;
• it can be produced from different energy sources.

In contrast, several issues have to be taken into account for hydrogen tech-
nologies, in particular:

• low energy content per volume unit;
• lack of an adequate infrastructure for distribution;
• difficulties in hydrogen storage;
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• social acceptance (being a new paradigm);
• relatively high production costs;
• as it is not directly available in pure form, hydrogen needs to be separated from

its carrier (water, biomass, hydrocarbons) through technological pathways with
a high energy demand.

Many of these strengths and weaknesses refer to different stages of the life cycle
of hydrogen (raw material production, hydrogen production, storage, distribution,
and use). Hence, when checking the techno-environmental performance of hydro-
gen energy systems, a life-cycle perspective needs to be followed. In this sense,
Life Cycle Assessment (LCA) is a standardised methodology widely used to
comprehensively evaluate the environmental performance of product systems
(International Organization for Standardization 2006a, b). Through LCA, it is
possible to evaluate a wide range of environmental issues, e.g. carbon footprint,
energy footprint, acidification, etc. LCA is broadly applied to evaluate hydrogen
energy systems (Valente et al. 2017a).

When a life-cycle perspective is used in the energy footprint assessment, a
significant non-renewable energy demand could be found even for systems declared
renewable. In this respect, the life-cycle energy footprint (or cumulative energy
demand, CED) is seen as a useful screening indicator not only to understand the
technical performance of a system but also to crosscheck its environmental per-
formance. In fact, it is commonly linked to other environmental indicators such as
the global warming impact potential (GWP or carbon footprint), especially in
energy systems (Huijbregts et al. 2006).

For these reasons, this chapter focuses on the evaluation of the cumulative
non-renewable energy demand (CEDnr) of hydrogen produced through different
pathways. Emphasis is laid on renewable hydrogen energy systems and their
benchmarking against conventional (fossil-based) hydrogen in terms of energy
footprint. Given the comparative nature of the benchmarking study, special atten-
tion is paid to the mitigation of the misinterpretation risk associated with incon-
sistent methodological choices in comparative LCA (Valente et al. 2017a).
Therefore, this chapter takes into account current LCA harmonisation initiatives
(Valente et al. 2017b, 2018a, b) in order to provide consistent energy footprints of
alternative hydrogen options. Figure 1 shows the roadmap of the chapter.

2 Materials and Methods

The goal of this chapter is to robustly frame the range of hydrogen energy options
by providing the to-date most complete library of harmonised life-cycle energy
footprints of hydrogen. With this aim, a large set of LCA case studies of hydrogen
is needed. As shown in Fig. 2, the starting point is the extensive review of LCA
studies of hydrogen energy systems performed by Valente et al. (2017a). Then a
screening of the involved case studies is performed, followed by the definition of a
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harmonisation framework dealing with the methodological choices behind the
evaluation of carbon footprint (GWP) and energy footprint (CEDnr). Provided that a
strong correlation is found between these two indicators, one indicator could be
estimated from the other by simply applying a correlation equation. The final
outcome of the work is an extensive library of robust energy footprints of hydrogen.

2.1 Review of LCA Studies

As defined in the standards (International Organization for Standardization 2006a,
b), the LCA methodology involves four main stages. In the first one—goal and
scope definition–, key aspects such as the objectives of the study, its restrictions and
assumptions, the functional unit and system boundaries are addressed.

Fig. 1 Structure of the chapter
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Life cycle inventory analysis is the second stage. In this stage, input and output
flows of materials and energy are quantified for the system under study.
Furthermore, for those systems presenting more than one product or function,

Fig. 2 Procedure followed to build the library of harmonised energy footprints
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the distribution of inventory data between functions has to be addressed. In par-
ticular, system expansion considers the additional functions as substitutes for the
conventional ones, whose environmental burdens are avoided. On the other hand,
the use of allocation approaches involves the distribution of inventory data between
functions according to physical or other relationships (e.g., mass, energy or eco-
nomic allocation). In this regard, LCA standards prioritise process subdivision and
system expansion over the use of allocation approaches.

Three mandatory phases are involved in the third step (life cycle impact
assessment, LCIA): (i) selection of impact categories, indicators and characterisa-
tion models; (ii) classification to associate inventory data with impact categories;
and (iii) characterisation to provide the values of the category indicators.

Finally, the fourth stage of LCA is results interpretation, which summarises and
discusses the results of the analysis in accordance with the goal and scope of the
study.

The extensive review performed by Valente et al. (2017a) focuses on method-
ological choices in LCA of hydrogen energy systems. The review reports an
increasing interest in this field for both hydrogen production and hydrogen use in
mobility and stationary applications. A sample of 509 case studies was analysed,
finding that most of the authors consider thermochemical (mainly reforming and
gasification) or electrochemical (water electrolysis) hydrogen-production tech-
nologies. In contrast, few authors address biological hydrogen production methods
(fermentation and bio-photolysis).

Regarding thermochemical studies, since steam methane reforming (SMR) is
commonly used as the reference technology for comparative purposes, natural gas
is the most common feedstock considered (conventional hydrogen donor), ahead of
biomass. Concerning electrochemical hydrogen, the most typical electricity sources
considered for water electrolysis are wind power, grid electricity, and photovoltaic
power. Finally, for the biological category, microalgae arise as the most common
hydrogen donor considered.

Overall, about 30% of the case studies involve renewable hydrogen production,
i.e. a renewable feedstock and renewable power sources (driving energy) for the
conversion process.

Regarding LCA methodological aspects, 45% of the case studies include the
hydrogen use stage in the system’s boundaries (cradle-to-grave approach), while 20%
of the case studies consider hydrogen storage (mainly compressed) as the final stage.

Around 20% of the reviewed case studies deal with systems presenting more
than one product, i.e. multifunctional systems. In this regard, electricity, animal
fodder and heat are the main products involved in addition to hydrogen. System
expansion is the main methodological approach followed when facing multifunc-
tionality, thus discounting the avoided burdens associated with the co-products.

As regards environmental impact categories, Fig. 3 shows those most commonly
evaluated in LCA studies of hydrogen energy systems. Out of more than 50 impact
categories found in the reviewed literature, the four categories included in Fig. 3
(viz., carbon footprint, energy footprint, acidification, and eutrophication) are the
only ones with a number of occurrences above 30.
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Since global warming represents a key concern when evaluating the environ-
mental performance of a system, GWP (i.e., carbon footprint) clearly arises as the
most common impact category evaluated, being included in almost all the reviewed
studies. Another highly relevant impact category is the cumulative energy demand
(CED, typically expressed in MJ), which is understood as the energy footprint since
it quantifies the total primary energy input of a product system. This energy foot-
print can refer to the total CED or to sub-components such as fossil CED, nuclear
CED, non-renewable CED, renewable CED, etc. Regarding LCIA methods, IPCC
(Myhre et al. 2013) and VDI (2012) are the methods typically used to evaluate
GWP and CED, respectively. Other relevant categories such as acidification are
evaluated mainly through the CML method (Guinée et al. 2001).

Within this context, when comparing the life-cycle results reported in different
studies for alternative hydrogen options, it is crucial to pay attention to the
methodological choices made in each analysis. In other words, there is a need for
consistent choices when comparing LCA case studies. This need is the core of the
harmonisation initiative for LCA of hydrogen (Valente et al. 2017b, 2018a, 2018b).

2.2 Overview of Harmonisation Initiatives

Even though LCA is a standardised methodology, practitioners are relatively free to
make their own choices on different methodological aspects such as functional unit,
system boundaries, multifunctionality approach, LCIA method, etc. On the one
hand, this flexibility represents a strength of the methodology by facilitating its
adaptation to different situations of e.g. data availability. On the other hand, it gives
rise to misinterpretation risk due to concerns about the actual comparability of case
studies even when evaluating the same product. In this regard, when the goal of the
analysis is a comparison of different options, the methodological choices made to
evaluate the impacts of the systems under study need to be homogeneous. In this
situation, in order to mitigate misinterpretation, the harmonisation of method-
ological choices is essential.

Fig. 3 Main life-cycle
impact categories evaluated
for hydrogen energy systems
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The FC-HyGuide (Lozanovski et al. 2011) offers specific guidelines for LCA
practitioners willing to evaluate hydrogen production systems. This guide provides
relevant recommendations e.g. regarding the specification of final hydrogen con-
ditions (pressure, temperature, and purity). In this respect, a key requirement for
comparative LCA studies is that the comparison between different hydrogen pro-
duction systems shall be carried out considering the same hydrogen conditions.

Beyond (and in agreement with) general ISO recommendations (International
Organization for Standardization 2006a, b), specific recommendations provided by
the FC-HyGuide document (Lozanovski et al. 2011) and the main trends observed
in the specific LCA literature (Valente et al. 2017a), there are hydrogen-specific
protocols to harmonise life-cycle indicators. To date, these protocols deal with
GWP (Valente et al. 2017b), CEDnr (Valente et al. 2018a), and acidification
(2018b). They have already been applied to conventional hydrogen from SMR as
well as to a wide range of renewable hydrogen options found in the scientific
literature, making available a library of harmonised indicators for robust bench-
marking and comparative studies.

The LCA harmonisation protocols for hydrogen are based on consistent
methodological choices for a common hydrogen production framework (Fig. 4).
Each protocol provides specific instructions for its step-by-step application, dis-
tinguishing four main blocks. The first block defines the LCIA method, the general
modelling approach, and (partly) system boundaries. The second block sets the
functional unit, while the third one deals with the multifunctionality approach.
Finally, the fourth block defines the final pressure of hydrogen and completes the
system’s boundaries by adding the compression stage and capital goods (when
needed).

Except for the conditioning stage, for which a default hydrogen compression
technique is considered, the available protocols rely on the original technical

Fig. 4 Harmonised hydrogen production system
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choices found in the specific case study under harmonisation. Therefore, the har-
monisation exercise tends to preserve the technological features defined by the
original authors. For instance, when calculating the harmonised impacts, the same
type of electricity originally considered is consistently applied to add the impacts
from compression, as well as to discount the burdens avoided from the electricity
co-produced (when needed). Non-methodological features such as capacity, feed-
stock, geographical scope, etc. are thus retained.

When performing case-by-case comparisons of the carbon/energy/acidification
footprint of hydrogen, the use of harmonised life-cycle indicators has already
proven to mitigate misinterpretation concerns (Valente et al. 2018b). Hence, this
chapter relies on the use of harmonised values in order to appropriately benchmark
hydrogen options in terms of energy footprint.

2.3 Estimation of Harmonised CEDnr

When focusing on GWP and CEDnr of energy systems, a high correlation is
expected between these two life-cycle indicators (Huijbregts et al. 2006). In other
words, it can be claimed that the non-renewable energy footprint of an energy
product is largely responsible for its carbon footprint. In the specific case of
hydrogen, this relationship has been verified by Valente et al. (2018a) using har-
monised values.

The actual correlation between two life-cycle indicators would enable analysts to
estimate one indicator from the other by simply applying a correlation equation. In
fact, this idea has recently been explored using acidification and GWP as life-cycle
indicators (Valente et al. 2018b). Despite the correlation generally expected
between these indicators for energy production processes (Huijbregts et al. 2006),
Valente et al. (2018b) found that the idea of estimating acidification from GWP (or
vice versa) should be rejected when dealing with (renewable) hydrogen energy
systems due to the lack of correlation.

However, the situation is completely different when focusing on the correlation
between GWP and CEDnr. In this regard, a strong correlation between these two
indicators has already been reported in Valente et al. (2018a). Consequently, this
chapter not only uses the existing library of harmonised CEDnr of hydrogen
(Valente et al. 2018a), but it also enlarges this library by determining a GWP/CEDnr

correlation equation and using it to estimate harmonised energy footprints from
available harmonised carbon footprints.

2.4 Sample of Case Studies

This section presents the sample of case studies of hydrogen energy systems for
which robust values of the CEDnr indicator are provided later (Sect. 3). The sample
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is divided into three main technological categories: thermochemical (Table 1),
electrochemical (Table 2), and biological (Table 3). It should be noted that, in
addition to the case studies of thermochemical renewable hydrogen, Table 1 also
includes the reference case study of steam reforming of natural gas (SMR) as the
conventional non-renewable hydrogen energy system. Therefore, the final number
of case studies in the whole sample is 72 (71 renewable + 1 fossil). The different

Table 1 Case studies of hydrogen within the thermochemical category

Code Original reference Hydrogen production process

SMR Susmozas et al. (2013) Steam reforming of natural gas (reference case study)

TC1 Dufour et al. (2012) NiFe2O4 thermochemical cycle (heat from solar
concentrator)

TC2 Dufour et al. (2012) ZnO thermochemical cycle (heat from solar concentrator)

BR1 Hajjaji et al. (2013) Bioethanol reforming (from wheat grains fermentation)

BR2 Marquevich et al.
(2002)

Bio-oil reforming (rape-seed oil)

BR3 Marquevich et al.
(2002)

Bio-oil reforming (palm oil)

BR4 Authayanun et al.
(2015)

Bioethanol (56%) + CH4 (44%) reforming (from cassava
fermentation)

BR5 Authayanun et al.
(2015)

Bioethanol reforming (from cassava fermentation)

BR6 Hajjaji et al. (2013) Autothermal reforming of bioethanol (from wheat grains
fermentation)

BR7 Hajjaji et al. (2013) Autothermal reforming of biomethane (from anaerobic
digestion of cattle manure)

BR8 Wulf and Kaltschmitt
(2013)

Biomethane reforming (from anaerobic digestion of
non-food waste)

BR9 Wulf and Kaltschmitt
(2013)

Biomethane reforming (from anaerobic digestion of
German substrate mix)

BR10 Hajjaji et al. (2016) Biogas reforming (from anaerobic digestion of farm
waste)

BR11 Hajjaji et al. (2013) Biomethane reforming (from anaerobic digestion of cattle
manure)

BR12 Heracleous (2011) Bio-oil reforming (from fast pyrolysis of wood chips)

BR13 Heracleous (2011) Bio-oil reforming (from fast pyrolysis of willow)

BR14 Susmozas et al. (2015) Bio-oil reforming (from fast pyrolysis of poplar)

BR15 Hajjaji et al. (2013) Partial oxidation of biomethane (from anaerobic digestion
of cattle manure)

BG1 Iribarren et al. (2014) Biomass gasification (short-rotation poplar)

BG2 Wulf and Kaltschmitt
(2013)

Biomass gasification (willow)

BG3 Wulf and Kaltschmitt
(2012)

Biomass gasification (wood chips)

BG4 Susmozas et al. (2013) Biomass gasification (poplar)
(continued)
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Table 1 (continued)

Code Original reference Hydrogen production process

BG5 Weinberg and
Kaltschmitt (2013)

Biomass gasification (woody biomass)

BG6 Simons and Bauer
(2011)

Biomass gasification (woody biomass)

BG7 Martín-Gamboa et al.
(2016)

Biomass gasification (grape pruning waste)

BG8 Koroneos et al. (2008) Biomass gasification (woody biomass)

BG9 Susmozas et al. (2016) Biomass gasification + CO2 capture (short-rotation
poplar)

Table 2 Case studies of hydrogen within the electrochemical category

Code Original reference Hydrogen production process

AE1 Ramos Pereira and
Coelho (2013)

Alkaline electrolysis (wind power)

AE2 Granovskii et al.
(2006)

Alkaline electrolysis (wind power)

AE3 Spath and Mann
(2004)

Alkaline electrolysis (wind power)

AE4 Granovskii et al.
(2007)

Alkaline electrolysis (wind power)

AE5 Khan et al. (2005) Alkaline electrolysis (wind power)

AE6 Miotti et al. (2017) Alkaline electrolysis (wind power)

AE7 Cetinkaya et al.
(2012)

Alkaline electrolysis (wind power)

AE8 Simons and Bauer
(2011)

Alkaline electrolysis (wind power)

AE9 Koj et al. (2015) Alkaline electrolysis (asbestos membrane; wind power)

AE10 Koj et al. (2015) Alkaline electrolysis (advanced membrane; wind power)

AE11 Koj et al. (2015) Alkaline electrolysis (advanced membrane; wind power)

AE12 Suleman et al.
(2015)

Alkaline electrolysis (NaCl cell; wind power)

AE13 Lee et al. (2010) Alkaline electrolysis (wind power)

AE14 Biswas et al. (2013) Alkaline electrolysis (wind power)

AE15 Koroneos et al.
(2004)

Alkaline electrolysis (wind power)

AE16 Simons and Bauer
(2011)

Alkaline electrolysis (PV power)

AE17 Cetinkaya et al.
(2012)

Alkaline electrolysis (PV power)

AE18 Ramos Pereira and
Coelho (2013)

Alkaline electrolysis (PV power)

AE19 Granovskii et al.
(2006)

Alkaline electrolysis (PV power)

(continued)
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Table 2 (continued)

Code Original reference Hydrogen production process

AE20 Granovskii et al.
(2007)

Alkaline electrolysis (PV power)

AE21 Suleman et al.
(2015)

Alkaline electrolysis (NaCl cell; PV power)

AE22 Koroneos et al.
(2004)

Alkaline electrolysis (PV power)

AE23 Lombardi et al.
(2011)

Alkaline electrolysis (PV power)

AE24 Koroneos et al.
(2004)

Alkaline electrolysis (concentrated solar power)

AE25 Simons and Bauer
(2011)

Alkaline electrolysis (concentrated solar power)

AE26 Simons and Bauer
(2011)

Alkaline electrolysis (hydropower)

AE27 Valente et al. (2015) Alkaline electrolysis (hydropower)

AE28 Koroneos et al.
(2004)

Alkaline electrolysis (hydropower)

AE29 Lombardi et al.
(2011)

Alkaline electrolysis (mini-hydropower)

AE30 Koroneos et al.
(2004)

Alkaline electrolysis (biomass gasification power)

AE31 Mori et al. (2014) Alkaline electrolysis (renewable power)

AE32 Wulf and
Kaltschmitt (2012)

Alkaline electrolysis (renewable power)

PE1 Reiter and Lindorfer
(2015)

PEM electrolysis (wind power)

PE2 Reiter and Lindorfer
(2015)

PEM electrolysis (PV power)

HE1 Patyk et al. (2013) High-temperature alkaline electrolysis (wind power)

HE2 Patyk et al. (2013) High-temperature alkaline electrolysis (intermittent wind
power)

HE3 Patyk et al. (2013) High-temperature alkaline electrolysis (intermittent wind
power with biogas reforming back-up)

Table 3 Case studies of hydrogen within the biological category

Code Reference Hydrogen production process

DF1 Manish and Banerjee (2008) Dark fermentation (sugarcane)

DF2 Pacheco et al. (2015) Dark fermentation (microalgae)

DF3 Pacheco et al. (2015) Dark fermentation (microalgae)

PF1 Manish and Banerjee (2008) Photo-fermentation (sugarcane)

TF1 Djomo and Blumberga (2011) Two-stage fermentation (wheat straw)

TF2 Djomo and Blumberga (2011) Two-stage fermentation (potato peels)

TF3 Djomo and Blumberga (2011) Two-stage fermentation (sweet sorghum stalk)

TF4 Manish and Banerjee (2008) Two-stage fermentation (sugarcane)
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hydrogen production technologies involved in the study are summarised in Fig. 5
and further described in Tables 4, 5 and 6.

Within the thermochemical category (26 renewable case studies; Table 1),
biofuel reforming (BR1–BR15) is found to be the most common technology
involved, with bio-oil, biomethane and bioethanol as the most typical biofuels.
Furthermore, a significant number of case studies address biomass gasification
(BG1–BG9), while only two case studies tackle thermochemical cycles driven
by renewable energy (TC1 and TC2). The main feedstock considered is
second-generation biomass based on lignocellulosic or waste matter. Fewer studies

Fig. 5 Hydrogen production technologies involved in the study
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Table 4 Description of the hydrogen production technologies involved in the study: thermo-
chemical hydrogen

Technology Description

Steam reforming Endothermic process. Water in the form of steam is used to oxidise the
carbon contained in the feedstock (liquid or gaseous fuel)

Partial oxidation Exothermic process. Oxygen below the stoichiometric ratio is used to
oxidise the carbon contained in the feedstock (liquid or gaseous fuel)

Autothermal
reforming

Combination of steam reforming and partial oxidation technologies: the
partial oxidation of the feedstock provides the heat demanded by the
steam reforming process

Gasification Conversion of a carbonaceous feedstock into syngas at elevated
temperature in a gasification medium such as air, oxygen, and/or steam

Thermochemical
cycles

Thermal dissociation of water in a sequence of reactions comprising
different chemical reactants that are recovered at the end of the cycle. The
required temperature is significantly lower than for the thermal
decomposition of water in a single step

Table 5 Description of the hydrogen production technologies involved in the study: electro-
chemical hydrogen

Technology Description

Alkaline water
electrolysis

Dissociation of water into ions in an alkaline electrolytic solution at
temperature below 80 °C (low-temperature electrolysis) under the
effect of a direct current supplied to the electrodes

PEM water
electrolysis

Dissociation of water into ions at temperature below 80 °C
(low-temperature electrolysis) under the effect of a direct current
supplied to the electrodes. The anode and the cathode are separated by
a polymeric membrane as the electrolyte (acid), which allows the
cationic exchange between the electrodes while preventing electron
exchange

High-temperature
electrolysis

Temperatures within the range 600–1000 °C are needed (e.g., solid
oxide electrolysis and molten carbonate electrolysis). Reduced
electricity consumption by using heat in order to meet the energy
demand of the process

Table 6 Description of the hydrogen production technologies involved in the study: biological
hydrogen

Technology Description

Dark fermentation Anaerobic bacteria are used to produce hydrogen and organic acids from
glucose in dark conditions

Photo-fermentation Photosynthetic bacteria are involved, which convert organic acids into
hydrogen and CO2 under the catalytic action of nitrogenase with
anaerobic conditions, neutral pH, and mesophilic temperature range

Two-stage
fermentation

Dark- and photo-fermentation are combined in sequence in order to
reach higher yields of hydrogen
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consider first-generation biomass or water (the latter is used as the hydrogen carrier
in thermochemical cycles).

The electrochemical category involves 37 case studies of renewable hydrogen
(Table 2). Alkaline water electrolysis clearly dominates this technological category
(cases AE1–AE32 and three case studies of high-temperature alkaline electrolysis,
HE1–HE3), while only two case studies consider proton exchange membrane
(PEM) water electrolysis (PE1 and PE2). The most common source of electricity is
found to be wind power, and a significant number of case studies consider pho-
tovoltaic (PV) electricity. Other types of electricity considered are hydropower,
concentrated solar power, and electricity from biomass.

With regard to biological hydrogen (Table 3), a low number of case studies is
found in the literature. Hence, only eight case studies are considered in this chapter.
All of them involve fermentative processes, which can be further classified into
dark-fermentation (DF1–DF3), photo-fermentation (PF1), and two-stage fermen-
tation (TF1–TF4).

2.5 Contextualisation within IEA HIA Task 36

The harmonisation of life-cycle indicators of hydrogen energy systems is framed
within Task 36 of the International Energy Agency (IEA) Hydrogen Implementing
Agreement (HIA): “Life Cycle Sustainability Assessment of Hydrogen Energy
Systems”. During the period 2015–2017, the goal of this task was to facilitate
decision-making in the hydrogen energy sector by providing a robust and com-
prehensive methodological framework for the sustainability assessment of hydro-
gen energy systems (Dufour et al. 2015). Experts from five different countries
(Spain, Germany, Japan, Norway, and Italy) worked within the framework of
IEA HIA Task 36, which involved four sub-tasks as detailed in Fig. 6.

Overall, addressing the challenge of developing a consistent life cycle sustain-
ability assessment framework for hydrogen energy systems involves clear oppor-
tunities to enhance decision-making processes at the level of both industry and
policy-makers. In addition to enable a thorough identification of specific sustain-
ability hotspots, such a methodological framework could help hydrogen economy
actors anticipate, check and prove the suitability of their hydrogen energy solutions
according to the criteria required by current and future policies.

3 Results

Overall, this section provides a broad collection of robust (i.e., harmonised) CEDnr

values for the case studies presented in Tables 1, 2 and 3.
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3.1 Correlation Equation for the Estimation of CEDnr

From the whole sample of case studies, 50 of them do not report the evaluation of
CEDnr, and therefore the corresponding harmonised values cannot be calculated
through the step-by-step application of the protocol. For these case studies, as
explained in Sect. 2.3, it is necessary to estimate their harmonised energy footprint
from their harmonised carbon footprint (which is available for all the case studies
within the sample) using a correlation equation between CEDnr and GWP. This
section presents the definition of such a correlation equation.

The harmonised CEDnr values provided in Valente et al. (2018a) and the cor-
responding harmonised carbon footprints reported in Valente et al. (2017b) are used
herein to determine the equation that links GWP and CEDnr. In this respect, the
linear regression analysis in Fig. 7 conveniently shows a high correlation between
GWP and CEDnr (R

2 = 0.92). Hence, the correlation equation shown in Fig. 7 can
be used to estimate the harmonised CEDnr values in those case studies in which
non-renewable energy footprints—unlike carbon footprints—are not reported.

Fig. 6 IEA HIA Task 36 structure
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3.2 Library of Energy Footprints and Robust Comparison
with Conventional Hydrogen

In this section, the harmonised energy footprints of a wide range of hydrogen
options are reported by technological category. The use of these values rather than
the original (i.e., non-harmonised) ones is considered to lead to more robust
comparisons by mitigating the risk of misinterpretation.

3.2.1 Harmonised Energy Footprint of Thermochemical Hydrogen

Within the thermochemical category, 26 case studies of renewable hydrogen are
included, as well as that of conventional, fossil-based hydrogen from SMR (ref-
erence case study). Table 7 reports the corresponding library of harmonised
non-renewable energy footprints, distinguishing calculated and estimated CEDnr

values. While 9 of the 27 case studies present CEDnr values coming from the direct
application of the harmonisation protocol (Valente et al. 2018a), the remaining 18
harmonised values are estimated through the application of the correlation equation
determined in Sect. 3.1.

Fig. 7 Correlation between the carbon footprint and the non-renewable energy footprint of
hydrogen
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The harmonised values of thermochemical hydrogen range from −44 MJ (BG9)
to 242 MJ (BG6). BG9 addresses hydrogen production from poplar gasification
involving a CO2 capture system (CO2 as an avoided product), while BG6 involves
gasification of dedicated energy crops without any co-product. According to
Table 7, the average CEDnr value for the renewable thermochemical category is
112 MJ, i.e. about 56% of the non-renewable energy footprint of conventional
hydrogen from SMR.

Figure 8 shows the CEDnr results for renewable thermochemical hydrogen in
relative terms with respect to the CEDnr value of the reference case (SMR). In this
sense, all those case studies with a value lower than 1 perform better than SMR in
terms of non-renewable energy footprint. With the aim of facilitating the

Table 7 Library of
harmonised CEDnr of
thermochemical hydrogen

Case study code CEDnr
a (MJ∙kg−1

H2)
CEDnr

b (MJ∙kg−1

H2)

SMR 200.9 –

TC1 – 127.7

TC2 – 125.6

BR1 – 191.7

BR2 – 137.7

BR3 – 100.0

BR4 – 93.1

BR5 – 214.0

BR6 – 184.1

BR7 – 109.6

BR8 – 130.9

BR9 – 135.2

BR10 98.2 –

BR11 – 109.9

BR12 111.2 –

BR13 114.0 –

BR14 114.7 –

BR15 – 111.4

BG1 41.9 –

BG2 – 84.8

BG3 – 63.0

BG4 25.4 –

BG5 – 80.7

BG6 – 241.9

BG7 3.0 –

BG8 – 195.9

BG9 −43.9 –
aAccording to Valente et al. (2018a)
bEstimated through the GWP/CEDnr correlation equation
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interpretation of the comparative study, the case studies are arranged by ascending
order of energy footprint.

The results shown in Fig. 8 suggest that most of the renewable hydrogen options
included in the library of thermochemical hydrogen are potential candidates to
substitute hydrogen produced through the conventional technology (SMR).
Hydrogen options based on biomass gasification, especially when involving more
than one product, tend to show the best performance. In this regard, most of the case
studies based on biomass gasification allow a CEDnr saving above 60% with respect
to SMR. However, when this technology involves dedicated crops without
any co-product, a significantly unfavourable performance is found in terms of
non-renewable energy footprint.

The two case studies involving thermochemical cycle processes (TC1 and TC2)
perform about 40% better than SMR. Nevertheless, both systems are assessed in the
same study and the number of harmonised case studies for this type of process is
too low to draw general conclusions on this technology.

Biofuel reforming shows a relatively narrow range of harmonised values. In fact,
80% of the biofuel reforming cases are within the range 30–45% of CEDnr savings
with respect to SMR. This indicates that the biofuel reforming technology generally
shows a good profile, suitable to substitute the conventional hydrogen production
technology. Nevertheless, in light of the results, gasification could be preferred,
especially when residual biomass is available.

Fig. 8 Comparison between renewable thermochemical hydrogen and SMR-H2
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3.2.2 Harmonised Energy Footprint of Electrochemical Hydrogen

The library of harmonised CEDnr of electrochemical hydrogen involves 37
renewable case studies (Table 8). Harmonised values are directly available in
Valente et al. (2018a) for only 9 case studies, while the remaining 28 cases are
harmonised by applying the correlation equation.

Table 8 Library of
harmonised CEDnr of
electrochemical hydrogen

Case study code CEDnr
a

(MJ∙kg−1 H2)
CEDnr

b

(MJ∙kg−1 H2)

AE1 – 26.3

AE2 – 23.5

AE3 – 23.4

AE4 – 23.3

AE5 – 15.2

AE6 – 42.3

AE7 – 26.7

AE8 29.9 –

AE9 – 19.2

AE10 – 18.3

AE11 – 18.3

AE12 – 9.1

AE13 – 21.4

AE14 – 20.1

AE15 – 21.2

AE16 59.4 –

AE17 – 52.6

AE18 – 109.9

AE19 – 77.5

AE20 – 48.6

AE21 – 18.6

AE22 – 96.4

AE23 – 140.9

AE24 – 45.6

AE25 44.3 –

AE26 23.9 –

AE27 8.7 –

AE28 – 41.8

AE29 – 212.6

AE30 35.5 –

AE31 – 115.6

AE32 – 69.2
(continued)
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The harmonised values of electrochemical hydrogen range from 8 MJ (HE1) to
213 MJ (AE29). The case AE29 involves a mini-hydropower plant as the driving
energy source, while HE1 involves high-temperature electrolysis using wind power
for heat and electricity. Except for AE29, the case studies within the electro-
chemical category perform significantly better than SMR. According to Table 8, the
average value of CEDnr for the electrochemical category is 45 MJ, which corre-
sponds to less than a quarter of the energy footprint of conventional hydrogen from
SMR.

Figure 9 shows the harmonised CEDnr results of renewable electrochemical
hydrogen relative to the harmonised CEDnr of conventional SMR hydrogen.
High-temperature electrolysis (HE1–HE3) shows a very favourable performance in
terms of energy footprint, performing better than PEM electrolysis (PE1 and PE2),
which is probably linked to the shorter lifetime of PEM stacks (Reiter and Lindorfer
2015).

Table 8 (continued) Case study code CEDnr
a

(MJ∙kg−1 H2)
CEDnr

b

(MJ∙kg−1 H2)

PE1 – 19.4

PE2 – 63.7

HE1 8.1 –

HE2 11.5 –

HE3 17.6 –
aAccording to Valente et al. (2018a)
bEstimated through the GWP/CEDnr correlation equation

Fig. 9 Comparison between renewable electrochemical hydrogen and SMR-H2
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The main contributor to the energy footprint of electrochemical hydrogen gen-
erally is the infrastructure associated with the power source. In this respect, while
the wind power-based case studies assessed generally show a CEDnr saving above
80% with respect to SMR, the energy footprint increases when the power source is
based on solar energy. The only case study performing worse than SMR involves a
small-scale hydropower plant, which suggests the relevance of capacity (i.e., scale)
on the techno-environmental performance of this type of energy system.

3.2.3 Harmonised Energy Footprint of Biological Hydrogen

Table 9 reports the library of harmonised CEDnr of biological hydrogen, which
involves 8 case studies. The library contains three values directly available in
Valente et al. (2018a), while the values for the remaining five case studies are
estimated by applying the correlation equation with the harmonised carbon foot-
prints available in Valente et al. (2017b).

Although the number of case studies belonging to the biological category is
significantly lower than for the other technological categories, interesting trends are
also identified. In this respect, the use of microalgal biomass is associated with an
unfavourable energy performance—significantly worse than SMR (see DF2 and
DF3 in Fig. 10)—due to the high energy demand for microalgae growth, harvesting
and drying. In contrast, two-stage fermentative processes, which involve a first
stage under dark conditions (dark fermentation) and a subsequent stage of
photo-fermentation, show the best performance within the biological category in
terms of energy footprint.

Table 9 Library of
harmonised CEDnr of
biological hydrogen

Case study
code

CEDnr
a

(MJ∙kg−1H2)
CEDnr

b

(MJ∙kg−1H2)

DF1 183.7 –

DF2 – 932.8

DF3 – 30,614.3

PF1 91.1 –

TF1 – 87.0

TF2 – 48.9

TF3 – 94.9

TF4 87.7 –
aAccording to Valente et al. (2018a)
bEstimated with the GWP/CEDnr correlation equation

68 A. Valente et al.



3.3 Overall Picture

Thanks to the availability of a thorough library of harmonised CEDnr of hydrogen,
further results interpretation—beyond the intra-category assessment in Sect. 3.2—is
possible. This is done not only at the inter-level of technological category (Fig. 11)
but also at the inter-level of production technology (Fig. 12).

Fig. 10 Comparison between renewable biological hydrogen and SMR-H2

Fig. 11 Overview of energy footprint by technological category
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Figure 11 includes the whole set of 71 harmonised CEDnr values, still shown in
relative terms with respect to the harmonised CEDnr of SMR and arranged in
ascending order. The distribution of the values in Fig. 11 shows that electro-
chemical hydrogen tends to perform better than thermochemical and biological
hydrogen. It is also observed that biological hydrogen shows scattered harmonised
values.

It is remarkable that more than 85% of the electrochemical case studies (32 out
of 37) lead to a CEDnr saving above 60% with respect to SMR. In fact, this saving
is above 80% for ca. 65% of the electrochemical cases (24 out of 37). On the other
hand, most of the case studies of thermochemical hydrogen are associated with
lower energy savings. Nevertheless, more than 60% of the thermochemical case
studies (16 out of 26) present CEDnr savings within the range 30–60%.

The average CEDnr saving for renewable electrochemical hydrogen is 78%,
while this saving decreases to 44% for renewable thermochemical hydrogen. In
contrast, the average value for the biological category does not mean any saving

Fig. 12 Hierarchy of hydrogen production technologies based on the complete library of
harmonised CEDnr
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with respect to conventional hydrogen due to the high dispersion of the energy
footprints depending on the specific case study (with some case studies charac-
terised by very unfavourable results). Moreover, the sample of biological case
studies is relatively small, and thus the considerations for this technological cate-
gory should be further investigated in the future.

Overall, Fig. 12 summarises the findings about the energy performance of the
renewable hydrogen production technologies included in the library of harmonised
CEDnr. On the one hand, the least favourable technique is found within the bio-
logical category when fermentative processes involve microalgae feedstock. On the
other hand, thermochemical technologies are found to be highly competitive when
co-producing either electricity or goods that avoid conventional energy-intensive
processes. Regarding electrochemical hydrogen, even though wind-based tech-
nologies usually outperform solar-based ones, the latter are still associated with a
suitable performance when compared to other technological routes.

4 Conclusions and Recommendations

A thorough library of non-renewable energy footprints of hydrogen is now avail-
able. As a key feature, the CEDnr values included in this library are methodolog-
ically consistent, i.e. they are reported on the basis of harmonised LCA
methodological choices regarding e.g. functional unit, system boundaries, multi-
functionality approach, and final hydrogen conditions. As a result, robust com-
parisons between different hydrogen options—including their benchmarking
against conventional, fossil-based hydrogen from SMR—can be made. In fact,
future LCA practitioners willing to perform robust comparisons between hydrogen
energy systems are highly recommended to use the harmonised values reported in
this chapter.

The use of harmonised energy footprints facilitates the identification of the
potentially most suitable hydrogen production technologies when it comes to
substituting conventional hydrogen production. In this sense, electrochemical
hydrogen produced via water electrolysis using wind power is generally charac-
terised by a very favourable profile in terms of energy footprint. Even though
electrolysis powered by solar energy shows a relatively worse energy footprint, it is
also identified as a suitable option.

Thermochemical hydrogen presents a wide range of technologies available for
the production of hydrogen. Among them, biomass gasification generally shows a
favourable profile, especially when involving more products besides hydrogen.
Hence, this type of technology could be considered a potential candidate to sub-
stitute the conventional hydrogen technology. Other thermochemical technologies
such as biofuel reforming and thermochemical cycles show less evident benefits in
terms of energy footprint when benchmarked against hydrogen produced through
steam reforming of natural gas.
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The case studies belonging to the biological category, which involve fermen-
tative processes, are associated with highly scattered energy footprints. The use of
microalgae as the feedstock arises as an unfavourable alternative due to the high
energy requirements of cultivation and harvesting.

Overall, electrochemical hydrogen shows a more favourable energy footprint
than the other technological categories (i.e., thermochemical and biological
hydrogen). Nevertheless, some technical features—such as the co-production of
electricity or energy-intensive goods—can significantly improve the performance of
thermochemical options, leading to energy footprints even better than those of
electrochemical hydrogen.
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Energy Footprint of India: Scope
for Improvements in End-Use Energy
Efficiency and Renewable Energy

T. V. Ramachandra

Abstract Energy plays a pivotal role in the development of a region. Increasing
dependency on fossil fuels has caused serious concerns at the local (energy
dependency, pollution, etc.) and global (global warming, GHG emission, etc.)
levels. Harvesting of energy depends on the availability of resources apart from the
economic viability and technical feasibility of meeting the demand. The energy
requirement of India is mainly supplied by coal and lignite (19378.24 PJ), followed
by crude oil and petroleum products (18432.96 PJ) and electricity (7562.24 PJ).
However, energy consumption in rural India is largely dependent on
non-conventional energy sources due to the availability, possibility of rapid
extraction, and appropriate technologies. Globalization and consequent opening up
of Indian markets has led to urbanization with the enhanced energy demand in the
industrial and infrastructure sectors. The perishing stock of fossil fuel coupled with
the growing concerns of climate change has necessitated the exploration of cost
effective, environment friendly, and sustainable energy alternatives. Renewable
sources of energy such as solar and wind are emerging as viable alternatives to meet
the growing energy demand of the burgeoning population. Strengthening of
transmission and distribution network with the integration of local generating units
(RE-based standalone units) would help in meeting the demand. Distributed gen-
eration (DG) with micro grids are required to minimize transmission and distri-
bution (T and D) losses, and optimal harvesting of abundant local resources (such
as solar, biofuel, etc.). The focus of the current communication are (i) understanding
the energy scenario in India; (ii) sector- and source-wise energy demand with the
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scope for energy conservation; and (iii) prospects of renewable energy with smart
grids to meet the distributed energy demand while optimizing harvest of local
energy sources. Source wise energy analyses reveal that total primary energy
consumption has increased manifolds during the past three decades from 18 MTOE
(in 1980) to 104 MTOE (2011) in India. Coal consumption has increased from 213
MT (1990–91) to 615 MT (2013–14) and therefore, has grown more than 3 times
over the years. Transportation tops in oil consumption (54.28 MTOE) followed by
industrial (28.8 MTOE) and domestic (24.89 MTOE) sectors. Total natural gas
production in the country was about 18 BCM (billion cubic meters) during 1990–91
and increased to 34.64 BCM now. Electricity generation shows a growth of over 26
times in 40 years that has increased from 43,724 GWh (1970–71) to 11,79,256
GWh. Renewable energy is being used in various forms as is evident from the
dependence on bio-energy to an extent of 85% among the rural population (con-
stitutes 70% of the total) since time immemorial. Grid interactive power generating
plants from RE sources constitute 37,414 MW with the major share of wind energy
plants (24376.26 MW, 65%) followed by biomass/bagasse cogeneration plants
(4418.55 MW, 12%), solar photovoltaic (4346.82 MW, 12%), and small hydro
(4146.82 MW; 11%). Power generation from municipal solid waste accounts for a
very small fraction. Sector-wise and source-wise energy analyses reveal that the
energy consumption per GDP (Energy intensity) of India is 0.42 kgoe/million USD.
Comparison of the energy intensity (the ratio of energy consumption per GDP)
versus GDP per capita of various countries reveal that the energy intensity of India
is more than 12 times that of Switzerland, 4 times that of Germany, 3 times that of
USA and about 1.3 times that of China, indicating the inefficient use of energy and
the need for energy conservation through end use energy efficiency improvements
to enhance the GDP with the present level of energy consumption.

Keywords Indian energy scenario � Sustainable energy � Distributed generation
Renewable energy � Energy trajectory

1 Introduction

Energy, the basic need of human kind, plays a significant role in the development of
a region or country. Energy utilization by human beings has increased from
2,500 kJ/day to more than 2 lakh kJ/day with the evolution of technologies. Every
human activity, from crop growing (agriculture) to space research, is dependent on
the energy availability and supply. Exploitation of more energy resources helped in
innovation of new technologies which made life easier, but caused substantial
impacts on the ecology and environment. All economic activities utilize energy.
Energy supply has an impact on intermittent production and end use. Economy of
the country is influenced by energy, technology improvement from extraction to
end use, and supply-demand balance. However, energy is also a limiting factor with
inefficient use and fossil fuel dependency (Asafu-Adjaye 2000).
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Energy plays an important role in everyday human life and there is disparity in
energy consumption across various regions, which depends on the availability,
technical, economic, and social aspects. Most parts of India depend on traditional
sources of energy such as fuel wood for cooking, water heating, etc. Globally, about
3 billion people depend on bioenergy for domestic purposes and 1.5 billion do not
have access to electricity (Rehman et al. 2012; Energy Realities 2013; EIA 2013).
Per capita energy consumption varies across countries. It is higher in developed
nations (USA—7.3 TOE, Canada—7.6 TOE, Japan—3.7 TOE) compared to the
developing (India—0.6 TOE, China—1.8 TOE, Brazil—1.4 TOE) and less
developed nations (<0.4 TOE). Figure 1 compares the energy consumption per
capita versus GDP (Gross Domestic Product) per capita among the countries (Top
25 GDP countries). Norway (99,933 million USD) tops in GDP per capita followed
by Switzerland (79,024 million USD), Australia (65,430 million USD) and Sweden
(55,341 million USD) which shows the effective utilization of energy. The per
capita GDP value of India is 1555.50 million USD, which is lowest among these
countries. Energy consumption per GDP (Energy intensity) of India is higher,
hinting the inefficient use of energy. Figure 2 compares the energy intensity (the
ratio of energy consumption per GDP) versus GDP per capita of various countries.
Energy intensity of India is about 0.42 kgoe/million USD which is more than 12
times that of Switzerland (0.033 kgoe/million USD), more than 4 times that of
Germany (0.092 kgoe/million USD), more than 3 times that of USA (0.137 kgoe/
million USD) and about 1.3 times that of China (0.325 kgoe/million USD). The
prosperity of a nation depends on the efficient use of energy or the energy intensity
than the per capita energy consumption.

Most of the Asian countries have high energy intensity (energy/GDP) and lower
per capita consumption, which illustrates the inefficient use of energy. This high-
lights the need of improved end use efficiency to enhance the GDP with the present
level of energy consumption (Ramachandra 2011; Ramachandra et al. 2006).

Global studies emphasizing the efficient use of the energy have also demon-
strated the relationship between efficient energy consumption and economic
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growth. Emission of greenhouse gases (GHG) is proportional to energy utilization
and is found higher in developing countries due to the inefficient use of energy
(Al-mulali and Che 2012).

Environmental pollution, health related issues, and other global problems have
increased with increased fossil fuel extraction and consumption. Unplanned
urbanization and industrialization have increased the energy demand. Burning of
fossil fuels has led to the emission of greenhouse gases (GHG) such as carbon
dioxide (CO2), oxides of sulfur (SOx), carbon monoxide (CO), water vapours, etc.,
apart from the release of particulate matter, solid and liquid waste to the environ-
ment. This emphasizes the need for exploiting renewable energy (RE) sources to
mitigate pollution and address the problem due to dwindling stock of fossil fuels.

1.1 Indian Energy Scenario

India is the seventh largest geography and ranks fourth among high energy con-
suming countries in the world with over 1.27 billion population. Total primary
energy consumption has increased manifolds during the past three decades from 18
MTOE (in 1980) to 104 MTOE (2011) in India (EIA 2013; TEDDY 2013). Coal,
natural gas, and crude oil are the leading commercial sources of energy of the
country in which most of the crude oil are being imported. Even though the
industrial and commercial sectors make use of fossil fuel resources, the Indian
domestic sector largely depends on non-commercial energy sources such as fuel
wood, agricultural and horticultural residues, animal residues, biogas, and com-
bustible waste. However, the commercial consumption of bioenergy has decreased
with switch over to fossil energy sources (coal, crude oil, natural gas, etc.) over the
years (Pachauri and Jiang 2008). Rural population constitutes 70% in India and
largely depends on bio resources for domestic energy. About 75% of the rural
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households depend on firewood, 10% on dung cake, and 5% on LPG for cooking
whereas, 22% of the urban households depend on firewood, 22% on kerosene, and
44% on LPG for cooking in the country. Some fraction of the urban households is
also dependent on fuel wood for cooking, water heating, and space heating (NSSO
2007). Consumption of non-commercial energy sources in the country remained the
same with minimal variations. However, the exploitation of fossil fuels has
increased substantially to meet the growing demand of industrial, commercial, and
transportation sectors with the favourable policies (Simron et al. 2012). Realizing
the growing concerns due to large-scale utilization of fossil fuels on the environ-
ment and also to reduce the high imports, India is promoting RE (Renewable
Energy)-based energy harvesting programmes through JNNSM (Jawaharlal Nehru
National Solar Mission), RGGVY (Rajiv Gandhi Gram Vidyut Yojana), etc., with a
goal to have 20,000 MW of grid connected and 2000 MW standalone solar power
by 2022. Energy conservation and rural electrification are made mandatory under
the Energy Conservation Act, 2011, and Electricity Act, 2003, by the Government
of India towards the goal of energy independence and to lower the energy demand
(MNRE 2013a). Economic development with financial security of a region is
dependent on energy independence and achieving the same is a daunting challenge.
Exploitation of renewable sources with efficient use of energy and demand-side
management would ensure sustainable growth in the energy sector while reducing
environmental pollution (Bhattacharyya 2010). This will bridge the supply-demand
gap through reduction in the energy loss from generation to end use.

Electricity has a wide range of applications as it is a clean and an efficient media
of energy transport. Per capita electric energy consumption in India is about 879
kWh (2012) and the source of electricity generation plays a significant role in
energy management and conservation. Electricity generation has been largely
dependent on fossil fuels (coal) which are mostly centralized. Centralized genera-
tion and sparsely located loads are the prime reasons for un-electrified rural
households with higher transmission and distribution (T & D) losses. Indian elec-
trical power transmission and distribution network encounters higher losses
(*24%) compared to other countries (China—6%, Australia—5%, Bangladesh—
10%, Germany—4%) and world average (*10%) due to un-metered electricity
supply, un-authorized expansion, theft and pilferage at the distribution side (CEA
2013). Transmission networks are being strengthened with the advanced (elec-
tronic) metering facility in many urban regions. In this context, innovations in
power sector through distributed/decentralized generation (DG), micro-grid and
smart grid would pave the way for efficient and effective power systems in India
(ISGTF 2013; MoP 2013).

Implementation of DG results in direct economic benefits including reduction in
operation and maintenance (O&M) costs, capital investment to upgrade the gen-
eration, fuel cost, and dependency on fossil fuels. Other indirect benefits include
reduced investment for pollution prevention and health-related expenses, apart from
achieving the national and local energy independence (El-Khattam et al. 2005;
Pathomthat and Ramakumar 2004). DG and micro-grid have the versatility of
incorporation of next generation power technologies such as smart grid architecture,
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advanced metering infrastructure (AMI), biofuel generation using algae, electricity
from solid waste, and energy plantation. Certainly the future energy resources have
to renewable in nature, to meet the growing demand; distributed generation and
micro-grid facilitates energy generation near load centers. Exploitation of RE
sources and reduction of T & D losses certainly make the energy sector sustainable
while achieving energy independence.

1.2 Need for the Study

India with fastest growing economy, the dependence of energy has increased
manifold due to industrialization and the impetus given to infrastructure develop-
ment. The trajectory of energy generation, transportation and consumption has to be
understood in order to adopt the sustainable energy management strategies to avert
any energy crisis (Ramachandra 2008; Ravindranath and Balachandra 2009).
Effective DSM (Demand Side Management) techniques include budgeting
non-commercial energy resources in the present energy scenario and end use effi-
ciency improvements. The present study analyses developments in the energy sector
in India from generation to end use. Energy conservation needs to be achieved
through the improvements in the end-use devices to have a sustainable and pollution
free growth. Technological interventions will give scope to utilize locally available
non-conventional, renewable energy resources (Kumar et al. 2013). Substitution of
fossil fuels through RE sources will also help in attaining energy independence in the
region. However, this requires assessment of the resources and patterns of energy
consumption from various resources (commercial and non-commercial), apart from
techno-economic feasibility of alternate energy trajectory.

Centralized options of generating electricity and supply to remote and sparsely
located loads have often faced technical challenges apart from lack of economic
viability. Electrification of rural India is yet to gain momentum as is evident from
the absence of electricity supply to more than 74,00,000 households of 18,000
villages. The electrification of remote villages to meet the basic electricity demand
is possible through standalone RE source based generation (Ramachandra and
Shruthi 2005; Ramachandra et al. 2014a; Nouni et al. 2009). Potential assessment
of RE sources through geographical information system (GIS) has helped in opti-
mizing the availability (Ramachandra et al. 2014b) and integration of resources
towards a reliable supply. Energy conservation and demand side management is the
other aspect to flatten the load curve and to reduce the peak demand. DSM tech-
niques and efficient methods in end use of energy will have a direct impact on
generation. The present study analyses the prospects of RE sources,
non-commercial energy sources, scope for the improvement of end use efficiencies,
and options to ensure sustainable energy path, while reducing the supply-demand
gap. The main objectives of the current research are as follows:
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(i) Understanding the energy situation in India—sector- and source-wise energy
demand with the scope for energy conservation through DSM and end use
efficiency,

(ii) Prospects of renewable energy with DG and smart grids to meet the distributed
energy demand while optimizing harvest of local energy sources.

This chapter consists of three major section—second section brings out the
source-wise energy scenario over the last five decades. Third section elucidates the
scope for renewable energy and the fourth section argues for the energy conser-
vation through improvements in end use efficiencies, smart grid framework, etc.

2 Temporal Changes in Energy Utilization: An Overview

Energy resources can be categorized as commercial (coal, crude oil, natural gas, etc.)
and non-commercial (fuel wood, animal residues, agricultural and horticultural
residues) depending on the market mechanism. Commercial energy resources are
mainly used in industries, transportation, electricity generation, and commercial
sectors. Domestic sectors’ energy demand is mainly met by locally and freely avail-
able non-commercial resources in rural areas (Ramachandra et al. 2000). India is
blessed with very few energy resources such as coal, natural gas, biomass, water, etc.
Traces of crude oil sources are found in few places which are not able supply the huge
demand. Analysing the temporal change of energy resources will help to understand
the resource status and take appropriate action to meet the forthcoming demand.

2.1 Coal

Coalmining in India started during the eighteenth century formeeting the fuel demand
of railways and industries. India is the third highest coal producer in the world with
annual production of 739.92 million tonnes (MT) in 2013–14. India has a proven coal
reserve of 293.5 billion tonnes available at Jharkhand, Chhattisgarh, Odisha, Madhya
Pradesh, and West Bengal (MoC 2013). Resource assessment predicts that the
approximate life of coal is 169 years with present reserve and consumption. Figure 3
gives the temporal patterns in coal production and imports over the last two decades.
Coal consumption has increased from 213 MT (1990–91) to 615 MT (2013–14) and
therefore, has grown more than 3 times over the years. About 168.44 MT of coal is
imported in 2013–14 to meet the growing demand in the power sector.

Calorific value of Indian coal varies from 4000 to 7000 kcal/kg, which is rela-
tively lower. Coal utilization for electric power generation tops the consumption
with 463.71 MT (2013–14) followed by the industrial sector (Fig. 3). Steel indus-
tries consume 23.16 MT, followed by cement (13.36 MT) and textile industries.

There are numerous environmental and economic problems associated with coal
mining, combustion, and power generation. Coal mining results in geographical
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change of land, with the minimal scope for restoration to its original state.
Coal-based thermal power plants have been polluting the neighbouring environ-
ment, thus, causing respiratory and other health problems (Ramachandra et al.
2012). Air pollution from coal mines is mainly due to the emissions of particulate
matter and greenhouse gases (GHG) including methane (CH4), sulfur dioxide
(SO2), nitrogen oxides (NOx), carbon monoxide (CO), etc. These pollutants con-
taminate water resources, air, soil, and consequent changes in the climate.

2.2 Crude Oil, Natural Gas and Petroleum Products

Transportation tops in oil consumption (54.28 MTOE) followed by industrial (28.8
MTOE) and domestic (24.89 MTOE) sectors. Figure 4 gives the sector-wise con-
sumption of crude oil in the country (2012–13). India is blessed with very few oil
resources which are located in Mumbai High, Bay of Bengal, and Rajasthan which
are being monitored by the Oil and Natural Gas Corporation (ONGC).

The total oil production in India has marginally increased from 33 million tonnes
(1990–91) to about 37.7 million tonnes (2013–14). Consumption of oil has increased
multiple times with industrialization and revolution in transportation system, leading
to a radical escalation in oil imports. Imports of crude oil increased from 20.7 million
tonnes (1990–91) to 189 million tonnes (2013–14). Figure 5 illustrates the temporal
changes in crude oil production and imports (MoPNG 2013). Drastic change in
imports occurred during the end of last century, emphasizing the need for energy
conservation, demand side management, and renewable energy-based capacity
addition, in order to minimize the dependency on other countries.
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Natural gas is one of the prominent energy sources in power and industrial
sectors. Total natural gas production in the country was about 18 BCM (billion
cubic meters) during 1990–91 and increased to 34.64 BCM in 2013–14. Natural gas
is available in India at Mumbai High basin and in Gujarat. Offshore gas reserves are
also located in Andhra Pradesh coast (Krishna Godavari Basin) and Tamil Nadu
coast (Cauvery Basin). Onshore reserves are located in Gujarat and the North
Eastern states (Assam and Tripura). The country has 1437 BCM of natural gas
reserves which may last for 30 years at the present level of consumption. Figure 5
depicts the natural gas production and annual imports from 1990–91 to 2013–14.
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Figure 6 shows the sector-wise consumption of natural gas in the country. Fertilizer
industries are the major consumer of natural gas (11.06 BCM) followed by power
generation (10.53 BCM) (MoPNG 2013). Petroleum products and their utilization
have been increasing at a higher rate since globalization era (after 1990s). The total
consumption of petroleum products was about 55 MT (1990–91) which has
increased to 148 MT (2011–12). Figure 5 also gives the temporal change in pet-
roleum product production and consumption. Import of petroleum products is about
15.85 MT (during 2011–12) and the increase in crude oil imports is directly
dependent on the rise in petroleum product consumption. However, the import of
final products is expensive compared to crude oil, which affects the country’s
economy. Production of petroleum products also increased significantly from 48.5
MT (1990–91) to 204 MT (2011–12), indicating the four-fold growth (MoPNG
2013). Rapid increase in consumption has resulted in numerous environmental and
economic problems due to inefficient combustion. This necessitates a paradigm
shift from fossil fuel-based energy to renewable energy to achieve the energy
independent sustainable development.

2.3 Electric Power

India is one of the major electric energy consuming countries in the world with the
annual generation of 11,79,256 GWh (2013–14) and largely depends upon fossil
energy resources. Figure 7 illustrates the share of energy sources in total installed
power capacity in the country. Coal is the prominent energy source
(170,737.88 MW) followed by hydro (42,623.42 MW), nuclear power plants
(37,415.53 MW) and renewable energy sources (27,541 MW). The government
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has proposed augmentation of nuclear power generations to 20,000 MW by 2020
(CEA-LGBR 2013). Electricity generation has increased from 43,724 GWh (1970–
71) to 11,79,256 GWh (2013–14) showing a growth of over 26 times in 40 years.
Industrialization, revolution in agriculture and elevated consumption in commercial
sector have necessitated an additional increment in electricity demand. Figure 8
gives the sector wise temporal electric energy consumption. Industries top the
consumption with 346,469 MW (44.8%), followed by agriculture (133,650 MW,
17.3%), domestic (170,034, 22%) and commercial sector (69,266, 9%) (MoP
2013).

2.4 Renewable Energy (RE) Sources

India is bestowed with ample renewable energy resources throughout the region with
the scope for harvesting wind, bio-energy, solar (PV and Thermal), micro hydro,
biogas, geothermal, tidal energy, etc. (Ramachandra 2011). Figure 9 depicts the
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share of RE sources, based on the total installed capacity. Renewable energy is being
used in various forms as is evident from the dependence on bio-energy to an extent of
85% among the rural population (constitutes 70% of the total) since time immemorial.
Grid interactive power generating plants fromRE sources constitute 37,414 MWwith
the major share of wind energy plants (24376.26 MW, 65%) followed by biomass/
bagasse cogeneration plants (4418.55 MW, 12%), solar photovoltaic (4346.82 MW,
12%), and small hydro (4146.82 MW; 11%). Power generation from municipal
solid waste accounts for a very small fraction (MNRE 2013a, b).

Figure 10 shows the share of RE energy sources in off-grid installation (1228.48
MWe) for remote area electrification and as captive generation in industries.
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The Government of India is encouraging RE-based capacity installation through
National Solar Mission, Jawaharlal Nehru National Solar Mission (JNNSM), pro-
jects under Clean Development Mechanism (CDM), incentives for biogas instal-
lation, etc. Policy initiatives such as Feed-in-Tariff (FIT) and Generation Based
Incentives (GBI), tax holidays, and subsidy on capital investments will help to
boost the RE-based capacity addition. Sustainable energy development can take
place with renewable energy-based generation while reducing the GHG emission.

Solar cookers, dryers, and improved cook stoves can be used in the domestic
sector whereas, solar and wind driven pumps are reliable in irrigation
(Ramachandra 2011). Captive electric energy generation using solid waste, bagasse,
agricultural and horticultural residues, wind and solar energy are viable in the
industrial sector. Hence, the RE sources can replace the present energy mix with a
higher share with distributed generation and micro-grid (rooftop) generation.

The Indian energy scenario shows that the present energy mix is dominated by
conventional energy sources. Dependency on fossil fuels has increased the imports
which is affecting the country’s economy. Development in the energy sector is
likely to deviate from sustainable path hinting the energy crisis in future. Figure 11
gives the share of commercial and non-commercial sources in the energy mix of the
domestic sector of the country. About 58% of the demand is met by commercial
energy sources wherein coke dominates the consumption (47%), followed by coal
(29%), charcoal (11%), and LPG (10%). Non-commercial sources supply 42% of
the demand in which firewood tops with a share of 62%, followed by crop residues
and others (37%). Figure 13 highlights an increase in carbon dioxide (CO2)
emission from 143 million tonnes (1962) to 2,073 million tonnes (2014). Mitigation
of changes in the climate entails lowering GHG emissions, through energy con-
servation and improvements in end use devices efficiency.

The current level of energy extraction, transportation, and inefficient consump-
tion pattern and its impact on the environment and nation’s economy has neces-
sitated a paradigm shift in the energy planning to achieve sustainable development.

Fig. 11 Commercial and non-commercial sources in domestic energy consumption
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Figure 12 shows the increasing trend of GHG emissions. Power generation and
transportation sectors are the major contributors to emissions which entails the
transition to renewable energy and innovations in vehicle design, etc. Apart from
that, end use energy efficiency improvement with DSM would help to conserve
energy. Adoption of smart grid architecture would further improve the energy
sector through intelligent, reliable, efficient, and less pollutant systems
(Ramachandra 2009a; Dabrase and Ramachandra 1999; Prakash and Bhat 2009).

3 Scope for Renewable Energy

3.1 Solar Energy

India is one of the best recipients of solar energy due to its favourable location in
the solar belt (40 °S to 40 °N) and receives annual sunshine of 2600 to 3200 h.

Figure 13 illustrates that the Gangetic plains (Trans, Middle, and Upper) Plateau
region (Central, Western, and Southern), Western dry region, Gujarat Plains, and
hill region as well as the West Coast plains and Ghat region receives annual global
insolation above 5kWh/m2/day. These zones include major federal states of
Karnataka, Gujarat, Andhra Pradesh, Maharashtra, Madhya Pradesh, Rajasthan,
Tamil Nadu, Haryana, Punjab, Kerala, Bihar, Uttar Pradesh, and Chattisgarh. The
eastern part of Ladakh region (Jammu & Kashmir) and minor parts of Himachal
Pradesh, Uttarakhand, and Sikkim, which are located in the Himalayan belt also
receive similar average global insolation annually. These regions with a viable
potential constitute solar hotspots covering nearly 1.89 million km2 (*58%) of
India (Fig. 14) with the favourable prospects for solar-based renewable energy
technologies, which could help meet her escalating power requirements in a
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decentralized, efficient, and sustainable manner. A techno-economic analysis of the
solar power technologies and a prospective minimal utilization of the land available
within these solar hotspots demonstrate their immense power generation as well as
emission reduction potential. A major thrust for R&D in solar technologies is
essential to lower the generation cost and enable competition with the conventional
fossil fuel-based options.

Regions receiving global insolation of 5kWh/m2/day and above can generate at
least 77 W/m2 (actual onsite output) at 16% efficiency. Hence, even 0.1% of the
land area of the identified solar hotspots (1897.55 km2) could deliver nearly 146
GW of SPV-based electricity (379 billion units (kWh) considering 2600 sunshine
hours annually). Figure 14 gives the district wise solar power density of the
country. This power generation capacity would enhance considerably with the
improvement in efficiency of SPV technology. Solar technologies have the potential
to offset a huge volume of GHG emissions as demonstrated and help realize a low
carbon economy at a faster rate. It will create numerous employment opportunities,
especially at the village level. Learning from other developing countries as well as
its own past experiences, India can be a world leader in solar power generation.
With an ambitious solar mission, and positively evolving policy instruments, the
nation will rightly adorn the epithet of ‘Solar India’ in the near future.

The National Solar Mission (NSM) launched in 2009 by the Government of
India has given a great boost to the solar scenario in the country. The mission
targets achieve 175 GW by the year 2022 which includes 100 GW from solar, 60
GW from wind, 10 GW from bio-power, and 5 GW from small hydro-power. The
solar energy installation comprises of 40 GW rooftop and 60 GW through large-
and medium-scale grid connected solar power projects. About INR 6,00,000 crores

Fig. 13 Annual average
global insolation map of India
showing the isohels and solar
hotspots
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investment is expected for the commission of 100 GW solar projects (CEA—LGBR
2013). However, considering the current level of T & D losses in a centralized
system, inefficient, and unreliable electricity supply, it is necessary to promote
decentralized energy generation. Small capacity systems are efficient, economical,
and more importantly would meet the local electricity demand. The incentives
could be

(i) Solar Rooftop PV systems can be installed on residential/commercial/
industrial buildings in the state. Excess generated energy can be fed to the
grid with net metering with incentives (of INR 9.56/unit—without subsidy
and INR 7.20/—with subsidy).

(ii) Buyback programmes for the electricity generated at household level and in
micro grid—GBI of INR 9.56 for electricity generation (<5 kW) feeding to
the grid by SPV.

(iii) Install solar rooftops in all new government/local body buildings—imple-
mentation of solar rooftops could be in a phased manner in the existing
government/local body buildings, etc.

(iv) Commercial lighting in advertisement boards should only be from RE
sources. Complete ban on usage of grid electricity for these purposes.

Fig. 14 District-wise solar power density of the country
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(v) Impetus to energy research through generous funding for the R & D
activities to ensure further improvements in the grid, technologies, two-way
communication energy meters (to connect rooftop generation with existing
grid), efficient luminaries’ production, low cost wiring, switchgears,
appliances, etc.

(vi) Energy education (focusing mainly on renewable energy technologies,
end-use energy efficiency improvements, energy conservation) at all levels.
School curriculum shall include renewable energy (RE) concepts.

(vii) Awareness about energy independence and the necessity of RE sources in
the present gloomy energy scenario to the consumers.

(viii) Education and awareness about applications and importance of renewable
energy sources.

(ix) Capacity building of youth through technical education for installation and
servicing of SPV panels.

(x) Setting up service centers in block development offices to meet the
requirement of service support for RE technologies (solar, biogas, energy
efficient chulas, etc.).

3.2 Wind Energy

India ranks fifth (after China, US, Germany, and Spain) with over 19 GW wind
installed capacity. Wind energy accounts for 8.5% of the total installed capacity.
Figure 15 gives the district-wise wind power density potential in India. The total
wind energy potential in country is estimated as 49.13 GW in which about 38% has
been utilized for energy generation (Sharma et al. 2012). The state of Tamil Nadu
leads in wind energy extraction with the installed capacity of 6,286 MW followed
by Maharashtra (2,400 MW), Gujarat (2,337 MW), and Karnataka (1,773 MW)
(C-WET 2012). Energy extraction from wind resources primarily depends on the
wind speed available in the region. The available wind energy potential is directly
proportional to the wind speed and area swept by the wind turbine. Hence, the
primary need is to assess the annual wind speed of the region which indicates the
potential regions for energy extraction. The coastal region of the country experi-
ences high wind speed which ranges from 3 to 5 m/s annually. The southern and
central part (west coast) of the country experiences higher wind speed during
monsoon (June to September) which will be more than 5 m/s. During winter, the
high elevated region of the country experiences high flow of wind that ranges from
4 to 5.25 m/s (Ramachandra and Shruthi 2007). Estimation shows that the western
coast (Karnataka, Tamil Nadu, Kerala, Maharashtra, Gujarat) and plains (Rajasthan,
Gujarat, Karnataka) are the ideal places for wind energy harvesting where the
annual average wind speed is higher. However, there is vital scope for decentralized
wind energy generation in hilly regions (such as Jammu and Kashmir, Himachal
Pradesh) and islands (such as Anadaman and Nicobar, etc.). Distributed wind
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applications in water pumping and milling could meet the energy demand for
irrigation and domestic sector of the region (Ramachandra and Krishnadas 2012).

3.3 Bio-Energy

Bio-energy is a prominent component of total primary energy consumption in India.
About 70% of the population lives in the rural region of the country where agri-
culture and horticulture are the primary occupations. Residues obtained during the
processing of the yield are one of the major sources of bio-energy in the country
(Ramachandra et al. 2014). Forest residues and fuel wood are the primary energy
sources for heating and cooking in rural India. The sector-wise available bio-energy
is estimated and compared with the energy demand. Figure 16 gives the state-wise
supply to demand ratio of biogas and biomass energy, which shows the ratio of
0.25–0.5 for most of the states. Cattle dung and biogas generation meets the sig-
nificant domestic energy demand for cooking in rural and suburban areas. The
north-eastern part of the country with good forest cover shows a better resource
status.

Fig. 15 District-wise wind power density potential in India
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The Ministry of New and Renewable Energy (MNRE), Government of India,
has come up with policies and plans to encourage bio-energy utilization in the
country. The country has a total installed capacity of 1,284 MW biomass power
plants and 2,392 MW of bagasse generation plants which are synchronized with
grid (MNRE 2013b). Waste to power generation grid interactive plants of about
100 MW installed capacity demonstrate the productive way of municipal solid
waste (MSW) management (MNRE 2013a; Ramachandra 2009b). The country has
more than 750 MW installed capacity off grid/captive power plants which gives the
new avenues for decentralized power generation (MNRE 2013b). Improvement in
bio-energy technologies (BETs) and effective management of wasteland, friendly
policies, and incentives would certainly increase the energy potential and capacity
addition using more bio-energy resources (Singh and Setiawan 2013).

3.4 Biofuel

In the face of increasing CO2 emissions from conventional energy sources and the
projected scarcity of crude oil, there is an immediate need for cost effective
renewable alternative energy sources. Bio-diesel generation from gasoline secreting
diatom solar panels is a revolutionary change to meet the future crude oil demand.
Diatoms, the major group of planktonic algae, can be used sustainably for pro-
duction of bio-fuel, by the usage of diatom-based solar panels. Studies have shown
that diatoms could make 10 to 200 times as much oil per hectare as oil seeds. Some
diatoms secrete more lipid content when subjected to unfavourable environment or
culture conditions, such as nutrient starvation or extreme temperatures (Mahapatra
et al. 2014). Since diatoms multiply rapidly, they can double their biomass within

Fig. 16 State-wise bioenergy and biogas status (supply/demand ratio)
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an hour to a day’s time. Since each diatom creates and uses its own gas tank, it is
estimated that diatoms are responsible for up to 25% of global carbon dioxide
(CO2) fixation. This shows that while diatoms can be cultivated for oil extraction,
they can automatically reabsorb carbon dioxide in the process. Diatoms have the
potential to meet the future oil demand which also plays a major role in CO2

absorption. This enables the scope for mimicking the natural process to extract oil
which leads to sustainable growth (Ramachandra et al. 2013).

3.5 Biofuel from Wastewater Algae

Third generation biofuel, based on microalgae, is emerging as one of the most
promising sources due to algae’s high photosynthetic efficiency and faster repli-
cation as compared to other energy crops. However, optimization of the conditions
for the growth and technologies for biomass harvest and energy extraction are
necessary for sustainability, together with a cost effective way of algal cultivation.
Abundant wastewaters, generated in urban localities every day, provides the
nourishment to nurture algae for biofuel generation. Domestic wastewaters poten-
tially provide economic and sustainable means of dense algal growth. Algae have
the ability to uptake nutrients which aid in the treatment of wastewater. The total
lipid content of Euglena species was higher (24.6%) compared to Spirogyra
sp. (18.4%) followed by Phormidium sp. (8.8%) and their annual lipid yield
potential was 6.52, 1.94, and 2.856 t/ha/yr., respectively. These species showed
higher content of fatty acids (palmitate, stearate followed by oleic and linoleic
acids) with the desirable biofuel properties. This suggests that algae based treatment
option for removal of nutrients from wastewater as well as biofuel production for
fostering the sustainable production of renewable energy. Thus, extraction of lipid
from micro-algae, grown in wastewater, would serve the dual purpose of cost
effective waste treatment and help in meeting the regional energy demand
(Ramachandra et al. 2009).

3.6 Capacity Addition Through Renewable Energy Sources

The Indian power sector is facing installed capacity deficiency problem due to the
ever-increasing load. A large number of new loads are being added to the grid, but
increasing installed capacity is not an overnight process. Accumulated load has
severe impact on the power system supply which is a challenging task. The present
generating stations are working to their maximum capacity and most of them are
centralized. Power sector equipment (transformers, transmission lines, insulators,
compensators, etc.) are aged, working with lower efficiency; replacing or
up-gradation is a costly affair and takes more time. Overloading of such equipment
is presently not possible which may lead to blackout. Adoption of new trending
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technologies such as smart grid, energy management system (EMS), SCADA is a
tough task and expensive with the present power system network. Connecting
un-electrified load to the present grid increases the load which might collapse the
grid. In this perspective, to meet the ever growing load, there is a need to exploit the
renewable energy potential in the country. Capacity addition through RE sources
and decentralized installation of generation plants will reduce the load on trans-
mission network and also narrow the energy demand gap (Nouni et al. 2008;
Hiremath et al. 2007).

Renewable energy technologies (RET) such as individual/community level
rooftop installation of solar PV, biomass gasifiers, wind energy conversion systems,
biogas plants, etc., have the potential to substitute grid electricity. Since the country
receives solar insolation over 5 kWh/m2/day for more than 300 days annually, solar
PV installation on rooftop and in wasteland could be viable option to build up the
capacity. India has over 7,000 km of coastline which are high potential wind
regions. Installation of wind turbine near sea shores (fraction of area) could generate
enormous amount of energy which also adds to the natural splendour. Most of the
Indian population residing in rural areas practices agriculture. Agricultural and
horticultural residues have the potential to meet village level domestic energy
demand through gasification. The prime advantage of this system is that it produces
electricity, gas, and manure which can be returned to the farmer. These systems can
be installed by individuals or as a community (pay for service) in larger scale which
can also be connected to the grid. Hybridization of locally available RE sources
makes the system more reliable, efficient, economically viable, and sustainable
(Ghosh et al. 2002; Balamurugan et al. 2009).

4 Energy Conservation and New Energy Technologies

4.1 End-Use Efficiency Improvement

More than 70% of the population resides in rural regions and 85% of the energy
requirement is met by traditional fuel through energy inefficient devices. Industrial
energy consumption is also inefficient in most of the cases due to the aged
equipment, lack of lubrication, torn out parts, and non-scientific combustion. The
overuse of energy resources in the commercial domain and unmetered energy
supply for irrigation pumps have aggravated the energy crisis.

The primary need of energy resources in rural India is for cooking, water/space
heating, and lighting. Most of the energy for cooking and heating is supplied by
bioenergy (fuel wood, dung cake, etc.) which is locally available. However, the
conventional cook stoves used for combustion of biomass have lower thermal
efficiency (<10%). Compared to these, improved cook stoves (ICS) have higher
efficiency (20–30%) and there is a scope to reduce 27 to 42% of the fuel wood
requirement (Ramachandra et al. 1999). A typical rural household consumes about
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5 l of kerosene every month. Average electricity consumption in rural household
ranges between 50 and 60 kWh/month which is mainly used for lighting, enter-
tainment, water pumping, and air cooling. About 30–40% of energy conservation is
possible in the domestic sector using CFL/LED lamps for lighting, energy efficient
heaters, and coolers (Reddy 1999).

The domestic energy requirement of an urban household is supplied by elec-
tricity, LPG (Liquefied Petroleum Gas), fuelwood, etc. Even though an urban
household consumes about 11 kg of LPG per month, 22% of the urban households
depend on firewood and kerosene as primary energy need. Electricity is the main
source of lighting, cooling, and water heating in urban area where the consumption
ranges from 100 to 125 kWh per month (TEDDY 2013). Use of ICs, CFL/LED
lamps, and energy efficient heaters and coolers can conserve a significant amount of
energy. Solar water heater and rooftop solar PV installation can substitute electricity
and biomass consumption for lighting and water heating, respectively
(Vishwanathan and Ravikumar 2005).

Energy conservation in irrigation pump sets is possible by avoiding over
capacity installation, maintenance and lubrication, selecting proper foot valves and
pipelines, drip irrigation, and sprinkler installation, etc. Energy supply for agri-
cultural purposes is to be metered and tariff has to be applied on the basis of
installed capacity. This would help in the optimal irrigation of agriculture fields.
Wind pumps and solar PV pumps can be installed for small area irrigation (5–10
hp) which would replace the diesel or kerosene fueled pumps (Kumar et al. 2010).

Industries are the highest energy consumers in India which use all forms of
energy resources. Many of the Indian industries use coal, oil, and electricity. About
30–40% of energy conservation is possible with upgradation of equipment and
technology. However, there is a need to reform policies and tariffs for industrial
energy consumption to promote captive generation through renewable energy
sources (Gupta and Sengupta 2012; Ramachandra and Subramanian 1995).

Energy consumption in the commercial sector has increased considerably during
the last decade. Energy conservation in the commercial sector through interventions
in lighting technologies (LED/CFL), green buildings, and energy efficient equip-
ment would reduce the energy consumption and decrease the energy intensity.

4.2 Demand Side Management (DSM)

The techniques and measures taken in load side to improve the reliability and
quality of power are termed as demand side management (DSM). DSM techniques
include use of energy efficient equipment (CFL/LED lamps), reactive power
compensators (STATCOM, series/parallel capacitors/inductors), load shifting, and
load shaving, etc. (Palensky and Dietrich 2011). Capacity addition through
renewable energy sources is also a DSM technique which reduces the consumer’s
dependency on the grid. DSM techniques immediately affect the power system
(generation and load) which narrows the supply-demand gap. Demand response,
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the widely used DSM technique, basically includes two ways—Intensive based
programme (IBP) and Price-based programme (PBP). In IBP, consumer will not
derive direct benefit for cutting down the load, however, the same shall be earned
through incentives such as tax reduction and tax holidays. In PBP, different types of
power tariffs are applied to the consumer, from which direct benefit is possible in
electricity bills. Various tariffs such as time of use (TOU), maximum demand
(MD) pricing, critical peak pricing (CPP), real time pricing (RTP), power factor
tariff, etc., will control the electricity bill (Albadi and El-Saadany 2007).

4.3 Smart Grid and Energy Management System

Smart grid is an intelligent system (manual/automated) which integrates all com-
ponents of the power system (generator, transmission and distribution network, end
users) for reliable, efficient, and environment-friendly energy supply. It also plays a
key role in demand response, peak load management, unit commitment, and to have
effective renewable mix in the installed capacity. Well-established information and
communication technology (ICT) and control networks are the backbone of smart
grid for which the supportive grid network is required (Vijayapriya and Kothari
2011). Power sector in India is evolving and adopting modern grid technologies
such as supervisory control and data acquisition (SCADA), energy management
system (EMS), distribution automation (DA), advanced metering infrastructure
(AMI) such as prepaid meters, etc. However, the communication network is limited
to high voltage transmission equipment and feeble parts of the present power
network need to be strengthened to have the smart grid architecture. India is
planning to have a full phase smart grid by 2025, for which required devices such as
FACT (flexible AC transmission) controllers and phasor measurements units
(PMUs) are being installed. Around 14 pilot projects are being implemented by
Indian Government under Restructured Accelerated Power Development and
Reforms Programme (R-APDRP) and the US–India Partnership to Advance Clean
Energy-Development (PACE-D) programmes. Data management technologies and
automatic screening of data, collected through remote terminal units (RTUs) is the
worldwide challenge to make the network smart and to take quick decisions (ISGTF
2013). However, smart grid is a visionary and revolutionary change in the power
sector which requires contributions from industry, academic, and research institu-
tions. Smart grid architecture varies from place to place and essentially depends on
the present grid structure, load dynamics, and resource availability. The Indian
power sector still suffers from huge unmet demand due to lack of peak load
management and high T & D losses. Smart grid would primarily reduce the network
losses and narrow the energy demand gap. Power sector should be analysed,
considering the future demand and then the grid architecture should be decided,
whereas replicating the smart grid architecture may not be the solution.
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4.4 Innovations in Energy Sector

Development of economically viable and technically feasible new energy har-
vesting technologies is expected to change the present energy mix. Technology
innovation in non-fossil energy resources - solar thermal and PV, bioenergy,
off-shore wind, hydrogen, artificial photosynthesis, etc. would meet the future
energy demand (Abas et al. 2015). The current focus is on bioenergy, bio-oil, and
biological hydrogen production. Technologies like bio-oil and ethanol production
from algae would significantly replace the fossil oil for transportation and electricity
generation (Gupta and Verma 2015). Many of these technologies are in the lab scale
at the moment and thus, have shown great potential in cutting down the cost and
also tapping a wide range of renewable energy sources.

Significant improvements are also found in energy storage technologies in order
to resolve the intermittency issues in renewable energy sources. Table 1 summa-
rizes a few energy storage technologies which are being developed and also used
across the globe. However, industry collaboration would be necessary in order scale
up/widen the new energy technologies and also for wide-scale dissemination.

In the face of increasing CO2 emissions from conventional energy (gasoline) and
the anticipated scarcity of crude oil, a worldwide effort is underway for cost
effective renewable alternative energy sources. Efforts are in progress at Energy &
Wetlands Research Group, CES (http://ces.iisc.ernet.in/energy), at the Indian
Institute of Science, Banaglore, towards developing the gasoline secreting diatom
solar panels to produce gasoline from diatoms sustainably. Diatoms being the major
group of planktonic algae (Fig. 17) can be used sustainably for production of
bio-fuel, by the usage of diatom-based solar panels. Studies have shown that dia-
toms could make 10 to 200 times as much oil per hectare as oil seeds (Ramachandra
et al. 2009) and the techniques involved towards developing oil secreting diatoms to
minimize the cost of oil extraction. It was found that some diatoms secrete more
lipid content when subjected to unfavourable environment or culture conditions,
such as nutrient starvation or extreme temperatures. Unlike crops, diatoms multiply
rapidly. Some diatoms can double their biomass within an hour to a day’s time.
Since each diatom creates and uses its own gas tank, it is estimated that diatoms are
responsible for up to 25% of global carbon dioxide fixation. This means that while
diatoms can be cultivated for oil extraction, they can automatically reabsorb carbon
dioxide in the process. Diatoms may have a major role to play in the coming years
with regard to the mass production of oil. This entails appropriate cultivation,
harvesting and extraction of oil, using advanced technologies that mimic the natural
process while cutting down the time period involved in oil formation.

Energy from Wastes: Urban areas are generating a large quantum of waste. For
example, Greater Bangalore generates about 1,200 MLD of liquid waste and about
2,800 tonnes of solid waste every day. Untreated wastes are contributing to
greenhouse gases (GHG) in the system and also to global warming (Ramachandra
2009b). Viable technologies are available to convert waste to energy. For example,
an algae photo-bioreactor that grows algae in municipal wastewater to produce
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biofuel and a variety of other products is in place (Mahapatra et al. 2014). This
bioreactor will not compete with agriculture for land, fertilizer, or freshwater.
Similarly, to handle the organic fraction of municipal waste (which constitute
60–70% of Bangalore’s municipal waste), Centre for Sustainable Technologies at
the Indian Institute of Science (IISc), Bangalore, has developed a viable technology.

Table 1 Energy storage technologies (Decourt and Debarre 2013; Paksoy 2013)

Technology Location Output Efficiency
(%)

Initial
investment
cost (USD/
kW)

Primary
application

Pumped Storage Supply Electricity 50–85 500–4600 Long-term

Underground
Thermal Energy
Storage (UTES)

Supply Thermal 50–90 3400–4500 Long-term storage

Compressed air
storage

Supply Electricity 27–70 500–1500 Long-term storage,
arbitrage

Pit storage Supply Thermal 50–90 100–300 Medium
temperature
applications

Molten salts Supply Thermal 40–93 400–700 High-temperature
applications

Batteries Supply,
demand

Electricity 75–95 300–3500 Distributed/
off-grid storage,
short-term storage

Thermochemical Supply,
demand

Thermal 80–99 1000–3000 Low, medium, and
high-temperature
applications

Chemical-hydrogen
storage

Supply,
demand

Electrical 22–50 500–750 Long-term storage

Flywheels T&D Electricity 90–95 130–500 Short-term storage

Supercapacitors T&D Electricity 90–95 130–515 Short-term storage

Superconducting
magnetic energy
storage (SMES)

T&D Electricity 90–95 130–515 Short-term storage

Solid media storage Demand Thermal 50–90 500–3000 Medium
temperature
applications

Ice storage Demand Thermal 75–90 6000–
15,000

Low-temperature
applications

Hot water storage
(residential)

Demand Thermal 50–90 Negligible Medium
temperature
applications

Cold-water storage Demand Thermal 50–90 300–600 Low-temperature
applications

Source Abas et al. 2015
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The policy shift, political-will, and active participation of decision makers and all
stakeholders (local community) are required to see these technologies are in place
and Bangalore is free of wastes (Ramachandra 2009b; Chanakya et al. 2007a, b,
2009).

4.5 Future Energy Scenario

Natural resource exploitation in the country has increased manifold over the years
to cater the energy requirements in all sectors. Resource extraction is forecasted till
2021 using the historical rate of consumption and is given in Fig. 18. It shows an
increasing trend which necessitates the immediate energy conservation and

Fig. 17 Pennate and centric diatoms (Navicula sp., with an oil droplet)
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exploitation of non-conventional sources of energy. Extraction of coal resources is
projected as 674 million tonnes, which is about 34% more than the present con-
sumption (2011). Estimation also reveals an increment of 38 and 31% in crude oil
and petroleum production consumption. Increase in the natural gas consumption is
expected to be marginal (*25%) with respect to the present consumption. This
demands radical government policies focusing on renewable energy, revolutionary
improvements in end-use technologies, and changes in the resource utilization
practices. Nevertheless, the current trend of consumption of fossil fuel resources has
caused many environmental problems, thus, necessitating restructuring of energy
portfolio.

5 Conclusions and Recommendations

The Indian energy sector is at the tipping point as alternate renewable energy
technologies have gained significance during the last two decades. There is a need
to navigate the energy transition for sustainable growth in socio-economic aspects
of the country. Though the energy consumption per GDP is higher, production of
valuable goods is quite low in the country which shows that there is a need to
improve the end-use efficiency. Energy utilization from non-conventional energy
sources holds the major share after fossil fuels, which has to be considered for
technology improvement. Indian electric power generation mainly depends on coal
and hydro resources which are centralized. Sparsely located load centers, theft,
pilferage, and unmetered supply causes high T & D losses which needs to be
reduced through distributed generation and micro-grids. Capacity addition through
renewable energy sources will ensure the effective renewable mix in total installed
capacity, while meeting the future demand. Demand-side management and end use
efficiency improvements are the short term requirements to fill the supply–demand
gap and for reliable energy supply. It also reduces the derivatives (ash, fumes, GHG
gases, etc.) by increasing the net productivity. Smart grid technology will make the
power system more reliable, secure, efficient, and environment-friendly. New
energy sources and effective use of available resources would keep the country on a
sustainable path leading to achievement of energy independence.

The sustainable energy option requires the government support for the identi-
fication, exploitation and use of renewable sources of energy, which should be at
least as high as for conventional sources. A generation based incentive (GBI) would
encourage decentralized electricity generation at individual rooftops. In addition to
this, there is a need to promote solar rooftops in Government infrastructure and
buildings such as (i) solar powered street lights, (ii) install solar rooftops in all new
government/local body buildings, (iii) implementation solar rooftops in a phased
manner in the existing government/local body buildings, and solar power systems
for all street lights and water supply installations in local bodies in a phased
manner. The current study shows that the renewable energy experiences all the
useful kinds of problems that affect most economic development projects. Lack of
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capital, skilled labour and service backups are serious impediments to the progress
of alternate devices such as fuel efficient stoves, biogas, wood gasifiers, etc. Even
more serious concern is the lack of coordinated effort among various bureaucratic
setup and ministries. These are the main hurdles to the successful implementation of
biomass cultivation projects and development of bioenergy. Policies are to be
formulated to remove the constraints at local/regional level. Policies must engender
the communication between the different institutions and government sectors
involved with the establishment of a significant and sustainable bioenergy pro-
gramme that is the agricultural, forestry, land planning and energy sectors. Hence,
the prudent management practices involving energy generation from renewable
sources, while meeting the energy requirements at decentralized levels efficiently
would offer the opportunity to address multiple environmental concerns such as
land degradation, bio diversity, acid rain pollutants, local and regional health
problems.
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