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Foreword

With the advent of modern civilisation and
continuously growing human population, there
is constant increase in the demand for the
energy world over for livelihood and recrea-
tional purposes. The major sources of conven-
tional energy derived through petroleum
resources and coal reserves are depleting, which
have raised the concerns and led to growing
global interest in developing alternative sources
of energy. National governments also see
energy independence as a kind of security for
the country. There have been intensive efforts
all over the world to explore and exploit the
alternative energy sources, such as solar energy,

wind energy, bioenergy, etc. Bioenergy largely relies on biomass-based processes
for the development of liquid and gaseous fuels, which have often been termed as
first generation (ethanol from corn and other starchy sources), second generation
(bioethanol from lignocellulosic feedstocks and biodiesel from vegetable oils),
third generation (biofuels derived from algae) and fourth generation (biohydro-
gen). Biofuels derived from renewable materials offer much promise. In addition
to serve as alternative source of energy, they also offer potential benefits on
environmental impact in comparison to fossil fuels.

For the development of technologically and economically feasible renewable
energy process, not only one requires substantial basic R&D data, but must also
develop suitable models and integrate them with scale-up data. Yet another
important aspect in this regard is life cycle assessment (LCA) study, which should
be accomplished for a complete economic, environmental and social sustainability
scenario development. LCA studies could involve the production and use of a
product or the development of a service or product. In either cases, environmental
and economic scenarios must be given due consideration.

The book on ‘Life Cycle Assessment of Renewable Energy Sources’ provides
state-of-the-art information on the LCA studies and scenarios for the renewable
energy. The editors have put together a host of highly relevant topics, ranging from
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the importance of LCA for renewable energy sources, key issues for bio-based
renewable energy sources LCA, LCA for the production of biogas, bioethanol,
biodiesel from different feedstocks, LCA for wind energy, solar energy, hydro-
power and comparison of different LCA studies. These aspects have been dealt by
the peers.

LCA should involve the elements of life cycle inventory, life cycle impact
assessment and interpretation. All these have been achieved in this book by
describing the specialty processes and pioneering works. The editors have brought
together a pool of expertise to present the state-of-the-art information, which have
presented in-depth analysis of the knowledge on various aspects.

Overall, the information provided in this book is highly scientific, updated and
would be beneficial for the researchers and practitioner equally; this will be also
useful for those entering into this area.

Ashok Pandey
National Institute for Interdisciplinary Science and Technology, CSIR

Trivandrum, India
Editor-in-Chief, Bioresource Technology (Elsevier)
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Preface

In recent years, a lot of emphasis has been given to renewable, sustainable and
environment friendly energy sources in order to offset the dependence of mankind
on conventional and non-renewable sources of energy most of which are fossil-
based. However, the plethora of options available today makes it difficult for the
users, policy makers as well as the researchers in this area to identify the right
source for a specific situation as the usage and implementation depends on a
variety of factors such as availability, ease of transportation, maintenance and end-
of-life options. Energy and environment are closely interlinked and therefore any
alternative energy option brings with it a certain impact on the environment.
Several terms such as ‘cradle to grave’, ‘cradle to cradle’, ‘cradle to gate’ are used
in this regard to denote the impacts at each stage of a product’s life-cycle. This has
led to a lack of understanding among the practitioners in this field and often leads
to complicated situations where no agreement can be found over one single source
of renewable energy. The integrated assessment of all environmental impacts from
cradle to grave is the basis for many decisions relating to achieving improved
products and services. The assessment tool most widely used for this is the
environmental Life Cycle Assessment (LCA).

This book is intended to have three roles and to serve three associated audiences
namely, the students and research community who will benefit from the lucid
explanation of the LCA aspects of different bioenergy systems, the policy makers
who will find it easier to identify the pros and cons of one type of bioenergy
systems against another and finally the industries involved as it will give them a
feeling about the current loopholes and ways to fix them. New developments in
LCA methodology from all over the world have been discussed and, where pos-
sible, complemented with real life examples by the renowned experts in the field.
Integration of all the recent developments into a new, consistent methodology for
each type of renewable energy system has been the main aim for this book.
Though we have tried to be very objective in our choice of topics to be covered in
this book, some not so common themes might have been missed but which may
become important in future which we will try to cover in the second edition of the
book. ‘‘Importance of Life Cycle Assessment of Renewable Energy Sources’’
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gives an overview of LCA for renewable energy sources, ‘‘Key Issues
in Conducting Life Cycle Assessment of Bio-Based Renewable Energy Sources’’
–‘‘Sustainability of (H2 ? CH4) by Anaerobic Digestion via EROI Approach
and LCA Evaluations’’ discusses the LCA of different types of biofuel systems.
‘‘Life-Cycle Assessment of Wind Energy’’ explores the LCA of wind energy and
‘‘Comparing Various Indicators for the LCA of Residential Photovoltaic Systems’’
deals with photovoltaic systems. ‘‘Hydropower Life-Cycle Inventories:
Methodological Considerations and Results Based on a Brazilian Experience’’
explain the LCA aspect of hydropower while ‘‘A comparison of Life Cycle
Assessment Studies of Different Biofuels’’ compares the LCA approaches for
different renewable energy sources.

A major advantage of this book is that it also provides advice on which
procedures should be followed to achieve adequate, relevant and accepted results.
Furthermore, the distinction between detailed and simplified LCA makes this book
more broadly applicable, while guidance is provided as to which additional
information can be relevant for specialised applications.

We sincerely hope that this book will contribute to the necessary transition to
environmentally benign and sustainable energy production and consumption.

Anoop Singh
Deepak Pant

Stig Irving Olsen
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Importance of Life Cycle Assessment
of Renewable Energy Sources

Anoop Singh, Stig Irving Olsen and Deepak Pant

Abstract The increasing demand for sustainable renewable energy sources to
reduce the pollution and dependency on conventional energy resources creates a
path to assess the various energy sources for their sustainability. One renewable
energy source might be very attractive for heat production and not so attractive for
electricity and transport purposes. The commercial-scale production of these
energy sources requires careful consideration of several issues that can be broadly
categorized as raw material production, technology, by-products, etc. The life
cycle assessment (LCA) is a tool that can be used effectively in evaluating various
renewable energy sources for their sustainability and can help policy makers
choose the best energy source for specific purpose. Choice of allocation method is
very important in assessing the sustainability of energy source as different allo-
cation methods respond in present differently. The present chapter is an effort to
highlight the importance of LCA of renewable energy sources.

1 Introduction

Progressive depletion of conventional fossil fuels with increasing energy con-
sumption and greenhouse gas (GHG) emissions has led to a move toward
renewable and sustainable energy sources (Singh et al. 2011, 2012; Nigam and

A. Singh (&) � S. I. Olsen
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A. Singh et al. (eds.), Life Cycle Assessment of Renewable Energy Sources,
Green Energy and Technology, DOI: 10.1007/978-1-4471-5364-1_1,
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Singh 2011). The production of sustainable energy based on renewable sources is a
challenging task for replacing the fossil-based fuels to get cleaner environment and
also to reduce the dependency on other countries and uncertainty of fuel price
(Singh and Olsen 2012, 2011; Pant et al. 2012). A worrying statistic is that the
global production of oil and gas is approaching its maximum and the world is now
finding one new barrel of oil for every four it consumes (Aleklett and Campbell
2003). All these serious concerns related to energy security, environment, and
sustainability have led to a move toward alternative, renewable, sustainable,
efficient, and cost-effective energy sources with lesser emissions (Prasad et al.
2007a, b; Singh and Olsen 2012).

The life cycle assessment (LCA) of renewable energy sources is the key to
observe their sustainability. There is a need to conduct LCA of renewable energy
production system on the basis of their local conditions, as one energy source
cannot be sustainable for all geographical locations, due to variations in resources
availability, climate, environmental, economical and social conditions, policies,
etc. Therefore, LCA can be used as a tool to assess the sustainability of various
energy sources for different locations. LCA techniques allow detailed analysis of
material and energy fluxes on regional and global scales. This includes indirect
inputs to the production process and associated wastes and emissions, and the
downstream fate of products in the future (Singh et al. 2011). LCA studies vary in
their definition of the various criteria, such as, scope and goal, system boundaries,
reference system, allocation method. LCA studies of renewable energy sources
calculate the environmental impact and can relate the results against sustainability
criteria. The present chapter is an effort to highlight the importance of LCA of
renewable energy sources to get a more holistic perspective of their environmental
sustainability.

2 Renewable Energy Sources

The most common renewable energy sources are presented in the Fig. 1. Each
renewable energy source is performing differently; one could be best option for
one location/purpose/season and could not perform with that efficiency at another
location/purpose/season. The solar energy sources are best in remote or under
developed areas having bright sunshine (Jayakumar 2009). Windmills are best
suited near sea shore, as there winds are enough strong to get decent production of
energy. Similarly, tidal, hydroelectric, geothermal, and ocean thermal energies
have their importance. Among the renewable energy sources, biofuels are the most
popular renewable energy source because of the availability of raw material
(biomass), everywhere and round the year and also due to its suitability in
transport vehicles and industries. The detailed description of different biofuels is
published by Nigam and Singh (2011).

2 A. Singh et al.



3 Life Cycle Assessment

ISO 14040 defined LCA as the ‘‘compilation and evaluation of the inputs, outputs
and potential environmental impacts of a product system throughout its life cycle’’
(ISO 2006). Thus, LCA is a tool to assess the environmental impacts and resources
used throughout a product’s life cycle and consider all attributes or aspects of
natural environment, human health, and resources (Korres et al. 2010) and can be
defined as a method for analyzing and assessing environmental impacts of a
material, product, or service along its entire life cycle (ISO 2005). LCA analyzes
the environmental burden of products at all stages in their life cycle (from the
cradle to the grave) from the extraction of resources, through the production of
materials, product parts and the product itself, and the use of the product to the
management after it is discarded, either by reuse, by recycling, or by final disposal
(Guinée 2004).

Renewable Energy Sources

Solar Energy 
Solar cell, solar cooker, solar furnace, etc.

Wind Energy
Wind mill, etc.

Biomass Energy
Biofuels

Ocean Thermal Energy
Ocean Thermal Energy Conversion (OTEC), etc.

Hydroelectric Energy
Hydroelectric dam, etc.

Geothermal Energy
Geothermal heat pump, etc.

Tidal Energy
Tidal mill, etc.

Primary Biofuels

Firewood, Wood chips, Pellets, Animal waste, 
Forest and crop residues, Landfill gas, etc.

Secondary Biofuels

1st generation
Substrate: Seeds, grains or sugars

Bioethanol or butanol by fermentation of starch (wheat, barley, corn, potato) or sugars (sugar 
cane, sugar beet, etc.); Biodiesel by transesterification of plant oils (rapeseed, soybeans, sun-

flower, palm, coconut, jatropha, used cooking oil, animal fats, etc.)

2ndgeneration
Substrate: lignocellulosic biomass

Bioethanol or butanol by enzymatic hydrolysis; Methanol, Fischer-Tropsch gasoline and 
disesel, mixed alcohol, dimethyl ether and green diesel by thermo-chemical processes; Biome-

thane by anaerobic digestion

3rd generation
Substrate: Algae, sea weeds

Biodiesel from algae; Bioethanol from algae and sea weeds; Hydrogen from green algae and 
microbes

Fig. 1 The most important renewable energy sources

Importance of Life Cycle Assessment 3



Various steps involved in the LCA methodology are listed in Table 1. The
complete life cycle of the renewable energy sources includes each and every step
from raw material production and extraction, processing, transportation, manu-
facturing, storage, distribution, and utilization. Each of these can have an impact
(harmful or beneficial) of different environmental, economical, and social
dimensions. It is therefore of crucial importance to assess the complete fuel chains
from different perspectives in order to achieve sustainable biofuels (Markevičius
et al. 2010).

The environmental burden covers all types of impacts on the environment,
including extraction of different types of resources, emission of hazardous sub-
stances, and different types of land use. Reinhard and Zah (2011) distinguished the
two main approaches of LCA, i.e., the attributional and the consequential

Table 1 Overview of LCA methodological steps (Adapted from Guinée 2004)

Phase Steps Main result

Goal and scope
definition

Procedure Functional unit, alternatives
comparedGoal definition

Scope definition
Function, functional unit, alternative and

reference flows
Inventory

analysis
Procedure Inventory table, other

indication (e.g., missing
flows)

Economy—environmental system boundary
Flow diagram
Format and data categories
Data quality
Data collection and relating data to unit processes
Data validation
Cutoff and data estimation
Multifunctionality and allocation
Calculation method

Impact
assessment

Procedures Environmental profile
Selection of impact categories Normalized environmental

profile
Selection of characterization methods: category

indicators, characterization models
Weighting profile

Classification
Characterization
Normalization
Grouping
Weighting

Interpretation Procedure Well-balanced conclusion
and recommendationsConsistency check

Completeness check
Contribution analysis
Perturbation analysis
Sensitivity and uncertainty analysis
Conclusions and recommendations

4 A. Singh et al.



approach: both approaches differ with respect to system delimitation and the use of
average versus marginal data. Attributional LCA describes the environmentally
relevant physical flows to and from a life cycle and its subsystems, while conse-
quential LCA describes how environmentally relevant flows will change in
response to possible decisions. Marginal data are represented by the product,
resource, supplier, or technology, which are the most sensitive to changes in
demand, and economic value criteria are used to identify the marginal products
(Ekvall and Weidema 2004).

Attributional LCA is limited to a single full life cycle from cradle to grave, and
consequential LCA is not limited to one life cycle, but uses system enlargement to
include the life cycles of the products affected by a change in the multifunctional
processes will often be handled through allocation, physical flows in the central
life cycle. In attributional LCA multifunctional processes will often be handled
through allocation, while in consequential LCA, allocation will generally be
avoided through the system expansion. Additionally, marginal data are used,
whereas average data are applied in attributional LCA (Ekvall and Weidema 2004;
Reinhard and Zah 2011).

Various scientists have employed LCA on renewable energy production sys-
tems (Reinhard and Zah 2011; Biswas et al. 2011; Ribeiro and Silva 2010;
Gabrielle and Gagnaire 2008; Gnansounou et al. 2009; Kiwjaroun et al. 2009;
Martínez et al. 2009; Suri et al. 2007; Laleman et al. 2011; Zah et al. 2007), and
some useful results considering the factors (e.g., biomass, technologies, use, sys-
tem boundary, allocation, reference system) affecting the outcome of the analysis
have been obtained (Singh et al. 2010).

4 Importance of Life Cycle Assessment

The purpose of LCA is to compile and evaluate the environmental consequences of
different options for fulfilling a certain function (Guinée 2004), and it is a uni-
versally accepted approach of determining the environmental consequences of a
particular product over its entire production cycle (Pant et al. 2011). The LCA
methodology can be useful to acquire a comprehensive knowledge of the envi-
ronmental impacts generated by industrial products during their whole life cycle
(de Eicker et al. 2010). LCA can play a useful role in public and private envi-
ronmental management in relation to products as this may involve both an envi-
ronmental comparison between existing products and the development of new
products (Guinée 2004). LCA has been the method of choice in recent years for
various kinds of new technologies for bioenergy and carbon sequestration.

The ‘‘holistic’’ nature of LCA depicts both its major strength and, at the same
time, its limitation. The broad scope of analyzing the complete life cycle of a
product can only be achieved at the expense of simplifying other aspects (Guinée
2004). LCA of renewable energy production system requires a careful design
regarding the goal and scope definition, choice of functional unit, reference
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system, system boundaries and appropriate inventory establishment and allocation
of emissions in products and by-products (Singh and Olsen 2012). Larson (2006)
describes four input parameters to cause the greatest variation and uncertainties in
LCA results of energy production, namely climate-active plant species (species
with ability or otherwise to adapt to climate change); assumptions about N2O
emissions; the allocation method for co-product credits; and soil carbon dynamics.

In general, LCA is in fact developed for impacts with an input–output character,
and extractions from the environment and emissions to the environment can both
be well linked to a functional unit (Udo de Haes and Heijungs 2007). LCA regards
all processes as linear, both in the economy and in the environment. The LCA
model focuses on physical characteristics of the industrial activities and other
economic processes; the attributional LCA does not include market mechanisms or
secondary effects on technological development (Guinée 2004).

The results of LCA study are as much science based as possible and aim to
enlighten stakeholders in a production–consumption chain, thus contributing to
rational decision-making. LCA study can also be of use inside a company; by
implementing an LCA study on a product, the processes of the product system can
be identified, which largely appear to contribute to its total environmental burden.
This may help to direct environmental management of the company, for instance to
support its investment decisions or to influence its supply management (Udo de
Haes and Heijungs 2007). The main applications of LCA are analyses of the origins
of problems related to a particular product; comparing improvement variants of a
given product; designing new products; choosing between a number of comparable
products. Similar applications can be distinguished at a strategic level, dealing with
government policies and business strategies for renewable and sustainable energy
source. The way an LCA project is implemented depends on the intended use of the
LCA results (Guinée 2004). This reasoning can be predominantly true for decisions
in the energy sector. In year 2010, EPA applied the consequential LCA approach in
its regulation for US renewable fuel standards under the 2007 US Energy Inde-
pendence and Security Act (RFS2, as opposed to renewable fuel standards under the
2005 U.S. Energy Policy Act, RFS1) (EPA 2010; Wang et al. 2011).

5 LCA and Sustainability of Renewable Energy Sources

The general principles of sustainable biofuel production are relatively easy to
define (as shown in Fig. 2). However, it is quite challenging to derive a sound
framework that is able to characterize environmental, economical, and social
impacts in an adequate way. World Commission on Environment and Develop-
ment defined the term ‘‘sustainability’’ as ‘‘the development that meets the needs
of the present without compromising the ability of future generations to meet their
own needs’’ (UNCED 1992). The methodologies to address LCA and sustain-
ability are advancing although the availability of practical data remains an issue
(Black et al. 2011). Sustainable development can be defined as the fulfillment
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through the optimal use of any available source within a production system.
Energy conversion, utilization, and access underlie many of the great challenges
associated with sustainability, environmental quality, security, and poverty (Korres
et al. 2010, 2011). Sustainability assessment of products or technologies is nor-
mally seen as encompassing impacts in three dimensions, i.e., social, environ-
mental, and economic (Elkington 1998). These three dimensions form the
backbone of sustainability standards. To replace the fossil fuels with biofuels,
there is a need to maximize the environmental and social value of biofuels that is
also important for the future of biofuels industry and market potential depends on
being cost competitive with fossil fuels (Fig. 2). The environmental dimension
comprises amongst others the GHG emissions, global ecological performance,
conservation of energy resources, rational life cycle water use, effect on soil
quality, conservation of biodiversity, use of chemicals, and the practice of slash
and burn and the socioeconomic dimensions includes competition with food and
feed, contribution to local well being, impact on communities and the quality of
working conditions. These three interrelated goals must stay in balance for bio-
fuels to remain sustainable.

Environmental impacts occur in all stages of the energy production system: the
transformation of the land needed, production and application of chemicals and
other input, cultivation of energy crops, production of the biofuel, transportation to

Environmental 

GHG emission
Carbon stocks changes

Air, water and soil 
Quality, Water use

Biodiversity

Social 

Employment, Land 
issues, Food security

Small holder
Integration, Impact 

on communities

Economic

Cost effective
Energy security
Self sufficiency

Financing

Sustainable 
Renewable 

Energy 
Source

Fig. 2 Economic, social, and environmental aspects of sustainable renewable energy sources
(Adapted from IEA 2011; Singh and Olsen 2012)
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the gauging station, and use in the vehicle. Pollutants are generated in many
different steps of the production chain. The sustainability of renewable energy
production depends on the net energy gain fixed in the output that depends on the
production process parameters, such as the amount of energy-intensive inputs and
the energy input for harvest, transport and running the processing facilities (Haye
and Hardtke 2009), emissions and their production cost. The most used indicators
to measure the energy sustainability include life cycle energy balance, quantity of
fossil energy substituted per hectare, co-product energy allocation, life cycle
carbon balance, and changes in soil utilization (Silva Lora et al. 2011). Gnan-
sounou et al. (2009) stated that monitoring reduction in GHG emissions and
estimations of substitution efficiency with respect to fossil fuels is subject to
significant uncertainty and inaccuracy associated with the LCA approach.

The schematic illustration of the technical biomass potential and constraints to
the sustainable biomass potentials is presented in the Fig. 3. The technical
potential of biomass is much lower than the theoretical potential due to cost
involved in transport to collect them at production plant. The technical potential
also has several social, economical, and environmental constraints, resulting only
in a part of the technical potential that could be suitable for sustainable renewable
energy production. Gnansounou (2011) suggested that due to the multidimensional
impact of renewable energy sources, the sustainability impact assessment of

Theoretical potential 

Technical potential

Ecological 
constraints 

Social & political
constraints 

Economic 
constraints

Sustainable potential

Fig. 3 Schematic illustration of the technical potential and constraints to the sustainable biomass
potentials (Adapted from Steubing et al. 2010)
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policies is as relevant as the sustainability assessment of production pathways and
regulatory impact assessment.

Sustainability evaluation of biofuels is a multicriterial problem; Silva Lora et al.
(2011) suggests the following main indicators for a sustainable energy production:

• To be carbon neutral.
• Not to affect the quality, quantity, and rational use of available natural resources.
• Not to affect the biodiversity.
• Not to have undesirable social consequences.
• To contribute to the societal economic development and equity.

The major factors that will determine the impacts of renewable energy pro-
duction system include their contribution to land use change, the feedstock/input
used, technology adopted, scale of production, use of by-products (if any),
wholesale trade and retail of energy product and by-product, and emissions after
end use of produced energy. Yan and Lin (2009) revealed that the interactions
among various sustainability issues make the assessment of biofuel development
difficult and complicated. The complexity during the whole renewable energy
production chain generates significantly different results due to the differences in
input data, methodologies applied, and local geographical conditions.

In order to ensure net societal benefits of biofuels production, governments,
researchers, and companies will need to work together to carry out comprehensive
assessments, map suitable and unsuitable areas, and define and apply standards
relevant to the different circumstances of each country (Phalan 2009). The length
and complexity of the supply chains make the sustainability issue very challeng-
ing. The main aim is to improve the performance of the strategies by enhancing
positive effects, mitigating negative ones, and avoiding the transfer of negative
impacts to future generations (Gnansounou 2011). The science of LCA is being
stretched to its limits as policy makers consider direct and indirect effects of
biofuels on global land and water resources, global ecosystems, air quality, public
health, and social justice (Sheehan 2009). The sustainable renewable energy
production is directed by environmental impacts (direct and indirect), economic
viability including societal and political acceptance.

6 Conclusions

The increasing demand for renewable energy challenges societies to find out sus-
tainable and renewable energy source. LCA is a tool which can be used effectively
in assessing the sustainability of renewable energy sources. The collection of actual
data for such study is a quite challenging task, as these data sets have very high
variations with the temporal and spatial variation. The sustainability basically
depends on three pillars of social, economical, and environmental performance of
the renewable energy source. The social, economical, and environmental con-
straints reduce the potential of sustainable renewable energy sources.
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Key Issues in Conducting Life Cycle
Assessment of Bio-based Renewable
Energy Sources

Edi Iswanto Wiloso and Reinout Heijungs

Abstract Although there is an ISO-standardized method for conducting life cycle
assessment (LCA) studies, its application to renewable energy sources, in partic-
ular to bio-based renewable energy (bioenergy) involving agricultural chains, is
not straight forward. There are theoretical and practical issues in goal and scope
definition, functional unit, inventory analysis, and impact assessment. The debate
between attributional LCA and consequential LCA is, for bioenergy, even more
crucial than for ordinary products, especially when it comes to either direct or
indirect land-use change. Data are often highly variable, and system boundaries are
quite arbitrary. For bioenergy from biomass residues, allocation and recycling
provide complications. The treatment of biogenic carbon is of particular interest.
The choice of impact categories and the necessity of a regionalized impact
assessment are another problem. This chapter provides a systematic overview of
these topics.

1 Introduction

Our economy has long been dependent on non-renewable energy carriers, espe-
cially on fossil energy. The high dependence on non-renewable energy sources
developed over a relatively short period of time. From the middle of the nineteenth
century, there was a rapid increase in the use of fossil fuels. These non-renewables
replaced wood and soon became the basis of an exponential growth in energy use
associated with a number of novel energy-demanding activities (Sørensen 2002).
Early man was only capable of causing environmental disturbance on a local scale;
however, man has currently achieved a technological level, enabling him to
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convert energy at rates that are responsible for climate change over extended areas.
With 81 % of recent global energy use originating from fossil fuels, 6 % from
nuclear, and 13 % from renewable energy (IEA-Bioenergy 2009), it is under-
standable that human societies have recently begun to reconsider the use of
renewable sources. In light of this development, we are now, along with other
environmental impacts, facing two major problems: depletion of fossil resources
and an increase in anthropogenic levels of carbon dioxide.

Alternative options that are available to reduce our dependence on non-
renewable sources and simultaneously mitigate climate change are already in
development. The use of bio-based renewable energy (bioenergy) is now deemed
to be one of the most promising renewable energy alternatives. Reasons typically
given for why bioenergy should be promoted are diverse. Bioenergy is considered
carbon neutral, it is made from renewable resources, it stimulates the agricultural
sector, and it may be produced domestically in many countries, hence diminishing
political and economic dependency on other countries (Guinée et al. 2009).
However, criticisms have also developed against biofuels, particularly on their role
in the food price spikes and the nature of land-use change. A specific example of
this case is the maize to bioethanol for transportation fuel in the United States that
induced land-use impact, direct and indirect (Harvey and Pilgrim 2011). WRI
(2005) indicated that land use (18.2 %) and agriculture’s (13.5 %) contribution to
greenhouse gas emissions (GHGs, including N2O and CH4 in addition to CO2) are
globally estimated to be at least twice the amount of the total emissions from
global transport (13.5 %). This assessment indicates the importance of the
potential contribution of the land-use aspect to the overall environmental burden of
bioenergy systems. Major activities related to these land-use-related impacts are
deforestation that releases carbon dioxide from burning or decomposing biomass
and oxidizing uncovered humus. In addition to other impact categories such as
biodiversity loss and soil quality degradation, all these emissions may negate any
GHG benefits of biofuel systems for decades to centuries (Tilman et al. 2009). In
this regard, these same authors proposed that biofuels should receive policy sup-
port as substitutes for fossil energy only when they make a positive impact on four
important objectives: energy security, GHG emissions, biodiversity, and the sus-
tainability of the food supply.

Bioenergy is presently the largest global contributor (77 %) to renewable
energy and has contributed significantly to the production of heat, electricity, and
fuels for transport (IEA-Bioenergy 2009). Therefore, in the following parts of this
chapter, discussion will be focused on bioenergy as the dominant fraction of
renewable energy. The main feedstocks for bioenergy are biomass residues from
forestry, agriculture, and municipal waste. Only a small portion of sugar, grain,
and vegetable oil are used for the production of liquid biofuels (IEA-Bioenergy
2009). There are many technological routes available to convert biomass feedstock
into final bioenergy products. Several conversion technologies have been devel-
oped to adapt to the unique physical nature and chemical composition of various
biomass feedstocks. These include direct combustion (heat), co-firing/combustion
(heat/power), gasification (heat/power), anaerobic digestion (heat/power/fuel:
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methane), fermentation (fuel: bioethanol), trans-esterification (fuel: bioediesel),
and photosynthesis (fuel: hydrogen) (IEA-Bioenergy 2009). These various con-
version technologies will dictate overall environmental performances. For exam-
ple, ethanol production through biochemical or thermochemical conversions is
expected to result in different levels of decreasing GHG emissions. However, these
conversion-related differences are likely to be small in relation to those associated
with feedstock production (Williams et al. 2009). In addition, emissions of
methane or nitrous oxide from agricultural field and indirect land-use change may
contribute to a more complicated overall picture (Cherubini and Strømman 2011).
Side and rebound effects, as well as market mechanisms, of large-scale production
of biofuels also affect food markets, resource scarcity, and environmental quality,
while these factors are often left out in a sustainability assessment (Guinée et al.
2011; van der Voet et al. 2010). Moreover, bioenergy systems may involve a unit
process with input–output flows, which often make it difficult to differentiate
between economic (products) and elementary (resource use or emissions) flows.

Recently, there have been tremendous numbers of LCA studies describing
bioenergy in order to support policy making. The growing debate on bioenergy
and other bio-based products contributed to the acceleration of the development of
LCA methodology. However, it is difficult to draw general conclusions from the
set of studies due to large variations in outcomes. Sources of these variations
include real-world differences, data uncertainties, incompleteness of included
impacts, and methodological choices (van der Voet et al. 2010). More specifically,
the methodological choices are related to the selection of a functional unit, system
boundary, land-use aspects, biogenic carbon, treatment of multi-functional pro-
cesses, data variability, and regionalized impact assessment (Cherubini and
Strømman 2011; van der Voet et al. 2010; Guinée et al. 2009; Finnveden et al.
2009). This indicates that bioenergy poses more methodological challenges than
other renewable energy. Moreover, these issues are insufficiently comprehensively
addressed by current LCA studies.

This chapter is aimed at providing a systematic overview on the above-men-
tioned key issues in conducting LCA of bioenergy. Detailed comparison of
methodological choices among different LCAs of bioenergy systems can be found
in recent surveys such as those of Cherubini and Strømman (2011), van der Voet
et al. (2010), Wiloso et al. (2012), and Singh et al. (2010). The structure of this
chapter will follow the first three phases of the LCA framework (ISO 2006),
including goal and scope definition, inventory analysis, and impact assessment as
follows:

• Goal and scope definition:

– Attributional and consequential LCA
– Functional unit

• Inventory analysis:

– System boundary
– Land use and land-use change
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– Biogenic carbon
– Treatment of multi-functional processes
– Data variability

• Impact assessment:

– Impact categories
– Regionalized impact assessment

A generic bioenergy system that spanned from a cradle-to-grave boundary is
presented in Fig. 1. The system covers biomass production, biomass transport,
biomass conversion, and bioenergy distribution and use. In the upstream chain, the
production of biomass feedstock is connected with agricultural land use, direct and
indirect. The association of the biomass feedstock with land-use aspects is cur-
rently recognized as the central feature in conducting an LCA of bioenergy
systems.

2 Goal and Scope Definition

Questions related to the overall objective of LCA studies should be formulated in
the goal and scope definition. The goal is closely related to the context in which an
LCA study is done, and the scope includes making choices concerning the
methodology to use in the subsequent modeling (Baumann and Tillman 2004).
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transport
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(direct agricultural land use)
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Fig. 1 Direct and indirect effects of a generic bioenergy system (modified from Sheehan 2009).
Different shading intensity indicates present coverage in LCA studies
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Goal and scope definition is an important initial step since the choice of meth-
odology used depends on the purpose of the individual study. These methodo-
logical choices include system boundary, treatment of multi-functional processes,
types of required inventory data, and functional unit. The first three topics are
described in the following section (attributional and consequential LCA), while the
last one is described separately.

2.1 Attributional and Consequential LCA

A clear definition of the goal and scope should specify the types of LCA needed.
They can be attributional or consequential (ALCA and CLCA for short). In gen-
eral, the goal of ALCA is to assess the environmental burden of a product,
assuming a status quo situation, while the goal of CLCA is to assess environmental
consequences of a change in demand (Thomassen et al. 2008). These different
LCA principles require a systematic approach to reduce uncertainty due to free-
dom of choosing the methodology (Finnveden et al. 2009).

ALCA describes the environmentally relevant flows to and from a life cycle and
its subsystems (Finnveden et al. 2009). The attributional method is less important
for policy decisions as its purpose is not to support changes. ALCA, however, is
useful in obtaining insight into the main environmental impacts related to existing
bioenergy products. This is done to better describe the effect of changing feed-
stocks, changing production processes, or improving efficiency. Another type of
application with a more direct relevance to a bioenergy system is the use of ALCA
to identify main hot spots in the life cycle chain, the share of certain emissions, or
flows to an impact category. This can be a first step in realizing process
improvements from a sustainability point of view. An example of this is the LCA
study of a generic life cycle of bioenergy with a boundary system as shown in
Fig. 1 but without involving the indirect effects. This is in contrast with a CLCA
concept, which also includes the indirect effects.

CLCA describes how relevant environmental flows (resource use and emis-
sions) will change in response to possible decisions (Finnveden et al. 2009).
Referring to this definition, Cherubini and Strømman (2011) concluded that the
CLCA appears as the most broadly applied in bioenergy systems as compared to
ALCA. They revealed that almost three-fourths of the reviewed studies compare
the environmental impacts with those of a fossil reference system. This is done to
address the needs of policy makers in order to decide on relevant bioenergy
options. The assessment, however, needs further clarification since not all com-
parison studies necessarily qualify as consequential.

A distinction between foreground and background systems is especially useful
in the CLCA approach. Background systems are often based on databases repre-
senting average data of aggregated industrial processes, such as electricity. When a
chain of processes are being considered as a foreground system, the proposed
technology needs to be specifically known and marginal data are required
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(Finnveden et al. 2009). Other distinctive characteristics of CLCA are that unit
processes within a system boundary are included to the extent of their expected
change caused by a demand and that co-products are handled by system expansion
(Weidema 2003). To summarize the main characteristics of these approaches, a
comparison between ALCA and CLCA is given in Table 1.

CLCA is, in principle, only preferable within certain limits since the uncer-
tainties in the modeling stage may outweigh the insight gained from it (Cherubini
and Strømman 2011). This is related to the fact that the reference system should
always refer to the scope and context of the study. For example, the bioenergy
system is typically compared with a fossil reference system producing the same
amount of products and services. In most cases, however, studies use conventional
extraction of crude oil as a benchmark, thereby ignoring the increasing carbon
footprint arising from the extraction of non-conventional oil such as oil sands,
shale oil, and deep-ocean drilling (Harvey and Pilgrim 2011). Similarly, when the
bioenergy pathway delivers some co-products able to replace existing products, the
reference to the substituted products should also be defined in the fossil reference
system. The same applies to the case when the production of feedstock for biofuels
uses land that was previously storing carbon such as forests. In this case, the
previous land use should be taken into consideration for the determination of
carbon emissions due to land-use change (Singh et al. 2010). Also, when the same
feedstock is used for another function, the reference system should include the
alternative biomass use. In our view, this last example is the crucial aspect of
CLCA in the case of a bioenergy system. This requires a CLCA approach to
include the production of biomass feedstocks, resulting in a wider system
boundary. This feedstock, consequently, is no longer available for other purposes
(such as food, feed, or fiber), so new land to produce an extra feedstock may be
needed. The above requirements may increase the uncertainty of the assessment;
hence, the adoption of CLCA approach must be treated carefully.

A famous issue in CLCA is the coverage of indirect land use in a biofuel
system. Based on the study of Searchinger et al. (2008), Zamagni et al. (2012)

Table 1 Main characteristics of ALCA and CLCA (based on Thomassen et al. 2008)

Characteristics ALCA CLCA

Synonym Status quo, descriptive Change-oriented
Type of questions Accounting Assessing consequences on

changes
Type of required inventory data Average, historical Marginal, future
Knowledge on the cause–effect

chains
Physical mechanisms Physical and market mechanisms

Functional unit Represents static situation Represents change in volume
System boundaries Static processes Affected processes by change in

demand
Treatment of multi-functional

processes
Co-product allocation

(partition)
System expansion

Assessment quality Sensitive to uncertainty Higher sensitivity to uncertainty
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pointed out that most of the previous LCA studies provided only a limited analysis
to the life cycle of biofuel system. They failed to account for the indirect effects
(i.e., those taking place outside the biofuel value chain) by excluding emissions
from land-use change. As shown in Fig. 1, indirect effects may result from the
competition for land currently used for food, feed, or fiber to fuel production
(Hedegaard et al. 2008). Interaction between various influencing factors and dis-
placement mechanisms can occur in many forms. The main challenge now is how
to quantitatively measure the indirect impact of biofuel development on other
chains (food, feed, and fiber) that is modeled based on global economic interac-
tion. A CLCA was also used to address problems like the environmental conse-
quences of including the production of second-generation biofuels from biomass
residues compared to a current palm oil biodiesel production system in Malaysia
(Lim and Lee 2011) or to investigate the expected indirect effects of the devel-
opment of a grass biomethane industry in Ireland (Smyth and Murphy 2011).

Currently, there is no clear distinction between ALCA and CLCA in most
policy guidelines of a country or region, partly due to unresolved debate in framing
direct/indirect effects and allocation of co-products (Brander et al. 2009; van Dam
et al. 2010). This conclusion is based on at least three policy guidelines (UK’s
Renewable Transport Fuel Obligation (RTFO), EC’s Renewable Energy Directive
(RED), and US’s Renewable Fuel Standard (RFS)) that tend not to distingusih
ALCA and CLCA. For example, EC’s RED and UK’s RTFO include only direct
land-use change, while US’s RFS includes both direct land-use change and indirect
land-use change; EC’s RED is based on energy allocation, while UK’s RTFO and
US’s RFS prefer system expansion (van Dam et al. 2010). These conditions may
result in a combination of the two approaches within a single analysis and, con-
sequently, an unfair comparison of results derived from different methods (Brander
et al. 2009).

2.2 Functional Unit

A product system is defined based on a functional unit of a product, specified in
relation to the nature of a system, geographical, and time boundary. The main role
of a functional unit is to be used as a reference to quantitatively connect inputs and
outputs of a life cycle inventory (LCI). In this way, LCA results of the same
functional unit can be compared between one another provided that, among other
things, the system boundaries are similar and the scales are normalized. A proper
functional unit that positively reflects the reality is very important in LCA studies.
This is important since different choices of functional units from the same system
may result in different outcomes when compared to each other. A nice illustration
on the effect of different functional units on the results of biofuel LCAs is given by
van der Voet et al. (2010).

Theoretically, a functional unit in the form of one MJ would be more appro-
priate to compare the best use of biomass feedstock for bioenergy of different
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forms (heat, electricity, biofuel). However, in practice, the functional units vary
among studies. Based on current reviews, typical functional units commonly used
in LCAs of biofuel systems are volume or mass of input biomass feedstock,
volume or mass of biofuel, caloric value of biofuel, driving distance of a car, and
agricultural land area (van der Voet et al. 2010; Cherubini and Strømman 2011;
Wiloso et al. 2012). These choices of functional units are driven by the main
questions or goals of the LCA study. For example, to compare the benefit of
gasoline and biofuel systems as transportation fuels will lead to a functional unit in
terms of 1 km driving distance. Land area required to produce biomass feedstock is
an extremely important parameter since bioenergy can compete against food, feed,
or fiber under land availability constraints. However, there are only a few bio-
energy LCAs based on this parameter. One of them is the study by Lim and Lee
(2011) that used a one-year use of one-hectare palm oil plantation as a functional
unit to produce both biodiesel and bioethanol.

3 Inventory Analysis

An LCI of a product or process quantifies economic and environmental inputs and
outputs around the system boundary. It is constructed as a flow model of a tech-
nical system according to the system boundary decided in the goal and scope
definition. The model is basically a mass and energy balance over a system, but
only environmentally relevant flows are considered. Activities of the LCI also
include data collection of all activities in the system and calculation of the envi-
ronmental loads in relation to the functional unit (Baumann and Tillman 2004).
There are five key aspects specific to bioenergy systems that need further elabo-
ration, i.e., system boundary, land use, biogenic carbon, multi-functional pro-
cesses, and data variability.

3.1 System Boundary

In LCA of bioenergy studies, the choice of system boundary is often arbitrary.
With the basic cradle-to-grave principle of LCA, everything should be included;
however, in practice, many processes are left out for different reasons. System
boundaries define what are to be included and what are not. In general, capital
goods and wastes as an input feedstock are cut off from the system. This implies
that the emissions by the production of capital goods and wastes are not taken into
account.

As previously indicated in Sect. 2.1, one of the main issues related to CLCA is
the identification of the processes to be included in the analyzed system, which
implies the way in which boundaries are defined. In the case of biofuels, for
example, the system boundary is expanded to include emissions and resources
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used, directly and indirectly, as a result of the consequential effects of introducing
biofuels to the global economy. In this regard, the rule is to include only relevant
affected processes, defined as those that respond to changes in demand or supply
driven by the decision at hand (Zamagni et al. 2012). In doing so, the resulting
functional unit of the whole system may consist of multiple functions, including
the main system and those processes added into the system boundary. However,
when a comparative analysis must be conducted, it may be difficult to guarantee
the functional equivalency between the systems compared since the processes
included could serve different functions. Such a resulting multi-functional system
raises some concerns about whether it can still be considered a functional unit
(Zamagni et al. 2012). In this case, differences in system boundaries are rather
crucial. Therefore, they must be specified, unambiguous, consistent, and in-line
with the actual goal and scope of the study (van der Voet et al. 2010). This may be
the most difficult problem to address.

The cradle-to-gate approach is sufficient for comparing various production
technologies to make the same biofuel from different feedstocks, while the cradle-
to-grave is the best approach for comparing, for example, the utilization of certain
biofuels with fossil fuels (Singh et al. 2010). Cradle-to-gate studies are performed
by excluding the use and waste treatment stages, but it is, of course, admissible
only when there is no difference between these stages. To illustrate this, a com-
parison between a plastic cup and a paper cup for drinking tea can be used. In this
case, the upstream stages (the growing of tea plants, the processing of tea leaves,
and the boiling of water) are likely the same, but the waste treatment of plastic
cups is obviously different from that of paper cups (Heijungs and Wiloso 2012).

The same system boundary with a difference in functions will have a different
basis of comparison. For example, electricity generated from municipal solid
waste is not very efficient and usually shows no improvement over a fossil fuel
alternative. However, when a waste management aspect is included in the
electricity generation, this extended new waste-to-energy system boundary will
likely favor over the waste management alone (without electricity generation) or
over a fossil fuel system (van der Voet et al. 2010).

3.2 Land Use and Land-Use Change

Although the majority of global GHG emissions have been blamed on the use of
fossil fuels, there has recently been growing recognition that land use also
significantly contributes to the emissions. The increased understanding of the
effects of land-use change needs further consideration in bioenergy systems. In this
regard, a UNEP-SETAC guideline on land-use impacts (soil quality, biodiversity,
and ecosystem services) has been proposed (Koellner et al. 2012), but there is
currently no widely acceptable way to incorporate land-use impacts in an LCA
study. The main reason may be that this aspect is very difficult to quantify.
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In agricultural land use, there are three time periods in examining the long-term
consequences of agricultural activities, i.e., the period before (transformation),
during (occupation), and after (restoration) agriculture (Mila i Canals et al. 2007).
Based on these time frames, one may refer to land use as an activity during the
occupation period and land-use change as land transformation or a change in the
properties of the land surface area. This could be a new type of land use at a single
point in time such as deforestation or agricultural expansion (Mila i Canals et al.
2007). Similarly, IPCC refers to land-use change as land conversion but also,
interestingly, as changes in carbon pools without land conversion (IPCC 2001). In
fact, the precise place of land use and land-use change in the LCA framework is
not clear. For example, besides as an activity, land use can also be an inventory
item, just like CO2 (certain land area occupied for certain period of time). Addi-
tionally, land-use change can be an activity (a unit process, e.g., clearing of forest)
(Heijungs et al. 1992). Even impacts of land use or land-use change are frequently
indicated simply with the term land use.

Mitigating the competition for land can only be established if the complexity of
the competition dynamics is fully addressed. Each of the contributing factors
(energy, food, feed, and fiber demand) cannot be treated in isolation (Harvey and
Pilgrim 2011). All these factors are intimately interconnected, particularly in
large-scale development of bioenergy (McKone et al. 2011). Although the com-
petition of land used for food, fiber, and energy was recognized a long time ago,
quantification attempts involving competition aspects have been made only quite
recently (Searchinger et al. 2008). Drivers for increased bioenergy use (e.g., policy
targets for renewables) can lead to increased demand for biomass, leading to
competition for land currently used for food production and, possibly, indirectly
causing new and sensitive areas to be converted into arable land (IEA-Bioenergy
2009). These interconnected factors in the complexity of direct and indirect land
use are previously illustrated in Fig. 1, while activities, resource use, and emis-
sions typically involved in land use and land-use change are shown in Fig. 2.

Removed biomass

Harvested biomass

Biomass collection
Biomass harvesting
Pesticides
Fertilizer
Water
Irrigation
Planting
Seeds

Toxics
Nutrient

• Land 
transformation

• Cultivation and 
harvesting of
energy crops

• Removal of 
biomass residues 
from soil

CH4

N2O
CO2Tillage

Land clearing

Fig. 2 Inventory of activities, resource use, and emissions in the agricultural chain of biomass
feedstock
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3.2.1 Direct Impacts

Land use and land-use change, in relation to biomass supply for bioenergy, are
characterized as having various input–output inventories, resulting in different
contributions to impact categories that affect different areas of protection. Relevant
impact categories include global warming, eutrophication, acidification, toxicity,
water use, and land use. These impacts are induced by input–output components
and activities in the agricultural chain including land transformation, cultivation of
energy crops, and removal of biomass residues from soil, as shown in Fig. 2.
Typical inventories include, for example, the use of fossil fuels in tractors for land
clearing, tillage, planting, and harvesting; the application of seeds, fertilizer, and
pesticides; and the use of water for irrigation. Important GHG emission species
related to agricultural activities are N2O and CH4 in addition to CO2. Land-use-
related activities may directly affect the quality of land (natural environment) as an
area of protection. This quality in terms of ecosystem services include soil quality,
biomass productivity, and biodiversity (Mila i Canals et al. 2007). The charac-
terization of these land-use impact categories, however, is less developed
compared to other categories.

3.2.2 Indirect Impacts

In principle, indirect land use will have the same inventory components and
relevant impact categories as that of direct land use. Indirect land use refers to the
changes in land use that take place elsewhere as a consequence of the development
of bioenergy systems. In the LCA methodology, this indirect impact may have a
broader meaning, including any relevant effects to different chains, for example, if
large-scale bioenergy production affects food production chains. As an illustration,
if fertile land previously used for food crops (such as corn, soybeans, or palm) is
transformed to produce bioenergy, this could lead to farmers clearing wild lands
elsewhere in the world to meet the displaced demand for food crops (Tilman et al.
2009).

The paper by Searchinger et al. (2008) has pointed out the significant
contribution of indirect impacts on the LCA of bioenergy systems. The authors
argued that, based on a sustainability criterion, fuel oil is better than most biofuels.
There are two connected arguments put forth. First, biofuel development provoked
a rise in the price of food, leading to the stimulation and expansion of food
production. Second, the subsequent displacement of food production into new
areas of cultivation (indirect land-use change) resulted in a release of CO2 into the
atmosphere. It holds biofuel production responsible for global climate change in
ways not measured by previous LCA studies (Harvey and Pilgrim 2011). The
above explanation on indirect impact changes the entire nature of LCA to one
which must be able to model global economic interaction (Sheehan 2009). In
addition to indirect land use, other types of indirect impacts may be needed to
properly assess the total GHG emissions implications of substituting biofuels for
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gasoline. In this regard, Liska and Perrin (2009) illustrated that livestock and
military security also had a significant impacts in the case of the US bioenergy
system. The inclusion of these indirect effects in the bioenergy system understudy
can change the direction of the final results. There is, however, much scientific
uncertainty in measuring these indirect emissions related to both bioenergy and
fossil oil systems, thus creating a problem on how to properly calculate them.

3.3 Biogenic Carbon

One of the important aspects in bioenergy systems is related to biogenic (short-
cycle) carbon. Although under debate, it has been recognized that bioenergy is not
carbon neutral since it requires a significant input of fossil fuels. In practice, many
studies exclude biogenic carbon from biofuel LCAs, rather than including it ini-
tially as an extraction and later as an emission. This convention is so widespread
that in the majority of biofuel LCA case studies, the aspect of biogenic carbon is
not even mentioned (van der Voet et al. 2010).

The neutrality of biogenic carbon is part of the natural carbon cycle over a
relatively short period of time, resulting in stable atmospheric carbon. As illus-
trated in scenario 1 of Fig. 3, this is the case when the emission of biogenic carbon
in the form of naturally decayed or burned biomass is compensated by the same
amount of photosynthetic carbon sequestered by naturally grown vegetation.
However, this cycle can no longer be ‘neutral’ if the input–output inventory is out
of balance. This occurs, for example, when large-scale bioenergy systems

Fig. 3 Biogenic carbon cycle versus ‘irreversible’ geologic carbon emission
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introduced are involving significant amounts of fossil fuel and agricultural input
(scenario 2). In this case, the bioenergy system may emit more total carbon than
the sequestration capacity of trees, resulting in net accumulation of CO2 in the
atmosphere. On the other hand, carbon emissions from fossil fuel combustion are
considered as an irreversible one-way process (scenario 3). It transfers geological
carbon, locked underground, over long-term geological time into the atmosphere.
This process increases atmospheric carbon levels with time. Therefore, to properly
assess the benefit of the bioenergy system over fossil fuel systems, it is necessary
to account for all relevant input–output flows in the inventory phase of LCA
studies, including carbon sequestration and carbon emissions of both biogenic and
geologic sources. From various options provided in LCA studies, the bioenergy
product with the larger GHG saving, among other criteria, would be the preferred
energy system.

There are at least two points to make with respect to carbon neutrality of
bioenergy. First, if there is anything neutral, it is LCA, as an analytical tool, that
makes the conclusion. If biofuels are carbon neutral, this will result from the LCA
study instead of being a starting point of the LCA study. Second, there are several
situations where the carbon neutrality of bioenergy is challenged. One of these
occurs in the situation when some of the CO2 absorbed is not released as CO2,
instead, as CH4, a greenhouse gas that is much stronger than CO2. This may
happen, for instance, when the biotic feedstock is subject to a process of incom-
plete burning or anaerobic decomposition with leakages occurring along the way.
Another case is a plantation with two co-products (e.g., palm oil and palm kernel
oil) where part of the absorbed CO2 is allocated to each of the co-products. In
chains with only one product, exclusion of biogenic carbon can result in the same
outcome as long as the issue of CH4 does not arise. However, in cases of chains
with co-products, it makes a difference. Allocation may place the credits for
extracted CO2 in a different part of the multi-product chain, while ignoring bio-
genic CO2 would not have this effect (van der Voet et al. 2010). A recent review
indicated that carbon sequestration, if included at the biomass generation stage,
can offset the GHG emissions from all parts of the life cycle chains at a high
ethanol percentage (C85 %) (Wiloso et al. 2012). A final example challenging the
bioenergy neutrality is the fact that there is a time difference between CO2 fixation
and release. A specific dynamic LCA method has been developed to account for
such situations.

The most appropriate way to treat carbon cycles is to view them as genuine cycles.
During tree growth, a certain amount of atmospheric CO2 is fixed but is ultimately
released as CO2 or CH4 when the wood is landfilled, is incinerated, or decays nat-
urally. At the systems’ level, the fixation of CO2 during tree growth is subtracted from
the CO2 emitted during waste treatment of discarded wood (Guinée et al. 2009). For
fossil fuels, carbon fixation has taken place as a natural process millions of years ago,
but carbon emissions occur immediately when these fuels are burned.

The rationale behind different treatments between biogenic carbon and geologic
carbon is because, for example, forestry (the process that fixates the CO2) is
considered as a unit process. It is an intentional activity, controlled by humans,
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requiring inputs and producing outputs. The creation of fossil fuels is a sponta-
neous process without human intervention. The forestry is, thus, an activity that
should be included in the flow diagram of an LCA study, whereas the process of
fossil fuel formation should not (Guinée et al. 2009). Wegener Sleeswijk et al.
(1996), in their report on the application of LCA to agricultural products, propose
to not include biogenic carbon dioxide in the analysis if the entire life cycle is
being analyzed. If the study is based on cradle-to-gate analysis, carbon seques-
tration must either be included, or it must be explicitly stated that this fixation is
being excluded from the study. If this is not done, there is a danger that if other
researchers use the results of the study, they will include, say, the emission of CO2

during combustion of biodiesel fuel, while fixation of CO2 was omitted in the
cradle-to-gate analysis.

There is currently no consensus regarding how to treat biogenic carbon at the
policy level. The Intergovernmental Panel on Climate Change (IPCC) currently
considers biomass to be carbon neutral, suggested by the adoption of a stock-
change method rather than an input–output flow approach in carbon accounting
(Levasseur et al. 2012a). In this case, if biogenic carbon is released later in the life
cycle, CO2 emissions are not accounted for to avoid double counting. As discussed
in Johnson (2009), a life cycle-based method such as the British specification PAS
2050 (BSI 2011) suggests the same approach as IPCC, not considering biogenic
carbon uptakes and emissions, while the International Reference Life Cycle Data
System ILCD (EC-JRC-IES 2010) recommends the opposite. Similar to PAS
2050, EU Directive (2009) also excludes the capture of CO2 in the cultivation of
biomass and emissions from biofuel use from the calculation of GHG emissions by
setting their values equal to zero. The rationale behind these differences is the
argument that the combustion or decay of woody biomass is simply part of the
global cycle of biogenic carbon, and over a long period of time, it does not
increase the amount of carbon in circulation due to compensation by photosyn-
thetic processes. Meanwhile, in the conventional LCA practices, all flows
including carbon uptake and emissions should be accounted for in the inventory
stage without considering the time scale. To deal with this time frame issue,
Levasseur et al. (2012a) proposed to treat biogenic carbon as temporary storage
with dynamic LCA. The argument behind this approach is that the concentration of
CO2 in the atmosphere is temporarily reduced and some radiative forcing is
avoided. This is favorable in the short term as it also allows ‘buying time,’ while
technology develops in the field of GHG emission reduction and mitigation (Le-
vasseur et al. 2012b).

3.4 Treatment of Multi-Functional Processes

Various forms of bioenergy products are ideally derived from feedstocks produced
with much lower life cycle GHG emissions than traditional fossil fuels and with
little or no competition with food production. According to Tilman et al. (2009),
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feedstocks in this category may include perennial plants grown on degraded lands,
crop residues, sustainably harvested wood and forest residues, double crops and
mixed cropping systems, municipal and industrial wastes. These various feed-
stocks and bioenergy products in LCA should be treated with proper allocation and
recycling procedures to attribute environmental burden of multi-functional pro-
cesses to their input or output flows.

A multi-functional process is a unit process, yielding more than one functional
flow including co-production, combined waste processing, and recycling. Co-
production is a multi-functional process having more than one functional outflow and
no functional inflow. Recycling is a multi-functional process having one or more
functional outflows and one or more functional inflows. Combined waste processing
is a multi-functional process having no functional outflow and more than one
functional inflow. The most relevant multi-functional processes in bioenergy
systems with reference to the types of input and output inventory are the first two
cases as illustrated in Fig. 4. Guinée (2002) distinguishes two steps in solving the
multi-functionality problem. The first concerns avoiding burden allocation in
accordance with the ISO preference. This is done by specifying the system boundary
to a unit operation level (e.g., individual machines) to reduce the number of multi-
functional processes or by system expansion. It is accomplished by extending the
analyzed product system to include additional functions related to the co-products or
recycled wastes. The system then includes more than one functional unit. The term
system expansion is sometimes used to refer to the substitution method. The second
step concerns solving the remaining multi-functionality problems by allocation on
the basis of mass, energy, or economic values. Further discussion on the procedure to
deal with allocation procedures and system expansion can be found in Tillman et al.
(1994) and Heijungs and Guinée (2007).

If some waste streams from agriculture are used to make bioenergy products,
how the waste was produced is not included in the inventory. It is assumed that its
production is free of environmental burden. This, however, requires a clear dis-
tinction between products and wastes. To distinguish products from wastes, the
economic value of flows can be used as the determining factor. A product is a flow
between two processes with a positive economic value, whereas a waste is a flow
between two processes with a negative economic value (Guinée et al. 2009).
However, there are quite a few cases where we do not know for certain if the price
of an agricultural residue is positive or negative, especially when it remains within
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Other product
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Bioenergy product2*
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Input-output process
(recycling)
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Other product Other waste
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Fig. 4 Relevant multi-functional processes in bioenergy systems (*= functional flows)
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one company or farm. An example of this is that someone may pay to have their
residues picked up, while someone else must pay to receive it. Further, due to
technological developments, fluctuations in markets, and governmental interven-
tion, goods may rapidly turn into a waste or the other way around (Heijungs and
Wiloso 2012).

3.5 Data Variability

An LCA depends on a large number of input elements, and these elements are
often based on data of varying quality. The variability in input quality will, in turn,
influence the robustness of outcome estimates. This is an important issue that
deserves more attention in LCA. A strong challenge for LCA in addressing
uncertainty is to provide and track metrics of data quality with respect to how data
are acquired (measurements, assumptions, expert judgment), to what extent the
data have been validated (checked with respect to mass and energy balance), and
how well the data capture technological, spatial, and temporal variations. Some of
these uncertainties and variabilities cannot be reduced with the current knowledge
(through improvements in data collection or model formulation) because of their
spatial and temporal scale and complexity (McKone et al. 2011).

When developing LCIs, one needs quantitative data on the inflows and outflows
of the included processes such as resource use, emission data, energy use, and
waste production. The limited accuracy and availability of LCI data are generic
problems of LCAs. Uncertainty can be due to various reasons that may stem from
geographical, temporal, and technological differences. In the case of bioenergy
systems, common sources of uncertainty include variability in agriculture yield as
it depends on soil conditions, weather, and agricultural practices; variability in
biomass conversion technology at different development status; and regional
variability as the data are known only for certain countries (Heijungs and Wiloso
2012). Despite the above difficulties, doing LCA is now much easier than ten years
ago since there are now a number of online data repositories for different conti-
nents. Some of these databases are quite extensive, though mostly for the USA and
EU. The Ecoinvent database, for example, contains thousands of processes from
electricity production to transport by truck and from palm oil production to pes-
ticide production (Ecoinvent 2010).

3.5.1 Agricultural Process Variability

Data variability in the agricultural chain of bioenergy systems is an issue in LCI.
For example, there are a large number of potential biomass feedstocks with dif-
ferent characteristics. This presents substantial challenges for current LCA
approaches because of the vast scope of information needed to address so many
alternatives (McKone et al. 2011). The production of biomass feedstock is likely to
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involve hundreds to thousands of decision-makers, unlike oil companies that have
a less hierarchical structure for decision-making (McKone et al. 2011).

Data gaps and uncertainties are typical to agricultural processes because field
measurements are difficult to obtain. Different feedstocks, types of soil, agricul-
tural practice, and climate conditions result in various emission levels so that it is
difficult to generalize the environmental performance of biofuels. For example, in
the debate around palm oil biodiesel, the emissions from soil related to the agri-
cultural process depend heavily on local circumstances, while the GHG benefits
over fossil fuels are global in nature. These emissions vary from very positive to
very negative. Such differences are problematic in the sense that they would offer
an uncertain basis for policy making (van der Voet et al. 2010).

As previously mentioned, there are three time periods examined to determine the
long-term consequences of agricultural activities. The period before agriculture is
highly uncertain since the history of when the transformation was taking place is
usually unknown. Similarly, the restoration period after the cessation of agriculture
activities is highly dynamic. In relation to restoration time, McLauchlan (2006)
mentioned that some systems may reach the condition of pre-agricultural time after
decades to millennia. From the above description, it is clear that periods before and
after agriculture are not easy to adopt in the assessment of land-use impact, mainly
due to lack of data availability to follow such a long-term soil quality dynamic.
Furthermore, topography, soil, and climate variability within a region prevent direct
scaling of LCA balances to geographical scales (Schmer et al. 2008).

3.5.2 Conversion Process Variability

Data gaps and uncertainties related to bioenergy technological routes, particularly
on an industrial scale, are not fully resolved. Many advance bioenergy processes
are still in a stage of development, and data will become more informative as
technologies are deployed. This fact makes LCA methodology difficult to apply
during the early phases of a major technology shift (McKone et al. 2011). This is
especially true for immature technologies where validation is presently not pos-
sible. In the case of second-generation bioethanol, for example, most of the LCA
studies use advanced process configurations that are still in developing stages and
no existing commercial scale can be referred to for validation. In this regard, there
is a risk of under- or over-estimating the real impacts of the current production
technology; Therefore, sensitivity analysis is necessary (Wiloso et al. 2012).

There are many technological routes which can be used to convert raw biomass
feedstock into bioenergy products. These different technologies all have a different
development status as illustrated in Fig. 5. For example, the production of heat by
direct combustion of biomass is historically practiced and still the leading bio-
energy application throughout the world. For a more energy efficient use, modern
and large-scale heat applications are often combined with electricity production
(combined heat and power) systems. The use of biomass residues for second-
generation biofuels production would significantly decrease the potential pressure
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on land use and improve GHG emission reductions when compared to some first-
generation biofuels, leading to lower environmental risk. These second-generation
technologies mainly use lignocellulosic feedstocks for the production of ethanol,
synthetic diesel, or aviation fuels. In this regard, they are still immature and require
further development to demonstrate reliable operation on a commercial scale
(IEA-Bioenergy 2009).

3.5.3 Regional Variability

Data gaps in bioenergy LCA are also present with respect to coverage of feedstock
types and of geographical areas with an over-representation of Europe and North
America (Cherubini and Strømman 2011). Economic and political interactions that
influence land use can cause more variation as the system boundary expands across
ecosystems and political borders (Singh et al. 2010). Many studies also show that
water consumption varies significantly, depending on regional irrigation require-
ment and practices (Borrion et al. 2012).

4 Impact Assessment

In general, environmental impact assessment can be regarded as either potential
impact or real impact. But in LCA, only potential impact or maximum possible
impact is considered (Baumann and Tillman 2004). In addition, impact category
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should be mutually independent in order to avoid double counting of environ-
mental burden. Life cycle impact assessment (LCIA) consists of seven activities,
i.e., selection of impact category, classification, characterization, normalization,
grouping, weighting, and data quality analysis. According to the ISO standard for
LCA (ISO 2006), the first three are mandatory, while the rest are optional. Two
aspects of LCIA that need further elaboration with regard to bioenergy systems are
impact categories and regionalized impact assessment.

4.1 Impact Categories

It is important to properly select the set of relevant impact categories in the
bioenergy systems under study. Areas of protection in environmental impact
assessment include ecosystem health, human health, resource availability, and
man-created environment. Assessment of bioenergy production from specific
biomass is suggested to be based on a complete set of impact categories, including
climate change, ozone depletion, human and ecotoxicity, photo-oxidant formation,
acidification, eutrophication, land-use impacts, and depletion of abiotic resources.
But McKone et al. (2011) suggested a balance between being comprehensive and
being parsimonious. Failure to address a key impact can lead to incomplete or
unreliable information, creating biased decisions. Clearly, the set of chosen impact
categories need to be fixed accordingly in the formulation of goal and scopes of the
study, but a default minimum would restrict the risk of biased decisions.

Early LCA studies were often limited to net energy output and global warming.
The net energy output is an important parameter because, in many cases, the
process of producing fuels from the feedstock is energy intensive and, therefore,
limits the overall benefit. This parameter (net energy output), however, only
determines the technical feasibility of the bioenergy systems rather than being an
impact itself. For global warming, the result of the LCI is a list of GHG emissions
of all processes in the chain, which are then added up and translated into CO2

equivalents (so-called carbon footprints). According to the recent review by
Cherubini and Strømman (2011), approximately 90 % of bioenergy LCAs include
global warming in their evaluation while primary energy demand rates second
(71 %). Other impact categories, mainly acidification and eutrophication, are
estimated by 20–40 % of the studies. Only 9 % included the land-use category in
their impact assessment. The reason for including global warming in most of the
studies is because climate policy dominates the scene, while other impacts are not
considered as important. In addition, some of them are site specific, which may
limit the generalization of the result. Also, there is significantly less agreement in
the quantification methods of some impact categories. Particularly notorious are
the impacts related to land use, water use, biodiversity, and genetically modified
organisms (Heijungs and Wiloso 2012). With the increasing pressure of a growing
population, water use is now also considered as increasingly relevant. Water
footprints specify water requirements on a cradle-to-gate basis, and their studies in
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bioenergy systems are now emerging. It is concluded that energy from biomass
has, by far, the largest water footprint compared with other energy sources (van der
Voet et al. 2010).

According to van Dam et al. (2010) in IPCC (2011), environmental impacts of
bioenergy systems can be distinguished by two classifications based on the cov-
erage of impacted areas. The first is global or regional in nature, including GHGs,
acidification, eutrophication, water availability, and air quality. The second is local
coverage, including soil quality, biodiversity, water availability, and air quality.
Other important classifications related to bioenergy systems are genetically
modified organisms and food security (replacement of staple crops and safe-
guarding local food security). Recent LCA studies typically include a wider scope
of impacts supported by sufficient databases and characterization models. Standard
life cycle impact assessment methods are available, namely ReCiPe, EDIP,
TRACI, LIME, and CML-IA. These methods include selected set of impact
categories.

4.2 Regionalized Impact Assessment

Regionalized impact assessment is important in bioenergy system as the boundary
also includes agricultural systems. Therefore, assessment criteria should reflect the
regional or local conditions of the specific bioenergy system under study. For truly
global impact categories like climate change and stratospheric ozone depletion,
this is not a problem since the impact is independent of where the emission occurs.
For the other impacts, however, they are often regional or even local in nature. In
this case, a global set of standard conditions can disregard large and unknown
variations in the actual exposure of the sensitive parts of the environment.
Sometimes, differences in sensitivities of the receiving environment can have a
stronger influence on the resulting impact than differences in inherent properties of
the substance (Potting and Hauschild 1997; Bare et al. 2003). In general, these
spatial differentiations relate to the characteristics of both the emitting source and
the receiving environment (Finnveden et al. 2009). LCA can address net changes
across large geographical areas, but it must also address how the impacts will be
experienced on local or regional scales. Accurate assessments must not only
capture spatial variation in appropriate scales (from global to farm level) but also
provide a process to aggregate spatial variability that can be applied on all geo-
graphical scales (McKone et al. 2011).

Several groups have worked on developing site-dependent characterization for
LCIA. Recently, methods supporting site-dependent characterization of a range of
non-global impact categories were published for processes in Europe, the USA,
and within some countries (Finnveden et al. 2009). There are some differences
between these data sets partly related to the different definitions of the charac-
terization factors (Seppälä et al. 2006). For example, the variation in acidification
impact can be as high as three orders of magnitude between different countries
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within Europe (Potting et al. 1998). For eutrophication, the uncertainty associated
with field emissions contributes more than the uncertainty associated with emis-
sions from the other system components (Basset-Mens et al. 2006).

Inherent differences associated with variability in soil types and complex
interactions with local climates must be considered in order to obtain a more
representative value in relation to location-dependent aspects. Other types of
influencing variability are different soil management and vegetation types. Simi-
larly, dryer climates will rely increasingly on irrigation placing pressure on
groundwater supplies. In this regard, the impacts of biofuels on water are highly
regional (Sheehan 2009). This issue is of concern for LCA methods in general as
well as a challenge specific to biofuel development.

5 Future Trends

Most of the assumptions and data used in LCA studies of existing bioenergy
systems are related to conditions and practices in Europe and North America, but
more studies are now becoming available for other regions such as Brazil, China,
and Southeast Asia (Cherubini and Strømman 2011). First-generation biofuel
options based on sugar or starch feedstock are currently available commercially,
but lignocellulosic biofuels are expected to be deployed over the year 2020 (IPCC
2011). In this regard, LCA studies of prospective bioenergy options are more
uncertain than LCA studies on current bioenergy feedstocks. The way that
uncertainties and parameter sensitivities are handled is an important aspect to be
developed. Another important aspect to be resolved in the LCA of bio-based
renewable energy systems is the proper way to define system boundaries, partic-
ularly in relation to direct and indirect effects of land use and land-use change.
Further, consensus on the treatment of biogenic carbon should also be prioritized.

6 Conclusion

Bio-based renewable energy sources are presently the largest global contributor to
renewable energy as alternative sources of heat, electricity, and biofuel. From the
perspective of LCA, they pose more methodological challenges than other
renewable energy systems. One of the main reasons is that biomass feedstocks are
produced through agricultural systems that are a notorious case to LCA. Agri-
cultural land use has been indicated as the major contributor of GHG emissions in
the bioenergy life cycle chain. However, this is not conclusive since quantification
methods in terms of functional unit, system boundary, the treatment of biogenic
carbon and multi-functional processes, and regionalized impact assessment are not
agreed upon. In addition, the inherent variability in the agricultural data and
immature production technology increase the uncertainty of the result of LCA
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studies. There is homework to do for harmonizing LCA framework for bioenergy
systems from the point of view of LCA methodology development and demand for
policy consideration.
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The Application of Life Cycle Assessment
on Agricultural Production Systems
with Reference to Lignocellulosic Biogas
and Bioethanol Production as Transport
Fuels

Nicholas E. Korres

Abstract The need for new approaches in agricultural production such as these of
integrated agricultural systems for food and energy production necessitates the
rapprochement of these systems in terms of their environmental burden. This in
combination with the importance of lignocellulosic materials for biofuel produc-
tion makes the system under examination extremely complex. The feedstock
production, transport, processing, and conversion of cellulosic materials have not
been attempted to any real degree anywhere in the world; hence, a number of
sustainability issues related to energy inputs and environmental quality need to be
examined. This highlights the importance of LCA as an important optimization
tool. Nevertheless, the interactions and intra-, interrelationships necessitate a
thorough study of the system under examination and a good knowledge of life
cycle thinking.

1 Introduction

Research on potential climatic changes under an atmospheric composition modi-
fied by human activity through greenhouse gas (GHG) emissions, a function of
CO2, CH4, and N2O emissions, has indicated that the rise in average global
temperature is likely (Owen 2001). Agriculture releases significant amounts of
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) to the atmosphere
(Korres et al. 2011) while eutrophication, acidification, and natural resource
depletion usually due to non-judged agricultural practices impose significant
environmental threats to soil, water bodies, and biodiversity.
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Recent changes in the agricultural sector and related market niche along with
consumer’s preferences for eco-friendly production methods necessitate changes
in the traditional model of ‘‘productivism agricultural era’’ which is focused on
production of food and fiber (Wilson 2007) in favor of a ‘‘post-productivism
agricultural era’’ which focuses on environmental management and ‘‘production of
nature’’ (Marsden 1999). In support to this, the 2003 mid-review of the common
agricultural policy (CAP) marked agricultural support payments conditional upon
compliance with certain environmental standards (EC 2003). Holmes (2006)
reported that the transition of agricultural structure from ‘‘productivism’’ to ‘‘post-
productivism’’ model will be achieved through its multifunctional role. Marsden
and Sonnino (2008) considered multifunctional agriculture as a part of a sus-
tainable rural development paradigm within an agro-industrial model. This could
result in generation of advantages toward increase non-farm income from the
emerging opportunities such as bioenergy production. Earlier, at the beginning of
1990s, Sachs and Silk (1991) characterized farming systems as type 1 integrated
food and energy systems (IFES) and type 2 IFES. This categorization was based on
the way they were designed in terms of integration and intensification toward the
simultaneous production of food and energy. More particularly, type 1 IFES is
characterized through the production of feedstock for food and for energy on the
same land and multiple-cropping patterns or agroforestry systems (Bogdanski et al.
2010). Type 2 IFES seek to maximize synergies between food crops, livestock, fish
production, and sources of renewable energy through the adoption of agro-
industrial technology (such as anaerobic digestion) that allows maximum utiliza-
tion of all by-products and encourages recycling and economic utilization of
residues (Bogdanski et al. 2010).

It is therefore imperative to examine and reconsider practices that alleviate the
environmental burden of agricultural and bioenergy production systems. One way
to achieve this is through the application of life cycle assessment (LCA) which
allows for a detailed analysis of material and energy fluxes under various pro-
duction schemes. This includes indirect inputs to the production process and
associated wastes and emissions and the downstream fate of products (Korres et al.
2010).

The purpose of this chapter is to describe how the applications of LCA in
agricultural production systems in relation to bioenergy use in transportation
sector, particularly biogas and bioethanol production using lignocellulosic mate-
rials as feedstock, can assist in decision-making processes toward sustainable
production practices. The development of generic guidelines and corresponding
commentary on important issues for each LCA phase can assist greatly toward
proper applicability of LCA in both sectors.

The need for this kind of approach is justified by discussions on bioenergy
production sustainability in terms of carbon dioxide emissions reduction but also
by consumer needs for environmental friendly production practices and products.
It should be noted, however, that bioenergy is considered renewable and sus-
tainable form of energy under certain conditions (Perley 2008). For example, to
maintain the carbon dioxide balance, biomass harvest must not exceed growth
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increment while carbon dioxide emitted during production, transportation, and
processing must be taken into account. The conversion efficiency of the product
should be considered together with its end use to limit the risk of policy failure.
The appropriateness of different bioenergy production systems in economic,
environmental, and social terms will depend to a large extent on national and local
circumstances. In planning a bioenergy strategy, analysis of different options and
their broad impacts should be carried out to ensure that policy objectives will be
met (Anonymous 2008). It is understood that a well-integrated plan of food and
energy production may be one of the best ways to improve food and energy
security and simultaneously reduce poverty in a climate-smart way (Bogdanski
et al. 2010).

2 Agriculture and Energy: A Strong Interchangeable
Relationship

Agriculture and energy have always been tied by close links although the nature
and strength of the relationship keep changing over time (FAO 2008). In modern
agricultural production, energy consumption is one of the major factors that
establishes security and abundance in food supply chain. This is very true as
agriculture became increasingly reliant on chemical fertilizers, the use of pesti-
cides, the introduction of new hybrid varieties, the application of irrigation in arid
regions, and the introduction of powered farm machinery. Fossil fuels, especially
oil and natural gas, have enabled the intensification of farm productivity. Natural
gas provides the hydrogen and energy used to produce most nitrogen fertilizers and
both gas and oil are the sources for other agricultural chemicals, including pes-
ticides and herbicides (Heinberg and Bomford 2009). In addition, food storage,
processing, and distribution are often energy intensive activities. Consequently,
higher energy costs have a direct and strong impact on agricultural production
costs and food prices (Bata and Bhonot 2011). Nevertheless, environmental,
economical, and social needs require a rapprochement of agricultural and farming
systems toward sustainable production (Korres et al. 2011). The recent emergence
of gaseous and liquid biofuels based on agricultural crops as transport fuels has
reasserted the linkages between energy and agricultural output markets. Demand
for agricultural feedstocks for bioenergy production will be a significant factor for
agricultural markets and for world agriculture over the next decade and perhaps
beyond (FAO FAO 2008). Particularly, the demand for biofuel feedstocks may
help reverse the long-term decline in real agricultural commodity prices, creating
both opportunities and risks (FAO 2008). This, although fossil fuels are expected
to remain the bulk of the primary energy mix, can be seen as renewable energy is
on the rise and will continue to be so in the future. The world’s total primary
energy demand amounts to about 12,274.6 million tonnes of oil equivalent (Mtoe)
per year whereas biomass, including agricultural and forest products and organic
wastes and residues, accounts for 10 % of this total (BP 2012).
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2.1 Ethanol Production from Starch and Sugar Crops

Efforts, worldwide, to replace conventional fuels with biofuels can be seen by the
high growth in ethanol and biogas during the past decade. According to the US
Energy Information Administration (EIA 2013) total world liquid biofuels pro-
duction increased almost sixfold over the period 2000–2010, more specific from
315,000 to 1,856,000 barrels per day. Ethanol (from Zea mays or maize) has been
the leading biofuel in the Unites States and in Brazil (from Saccharum officinarum
or sugarcane), (Moschini et al. 2012) whereas biodiesel (from Brassica napus or
rapeseed) is by far the leading biofuel in EU (Korres et al. 2011).

The superiority of maize as main ethanol feedstock stems mainly from its
advantage over other feedstocks in economic efficiency of conversion into ethanol
(i.e., fuel yield of maize for e.g., is higher than that of barley and sorghum) (Board
2009). Dry milling and wet milling are the two processes for (first-generation)
ethanol production from maize with the former being the most common. The
coproducts from the conversion of maize to ethanol are known as distillers dried
grains (DDGs) and maize oil from dry and wet milling, respectively, that can serve
as a portion of livestock feed rations (Aines et al. 1986—cited in Board 2009).
Grain sorghum (Sorghum bicolor) is also used as feedstock for the production of
bioethanol (NSP 2012) and produces roughly the same amount of ethanol as maize
although the crop’s yield per unit area is lower than that of maize. Sorghum also
produces DDGs and is completely interchangeable with maize in the ethanol
production process (NSP 2008). Barley (Hordeum vulgare) is also being used in
three US ethanol plants (RFA 2008). Research on hulless barley varieties as a
potential feedstock to increase ethanol output in comparison to conventional barley
varieties hence making this feedstock more attractive is under process (Board
2009).

Crops with high sugar content (i.e., sugarcane and Beta vulgaris or sugar beet)
are easier to process into ethanol than starch crops since the sugar required by
fermentation is already present. The fermenting and distilling technology for
ethanol production from these crops is not much different than that used in
breweries (Board 2009). One ton of sugarcane produces about 19.3 gallons of
ethanol, a greater ethanol output per acre compared to maize. Sugar beet shows a
great potential for ethanol production which with current conversion technologies
yields an ethanol output per unit area close to that of sugarcane. Nevertheless,
sugar beet at present is a high-cost input for biofuel production and is not used for
that purpose (Salassi and Fairbanks 2006). Sweet sorghum (Sorghum spp.), which
contains carbohydrates in fractions of both sugar and starch, is another feedstock
candidate (Lau et al. 2006) as well as energy cane, a breed of sugarcane that
produces high amounts of sugar and stalk for ethanol conversion. Nevertheless,
despite the high ethanol yields from first-generation bioethanol (Fig. 4), sustain-
ability criteria, environmental and economic concerns diverse bioenergy market
toward second-generation bioethanol, i.e., bioethanol; production from lignocel-
lulosic materials.
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3 Why Lignocellulosic Materials Should be Used
as Feedstock for Biofuel Production? A Glimpse

The use of biomethane as a transport fuel has recently started to gain attention in
many European countries (Mathiasson 2008) whereas biogas production from
biomass has been promoted in many developing regions including Asia, Latin
America, and some regions of West Africa (Eisentraut 2010).

Lignocellulosic biomass (i.e., agricultural, industrial and forest residuals) is the
most investigated type of feedstock as one of the most abundant resources with
wide availability in most of the countries worldwide (Kim et al. 2002; Jorgensen
et al. 2007). Pitkanen et al. (2003) reported that lignocellulosic materials could
support the sustainable production of liquid transportation fuels. In support, Kim
and Dale (2004) estimated that 49.1 9 106 L year-1 of bioethanol can be pro-
duced by the utilization of the crop’s dry waste material worldwide (approx.
73.9 9 105 t), an amount 16 times higher than the current-world ethanol
production.

It has been projected that a major part of the European renewable energy will
originate from farming and forestry (Korres et al. 2013) while at least 25% of all
EU bioenergy in the future can originate from biogas, produced from wet organic
materials such as animal manure, whole-crop silages, wet food, and feed wastes
(Holm-Nielsen and Oleskowicz-Popiel 2008).

Growing demands for CO2-neutral transportation fuels and the desire to achieve
a reduced dependence on fossil resources have been the major driving forces for
the substantial increase in the amounts of bioethanol produced by fermentation of
biomass (Rass-Hansen et al. 2007) and the amount of biogas produced by the
anaerobic digestion of various lignocellulosic materials (Korres et al 2013). Fur-
thermore, the utilization of fermentable sugars from lignocellulosic materials for
‘‘green’’ ethanol and/or biogas production (Farrell et al. 2006; Demirbas 2008; Ni
and Sun 2009) given the need for sustainable energy production and use (Prasad
et al. 2007) deserves a closer examination.

In addition, policy incentives can turn the interest of the bioenergy/renewable
energy market in favor of lignocellulosic materials. As reported in the newsletter
of the European Biomass Industry Association (EUBIA 2012), the European
Commission presented recently its policy for biofuels through a proposal which
aims to limit global land conversion for biofuel production and raise the climate
benefits for biofuel used in the EU. Increases in the minimum GHG savings
threshold for new installations to 60%, inclusion of indirect land use change
factors in the reporting of GHG savings, and limitation in the amount of food crop-
based biofuels and bioliquids are suggested. Finally, the importance of market
incentives for biofuels ‘‘with no or low indirect land use change emissions, and in
particular the second- and third-generation biofuels produced from feedstock that
do not create an additional demand for land, including algae, straw, and various
types of waste’’ is highlighted. In the USA, GHG reductions and the establishment
of a sustainable bioenergy industry are aimed to be achieved through the Energy
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Independence and Security Act (EISA) in which GHG reduction thresholds from a
2005 baseline are imposed. The EISA dictates 20% reductions for renewable fuels,
50% for advance fuels, 50% for biomass-based fuels, and 60% for cellulosic
biofuels (EPA 2010). It is obvious from the above that the role of lignocellulosic
materials in bioenergy arena will be proved in the near future very significant. This
is the reason why this chapter will be focused on the lignocellulosic biomass and
second-generation biofuels (i.e., biogas and bioethanol) rather that the typical first-
generation liquid biofuels. Finally, as reported by FAO (2008), the production of
liquid biofuels in many countries is not currently economically viable without
subsidies, given existing agricultural production and biofuel processing technol-
ogies and recent relative prices of commodity feedstocks and crude oil.

3.1 Biogas Production from Lignocellulosic Materials

Lignocellulosic materials and non-food/organic waste used for biogas production
can be crops such as grass or maize silage (Korres et al. 2010; McEniry et al. 2013;
Neureiter 2013), agricultural residues, and by-products (Nuri et al. 2008; Parawira
et al. 2008; Holm-Nielsen et al. 2009; Rao et al. 2010; Eze and Ojike 2012) algae
(Bruton et al. 2009; US DOE 2010; Brennan and Owende 2010; Benzie and Hynes
2013;), industrial and organic wastes (Salminen and Rintala 2002; Dearman and
Bentham 2007; Zhang et al. 2007; Fountoulakis and Manios 2009; Beno et al.
2009; Ortner et al. 2013; Singh 2013) or other lignocellulosic or organic materials
which are suitable for bacterial biodegradation (Fig. 1).

A discussion on the variability (Korres and Nizami 2013) and best management
practices to increase bioenergy production can be found in Demirbas (2009) and
Cherubini and Ulgiati (2010). In general, the overall biogas production process can
be divided into three distinguished phases, namely the input phase, the biogas
plant/processing phase, and the output phase (Fig. 2).

Fig. 1 Biogas route map
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Anaerobic digestion (the second activity within ‘‘process’’ phase as shown in
Fig. 3) is a versatile biochemical process by which organic matter is converted to
biogas under anaerobic conditions (Korres et al. 2011). This is achieved as a result
of the consecutive biochemical breakdown of polymers to methane and carbon
dioxide in an environment in which various microorganisms harmoniously grow
and produce/reduced end products (McCarty 1982).

Four successive biological processes are involved in the anaerobic degradation
of organic matter, namely hydrolysis, acidogenesis, acetogenesis, and methano-
genesis (Fig. 3). Complex polymers, as stated above, are converted into monomers
by extra-cellular enzymes during hydrolysis while these monomers are trans-
formed mainly into volatile fatty acids (acetic, propionic, and butyric acids) during
acidogenesis. Acetate, carbon dioxide (CO2), and hydrogen (H2) are produced
from volatile fatty acids during acetogenesis which is finally converted into
methane (CH4) during methanogenesis (Bernet and Beline 2009).

The biogas produced during anaerobic digestion is composed of CH4 (55–75%),
CO2 (25–45%), and trace elements such as hydrogen sulfide (H2S which range
from 0 to 2,000 ppm) and ammonia (NH3 within the ranger of 0–590 ppm) (Rasi
et al. 2007). In addition, trace amounts of hydrogen (H2), nitrogen (N2), carbon
monoxide (CO), saturated or halogenated hydrocarbons, and oxygen (O2) are
occasionally present. The biogas is usually saturated with water vapor (H2O) (Rasi
et al. 2007). If the biogas is to be used as a transport fuel or to be injected in the
natural gas grid for other use, it has to be upgraded or scrubbed (i.e., removal of
corrosive components, particles, water and increase heating value to approxi-
mately 50 MJ/kg or methane content of 97%) to gain natural gas standards. The
upgraded and pressurized biogas is then ready to be used (Nilsson 2001).

Fig. 2 Flowchart of biogas/
biomethane production chain
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3.2 Bioethanol Production from Lignocellulosic Materials

Cellulosic ethanol is chemically identical to first-generation bioethanol (i.e.,
CH3CH2OH), but it is produced from different feedstock via a more complex
process (cellulose hydrolysis).

In contrast to first-generation bioethanol, which is derived from sugar or starch
produced by food crops (e.g., wheat, maize, sugar beet, sugarcane, sweet sor-
ghum), (Fig. 4), cellulosic ethanol may be produced from agricultural residues,
other lignocellulosic materials, or energy crops (EUBIA, European Biofuels
Technology Platform, undated). Agricultural crop residues are lignocellulosic
biomass (non-grain, non-root portion of agricultural crops) that remains in the field
after harvest (Nelson 2007). The most common residues include the stalks, ears,
and cobs from corn (stover) and straw from wheat crop, sugarcane bagasse, barley
hull, wheat barn, rice husks, and rice washing drainage (Singh et al. 2010). Oilseed
crops, e.g., sunflower or soybeans, produce fewer residues than grain crops and in
most cases are not considered for soil sustainability reasons. Residues from other
crops, e.g., cotton and pruning from orchard and vineyards, may be available but
their use, due to their limited amount in most temperate climates, as lignocellulosic
feedstock for bioethanol production is not feasible (Singh et al. 2010).

As mentioned earlier, lignocellulosic materials are abundant in most countries
and they are generally considered to be more sustainable although they need to be
hydrolyzed into simple sugars prior to distillation. This may be achieved using
either acid or enzyme hydrolysis. More specifically, the production process of
bioethanol from lignocellulosic materials consists of the feedstock pre-treatment,
hydrolysis, fermentation, product separation and distillation and post-treatment of
the liquid fraction (Fig. 5) (Balat et al. 2008; Hendriks and Zeeman 2009).
According to Di Nicola et al. (2011), the classic method used in the fermentation
of the hydrolyzed biomass is the separate hydrolysis and fermentation, in which

Fig. 3 Biological processes during anaerobic digestion
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the two processes are completed in different units. A commonly used alternative is
simultaneous saccharification and fermentation, in which hydrolysis and fermen-
tation are completed in the same unit whereas a last option is represented by
consolidated bioprocessing (Di Nicola et al. 2011).

Pre-treatment is an important phase toward improvements of the production
rate and higher yield of monomeric sugars during hydrolysis in which unconverted
fractions (from the pre-treatment) of cellulose and hemicellulose are converted
into monomeric sugars. Hydrolysis is completed either chemically by acids or
enzymatically by addition of cellulases (Fig. 5). The monomeric sugars produced
at this phase include both pentoses and hexoses which can be fermented to ethanol.
The latter can be fermented quite easily, but the fermentation of pentoses is a
selective process which can only be done by a few organisms. Ethanol itself is an
inhibitor for the fermenting yeasts and bacteria along with the furans, phenolic,
carboxylic acids, and other soluble lignin compounds that are formed during
fermentation (Hendriks and Zeeman 2009). Ethanol is recovered from the fer-
mentation broth by distillation (Hendriks and Zeeman 2009) whereas the process
residuals (e.g., cellulose, hemicellulose, lignin, and other solid materials) can be
used to produce heat or to be converted into octane boosters or for the production
of chemicals (Wyman 1994).

Fig. 4 Production of bioethanol by various feedstocks and processes (based on FAO 2008)
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Sustainability issues concern the effects of agricultural crop residues removal
on soil erosion, loss of soil fertility, texture, and moisture (Nelson 2007). The
actual potential to produce cellulosic ethanol is multifaceted. Large-scale pro-
duction, transport, processing, and conversion of cellulosic materials have not been
attempted to any real degree anywhere in the world although demonstration plants
for commercial-scale production of cellulosic ethanol are under development in
EU and USA. In addition, a number of pilot plants are developing thermochemical/
biochemical routes to create bioethanol from commercial waste and MSW.

4 Life Cycle Assessment

4.1 General Principles

LCA is a process used for the evaluation of the environmental burdens associated
with products and processes. It seeks to identify and quantify energy and materials
consumed and waste released to the environment, thereby enabling the evaluation
and comparison of environmental improvement options. The assessment includes
the entire life cycle of the product, process, or activity (SETAC 1993). A product’s
life cycle is generally broken down into stages. The number of stages can vary; six
stages are often distinguished, namely (1) product design; (2) raw material
extraction and processing; (3) manufacturing of the product; (4) packaging and

Fig. 5 Flowchart of lignocellulosic bioethanol production (based on Di Nicola et al. 2011)
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distribution to the consumer; (5) product use and maintenance; and (6) end-of-life
management, i.e., reuse, recycling, and disposal (Udo de Haes and van Rooijen
2005). Although the methodology is by no means finalized and a number of
important issues still must be resolved, LCA is currently standardized by ISO
14040 series (ISO 1997).

The technical framework for the LCA methodology as it is defined in ISO
14040 consists of four phases, namely (1) goal and scope definition; (2) inventory
analysis; (3) impact assessment; and (4) interpretation (Fig. 6). (SETAC 1993; ISO
1997; Wenzel et al. 1997; Frankl and Rubik 2000). These phases are not followed
just one after the other, but they form an iterative process, which can be followed
in different rounds achieving increasing level of detail (from screening LCA to full
LCA) or which may lead to changes in the first phase because of the results of the
last phase (Korres 2013). More particularly, the first phase (i.e., goal and scope
definition) sets the boundaries for the analysis and defines the level of detail and
the functional basis for comparison. This is of crucial importance for avoidance of
confusing results and misleading interpretations (Frankl and Rubik 2000). Thus,
during this phase, questions should be considered about the purpose of the LCA;
the spatial and temporal scope of the LCA; the functional units to be assessed; the
target group; the decisions and the extent of these decisions supported by LCA;
and finally, the product/solution to be assessed along with alternatives for com-
parison. The second phase (inventory analysis) quantifies input and output flows of
materials, energy, water, and emissions or other pollutants used in each process
through the entire production chain and present these in a process flow chart
(Figs. 2 and 5). Since this phase can affect the complete LCA, it is necessary to
follow the precise standards for data collecting, calculation procedures, allocation
rules (SETAC 1993; ISO 1997). In this phase, the system to be assessed and the
system’s boundaries should be clearly defined. The third phase (impact assess-
ment) quantifies and clusters effects of the resource use and emissions into a
number of environmental impact categories (i.e., selection of impact categories,
classification and characterization of environmental impacts based on the inven-
tory analysis) which may be weighted according to their importance and goal and

Fig. 6 Life cycle assessment
framework (based on ISO
1997)
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scope of the LCA. General impact categories are human health, biotic natural
environment, natural resource depletion, abiotic environment, and man-made
biotic and abiotic environment (Korres 2013). These impacts are operationalized
by specific impacts such as global warming, ozone depletion, acidification or
eutrophication, ecotoxicity, land use, and habitat loss (Korres 2013). In the
characterization phase, the impacts are analyzed, quantified, and calculated,
requiring scientific knowledge about load–response relationships. For that purpose,
the inventory data need to be analyzed by modeling approaches, like the use of
equivalency factors (e.g., ozone depletion potential) or toxicological data. The last
phase (interpretation) reports the results in a comprehensible way and evaluates the
opportunities to reduce the environmental impact of the product or service under
examination according to the goal and scope of the study. As a basis for a decision-
making process, the results of the LCA can be used for improvements and support
evidences for other environmental concepts, tools, and systems such as ecola-
beling, environmental management system (Fawer 2001). In contrast to other
environmental management tools, which tend to focus on specific life stages of a
product or process, LCA analyzes the entire life cycle, looking up and down the
supply chain, from raw material extraction to final disposal. A simplified biofuel
pathway is shown in Fig. 7 where system boundaries, inventory analysis (data for
inputs), and impact assessment (environmental effects) are clearly shown.

More particularly, the feedstock production phase (left part) which includes
crop production and husbandry management along with processing of the feed-
stock (middle part) and some of the important markets (right part) into which
biofuels and their coproducts are traded. Examples of bioethanol production co-
products include animal feed from corn ethanol or bagasse, from sugarcane eth-
anol, which can be used for the production of heat or electricity though its

Fig. 7 A simplified biofuel pathway in which inputs and related environmental effects are
depicted (dotted lines represent pathways irrelevant to this chapter) (based on Kammen et al.
2007)
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combustion (Quintero et al. 2008). Another well-known example is the digestate, a
residue of anaerobic digestion, which can be used as a substitute of mineral fer-
tilizers (Lukehurst et al. 2010; Korres et al. 2011; Taylor et al. 2012; Chambers
and Taylor 2013).

It is worth mentioning that some of the inputs and related environmental effects
throughout the biofuel production chain may be indirect such as the energy and
related emissions from the manufacture of feedstock production inputs, e.g., fer-
tilizers, herbicides, lime or from the pre-treatment of the feedstock (e.g., macer-
ating) or other activities, e.g., mixing and water-pumping activities in anaerobic
digestion plant (Korres et al. 2011; Korres 2013). It is also vital to note—and to
reflect in biofuel analyses—that the indirect impacts of biofuel production and in
particular the destruction of natural habitats (e.g., rainforests, savannah, or in some
cases, the exploitation of ‘‘marginal’’ lands which are in active use, even at
reduced productivity, by a range of communities, often poorer households and
individuals) to expand agricultural land, may have larger environmental impacts
than the direct effects. The indirect GHG emissions of biofuels produced from
productive land that could otherwise support food production (reference system for
comparisons) may be larger than the emissions from an equal amount of fossil
fuels (Delucchi 2006; Farrell et al. 2006). Attention to these issues is vital if
biofuels are to become a significant component of sustainable energy and socio-
economic systems (Kammen et al. 2007).

In addition, biofuel production and usage also displaces some environmental
effects because they substitute in fuel and other markets for products that have
their own environmental effects. The extent to which the coproducts of biofuel
production displace other products and their environmental impacts (rather than
stimulate additional consumption) depends on the elasticity of demand in the
relevant markets (the more inelastic the demand, the greater the displacement), the
way in which the coproducts affect supply curves, and other market and non-
market (i.e., political and regulatory) factors (Kammen et al. 2007).

4.2 LCA and Agricultural Production

Concerns about the environmental impacts of agricultural production systems and
energy sectors have led to considerable publicity about the importance of applying
LCA technique for minimizing these burdens. LCA has been promoted as one of
the best ways of determining the real impacts of agricultural products (Loerincik
et al. 2008; Harris and Narayanaswamy 2009) and consequently has been proved
an important tool for possible mitigation options and eco-friendly production. The
application of mineral and organic fertilizers, soil management practices, animal
production systems, and manure management (Mummey et al. 1998; Steinfeld
et al. 2006; Smith et al. 2007) are some factors which enhance the environmental
burden of agricultural production including GHG emission, eutrophication, acid-
ification, among others.
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4.2.1 LCA in Agriculture: A Challenging Complexity

Agriculture does not consume resources in a linear sense, as for example, many
industrial processes, and is not therefore a pure ‘‘cradle-to-grave’’ process (Haas
et al. 2000). The same authors argued that the term ‘‘LCA’’ in agriculture could be
misleading since the main agricultural processes are made within a farm and are
based on renewable resources. As they have suggested, ‘‘the term eco-balance used
for LCA in French or German is regarded to fit more accurately.’’

Agriculture LCA has several differences and greater complexity from LCA of
industrial processes, the most important is that agriculture utilizes land and soil.
The balances of soil nutrients such as nitrogen (N), phosphorus (P), and potassium
(K), through fertilizer application and plant uptake, need careful consideration.
Modeling nitrogen dynamics in the soil, for example, requires (1) the quantifica-
tion all N losses and (2) understanding of the interactions between these losses. A
conceptual model which is known as ‘‘hole-in-the-pipe’’ (Fig. 8) (Firestone and
Davidson 1989) depicts the flows of inorganic nitrogen through the microbial
processes of nitrification and denitrification. Nitrogen oxides escape through
‘‘leaks’’ in the pipe which symbolizes the actual nitrification and denitrification
processes occurring in the soil (the size of the pipe is variable mainly due to
varying availability of C and N). The size of the ‘‘holes’’ through which N gases
can ‘‘leak out’’ is determined by soil moisture content, water-filled pore space as
well as by other soil conditions such as pH and temperature.

It becomes obvious that estimating long-term balances requires the use of
simulation modeling, which most probably must be adapted to the local context
considering variations in soil texture, rainfall, altitude, etc.

Many agricultural systems are interlinked and therefore changes to one system,
for example, arable crops used for animal feed or grass silage for animal feed will
affect other systems e.g., animal production systems or bioenergy production
systems. Further complications occur with systems which are included or interact
with other, e.g., as in the case of beef production which is partly derived from the
dairy sector. Hence, there can be difficulties assigning environmental impacts
between various product components particularly when the animals which may be
reared in geographically diverse areas including lowlands and/or highlands
incorporated into the LCA.

In addition, agriculture contributes to GHG emissions by the consumption of
fuel or electrical energy, both directly (i.e., in the operation and maintenance of

Fig. 8 Soil N dynamics (based on Firestone and Davidson 1989)
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machinery used during crop establishment and husbandry but also for the main-
tenance of livestock housing) and indirectly (i.e., in the form of manufactured
mineral fertilizers and pesticides but also as embodied energy in machinery and
human labor) (Korres 2013). The level of energy consumption and GHG emissions
depends mainly on the production system (e.g., organic or conventional) but also
on the product mix (e.g., the mix of crops and livestock and/or bioenergy pro-
duction). It has been shown, for example, that abandonment of fossil fuel-derived
nitrogen and synthetic pesticides in organic farming consumes less energy and
consequently contributes less to GHG gas emissions than conventional agriculture
(Carlsson-Kanyama 1998; Pimentel and Pimentel 2003; Wallen et al. 2004; Weber
and Matthews 2008).

Besides the approach to input use, soil management practices, such as tillage,
irrigation, use of cover crops (Mummey et al. 1998) in cropping systems and
storage of slurries and manures in livestock systems, influence GHG gas emis-
sions. In the context of choice of the cropping system, crop rotation has a strong
influence on emissions. For example, adapting crop rotations to include more
perennial crops, thereby avoiding use of bare and fallow land, reduces GHG gas
emissions from agriculture by accumulating soil carbon stocks (Smith et al. 2007).

When multiple-cropping systems are practiced either as sequential cropping or
intercropping (Korres 2005), the issue of land use, which is one of the most
fundamental factors that influences directly (e.g., tillage) or indirectly (e.g., by the
collection of crop residues to be used for biogas or bioethanol production) carbon
stocks arises. Cultivation, generally leads to reduction in soil organic carbon (Reay
and Grace 2007) which, without counteracting husbandry practices such as winter
cover crops (Rajagopal and Zilberman 2007), is exacerbated by crop residues
removal, e.g., corn stover (Wilhelm et al. 2004) (Fig. 9).

A number of management practices are available to increase soil carbon inputs
in croplands through the use of crop rotations with high residue yields, or reducing
the gap between successive crops in annual crop rotations (i.e., the fallow period)
or increasing fertilizer and manure use efficiency through the justification of their
use. In addition, soil carbon losses, on annual croplands, can be reduced by
decreasing the frequency and intensity of soil tillage, in particular through con-
version to no-till practices (Paustian et al. 1997; Huggins et al. 1998).

In addition, Lal (2004) reported integrated pest management and drip irrigation
along with conservation tillage management as low carbon intensity practices. It
has been shown that carbon sequestration can dramatically influence the sustain-
ability of biofuels and particularly biogas (Korres et al. 2010); hence, cropping
system should be considered if precision, completeness, representativeness, and
comparability in LCA are to be secured (Korres 2013).

The statements above highlight the complexity of LCA technique in agricul-
tural systems but also in bioenergy production particularly when land use and land
use change are considered. It has been reported that indirect GHG emissions of
biofuels produced from productive land that could otherwise support food pro-
duction may be larger than the emissions from an equal amount of fossil fuels
(Delucchi 2006; Farrell et al. 2006). Kammen (2007) stated that attention to these
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issues is vital if biofuels are to become a significant component of sustainable
energy and socioeconomic systems.

Nevertheless, this chapter, as mentioned earlier, focuses on agricultural LCA that
deal specifically with biogas and bioethanol production. In the following sections,
issues in relation to four distinctive phases of the LCA as they have been defined by
ISO 14040 (ISO 1997) series will be discussed. Grant et al. (2008) stated that when
LCA is applied to GHG emissions in agriculture all pre-farm, on-farm, and post-
farm emissions of carbon dioxide, methane, and nitrous oxide should be included.
As such, a full LCA of emissions takes into account downstream emissions but also
those associated with the fuel and other inputs during pre and on-farm activities
known as upstream emissions (Grant et al. 2008). In other words, all inputs are traced
back to primary resources, for example, electricity is generated from primary fuels
like coal or oil (Williams et al. 2006). Fertilizers that are based on ammonium use
methane as a feedstock and source of energy. Other fertilizers, such as phosphate and
potassium, also require energy for extraction from the ground, processing, packing,
and delivery. Machinery, including tractors and processing equipment, requires
steel, plastic, and other materials for their manufacture. This involves energy costs in
addition to the direct diesel use (Harris and Narayanaswamy 2009).

4.2.2 LCA Framework

Key components and critical phases of agricultural LCA will be dealt in this
section are the following: (1) goal and purpose of agricultural LCAs; (2) LCA
system boundary; (3) functional unit(s); (4) life cycle inventory (LCI) and

Fig. 9 Soil carbon alterations with management practices (based on US DOE 2006)
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allocation methods for coproducts and foreground and background data sources-
data quality and assessment; and (5) environmental impact assessment (EIA) and
impact categories.

Goal and Scope Definition

The goal and scope definition phase of an LCA in agriculture includes several
decisions that are of relevance for all subsequent steps, i.e., LCI, Life cycle impact
assessment (LCIA), and interpretation (Frischknecht and Jungbluth 2007). As
Svoboda (1995) stated that the goal of LCA is not to arrive at the answer but,
rather, to provide important inputs to a broader strategic planning process. Use of
LCA assists to focus attention on ‘‘hot spots’’ for optimizing the environmental
performance of systems and broadens the debate to include the wider environ-
mental impacts of alternatives (Cowell 1999). A wide variety and goals were
found to exist in the literature of agricultural LCAs although as Harris and Na-
rayanaswamy (2009) mentioned that agricultural LCAs generally compare the
environmental impact of farming practices or types of animal feed. As such, some
LCA practitioners in fiber production and textile industry used the technique to
examine the energy difference between various types of textiles (Woolridge et al.
2006) or to examine methodological problems and solutions for textile products
(Dahllof 2005) or to determine the energy required to produce one metric tonne
(1,000 kg) of raw cotton (including both seed and lint, in the field) across a range
of global production practices (Matlock et al. 2008). Comparison of production
practices is also illustrated by a study on bread-making wheat production where
the relative environmental impacts of conventional versus less intensive agricul-
tural production systems are compared (Cowell 1999). In LCA of grassland-based
production systems, mainly in dairy production systems, the goal and scope of the
study concerns mainly the eco-friendliness of the system under examination.
Casey and Holden (2006) examined Irish suckler beef units, comparing GHG
emissions of conventional Irish agri-environmental scheme versus organic farms.
The same authors (Casey and Holden 2005), in another study, focussed on GHG
emissions from an Irish dairy unit and assessed various scenarios to be considered
toward GHG emissions reduction. LCA studies in Australia and New Zealand on
dairy industry concerned the environmental impacts of the dairy supply chain and
the implications of intensification on their eco-efficiency, respectively, so that
dairy companies could improve environmental performance of their business
(Nicol and Sage 2003; Basset-Mens et al. 2009).

Functional Unit

The functional unit (FU) is dependent on the goal of the study and the system
boundary and is generally chosen to reflect the way each commodity is traded. The
reference unit, that denotes the useful output, is known as the FU and has a defined
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quantity and quality, for example, 1 tonne of bread-making wheat. In many
studies, the FU is typically one unit of weight of product (e.g., kg or tonne), or one
hectare of land used (Haas et al. 2000; Haas et al.2001; Nicol and Sage 2003;
Casey and Holden 2006). Consensus is needed on the FU for livestock, e.g., 1 kg
of bone free leaving the gate, 1 kg of live weight leaving the farm gate, or 1 t of
carcass dead weight. The choice can help avoid allocation (Harris and Naray-
anaswamy 2009).

System Boundaries

System boundaries are a set of criteria specifying which unit processes/tasks are
part of a product system (ISO 14040: 2006). The system boundary should include
as far as possible all relevant life cycle stages and processes (EC 2010). Hayashi
et al. (2005) reported that one of the methodological characteristics of agriculture
LCA studies, since they are analyzing production processes, is that their system
boundaries are defined as the cradle-to-gate type (Baumann and Tillman 2004—
cited in Hayashi et al. (2005)). Nevertheless, the system boundary will largely
depend on the goal of the study if, for example, the scope is for environmental
improvement of the farm or the whole supply chain to consumer (Harris and
Narayanaswamy 2009).

Life Cycle Inventory

A LCI analysis is the process of quantifying the energy and raw material
requirements, atmospheric emissions, waterborne emissions, solid wastes, and
other releases for the entire life cycle of a product, process, or activity. In this
stage, all relevant data are collected and organized. The evaluation of comparative
environmental impacts or potential improvements without LCA is not possible
whereas the level of accuracy and detail of the collected data should be reflected
throughout the remainder of the LCA process (WEC 2004).

The key steps of a LCI include the (1) development of a flow diagram of the
processes under evaluation (Figs. 2, 5 and 10); (2) development of data collection
plan (Korres, 2013); (3) collection of the data based on certain rules and protocols
regarding their quality (Korres 2013) or calculation when possible/necessary (see
below); and (4) evaluation and reporting of the results (Korres 2013).

A generic flow process model for agricultural production within each opera-
tional unit or task consists of four main tasks, namely seedbed preparation, sowing/
planting, field operations, and harvesting. The field operations are divided into
fertilization, irrigation and weed and pest control (Fig. 10). The task and subtasks
during crop production stage can be characterized as mechanical and/or non-
mechanized (e.g., human labor). Fertilization can be characterized either as con-
ventional (inorganic), organic (e.g., manure or digestate or mulching), or mixed
(combination of inorganic/organic).
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The types of input energy (IE) analyzed by LCA, according to Eq. (1), include

IE ¼ EF þ EI þ EIR þ EED þ EL ð1Þ

EF energy in the fuel consumed by machinery (MJ ha-1); EI indirect energy
consumed to produce applied inputs such as seeds, pesticides, fertilizers expressed
in MJ ha-1; EIR direct energy used, where necessary, in irrigation expressed in
MJ ha-1; EED indirect embodied energy expended in machinery manufacture or
farm buildings, depreciated over their useful life expressed in MJ ha-1; EL indirect
energy consumed in human labor expressed in MJ ha-1.

In this chapter, only the first three forms of energy will be discussed as the use
of indirect embodied energy and indirect energy consumed by human labor, in
most cases, excluded from the LCI in biofuels (Korres 2013). In several studies,
emissions associated with the production of machines, buildings, and roads are
excluded because the lack of relevant data (Cederberg and Mattsson 2000; Ced-
erberg and Stadig 2003; Casey and Holden 2005).

The energy associated within each task (e.g., seedbed preparation, sowing) can
be either documented from a review of contemporary literature as accurately as
possible to ensure that subsequent decisions based on arguments embodied in the
findings are valid (Sapsford and Jupp 2006; Korres 2013) or calculated. Direct
mechanical energy (i.e., energy from fuel consumption) for each task can be
calculated, for example, by multiplying the estimated fuel requirements (for tractor
or harvester) to complete a task (volume of fuel per unit area of production) by the
energy per unit volume of fuel (i.e., 37.6 MJ L-1 for diesel fuel) (Larson and
Fangmeier 1978; Griffith and Parsons 1983). Alternatively, an algorithm for the
calculation of the direct energy consumed during the field operations as suggested
by Korres et al. (2010) and it is expressed by Eq. (2) can be used.

Fig. 10 A Generic flow process in agriculture and related energy inputs (based on Matlock et al.
2008)
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EF ¼
Xi

1

Fci � fcð Þ=Ocið Þ ð2Þ

where EF fuel energy consumed (MJ ha-1), Fci fuel consumption (L h-1) for
i field operation, fc heating value of the fuel, usually diesel that equals 36 MJ L-1

and Oci work capacity for i operation (ha h-1).
The environmental burden of field operations which is usually articulated as

GHG emissions expressed as kg CO2 equivalent (kg CO2e) can be calculated
based on the fuel energy consumed for all field operations and the GHG emissions
produced from the combustion of 1 MJ of diesel (0.888 kg CO2e MJ-1) (Eq. 3)
(Korres et al. 2010):

GHG emissions kg CO2=hað Þ ¼ FE MJ=hað Þ � 0:0888 kg CO2e /MJð Þ ð3Þ

As it can be noticed, the energy per unit volume of the fuel used in agricultural
operations (diesel in this case) varies between 36 and 37.6 MJ L-1 and according
to Saunders et al. (2006) up to 41.2 MJ L-1. This adds up to uncertainty of
calculated parameters in LCA and signals the importance in data collection in
terms of accuracy, representativeness, and consistency (Korres 2013).

According to (Romanelli and Millan 2005), indirect energy in farm inputs can
be calculated as a fraction of the solid (e.g., seeds, lime, and fertilizers) and liquid
(e.g., pesticides in liquid form).

The energy enclosed in the solid fraction of farm inputs depends on the appli-
cation rate and the enclosed energy within each and can be obtained using Eq. (4).

Esi ¼ Qt � Eci ð4Þ

where Qt quantity of input applied per hectare (kg ha-1); Eci = energy content
(energy index) of a solid input (MJ kg-1). Some representative energy indices of
solid and liquid inputs are mentioned below (Table 1).

Indirect energy consumed by the liquid fraction of crop production inputs can
be calculated based on Eq. (5):

ELi ¼
Eli � a:i� Vp

Va
Q ð5Þ

where Eli energy content of the liquid input (MJ L-1); a.i. concentration of the
active ingredient in the commercial product (%); Vp used volume of the com-
mercial product (L); Va volume to be applied (L); Q application rate (L ha-1). The
calculations of emissions from the consumption of indirect (solid and liquid)
inputted energy in crop production (e.g., fertilizers, herbicides, lime) but also
emissions due to the application of fertilizer (e.g., direct and indirect nitrous oxide
emissions) or these from lime and pesticides (e.g., volatilization) are described in
detailed in Korres et al. (2010) and Korres (2013).

The energy consumed by irrigation can be estimated either as energy values
directly from the literature (Tsatsarelis 1991; Wanjura et al. 2002; Yilmaz et al.
2004; Oren and Ozturk 2006) or as energy calculated from volume of diesel fuel
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used (Rogers and Alum 2007) or as energy calculated based on the irrigated area
and the amount of pumped water needed from a groundwater reservoir (Eq. 6)
(Romanelli and Millan 2005), a case which is applicable in many arid and semi-
arid climates.

EIR ¼
fee � Pe � Ud � ND

Ai
ð6Þ

where fee enclosed energy in electrical energy (i.e., according to Pimentel 1984,
this equals 12 MJ kW-1 h-1); Pe power of the motor driving the pumping system
(kW); Ud average daily use (h); ND period of irrigation (days); Ai total irrigated
area by the system (ha). In this calculation, consideration should be taken in regard
to the specifications of the device along with physical/topographical characteristics
of the water source (e.g., depth of well).

Table 1 Energy indices of various farm’s solid and liquid inputs in crop production

Input Energy content (MJ kg-1) Source

Seeds
Grass 12.0, 12.2 1, 2, 13
Maize 15.4 3, 12
Cereals 10.5 4, 12
Fertilizers
Nitrogen 50.0, 74.0 1, 2, 4, 5, 6, 7, 8, 9, 13
Urea 8.6 11, 12
Ammonium Nitrate 77.0 11, 12
Ammonium Sulfate 22.0 11, 12
Anhydrous ammonia 68.0 11, 12
Potassium Nitrate 14.6 11, 12
Calcium Nitrate 16.7 11, 12
Phosphorous(P2O5) 8.6, 12.6 1, 5, 6, 7, 8, 9, 10, 11, 12, 13
Simple Phosphate 9.8 11, 12
Triple Phosphate 6.7 11, 12
Diammonium Phosphate 44.1 14
Potassium (K2O) 6.7 1, 5, 6, 7, 8, 9, 10, 11, 12, 13
KCl 7.2 11, 12
Potassium Sulfate 3 11, 12
Pesticides
Herbicides 254.6, 264.0 1, 2,3, 6, 7, 10, 13
Insecticide 184.7 3
Fungicide 97.1 3
Lime
Lime, Limestone 1.2, 1.7 1, 6, 8, 9, 11, 12, 13

1 Kelm et al. 2004; 2 Rosenberger et al. 2001; 3 Pimentel 1980; 4 Pellizzi 1992; 5 Gerin et al.
2008; 6 Wells 2001; 7 Dalgaard et al. 2001; 8 Cropgen 2004a, b; 9 Elsayed and Mortimer 2001;
10 Cropgen 2004a, b; 11 Ferraro 1999; 12 Romanelli and Milan 2005; 13 Smyth et al. 2009; 14
Hetz 1992
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GHG emissions due to irrigation can be calculated based on the following
equation (Eq. 7):

GHG emissions kg CO2eð Þ ¼ Q� EF

1000
ð7Þ

where Q (activity) is the electricity used expressed in kWh and EF is the relevant
emission factor expressed in kg CO2 e/kWh. With respect to lignite power plants,
significant variations in cumulative GHG emissions have been quoted in the lit-
erature, ranging from approx. 800–1,700 g CO2 e q/kWhe (Weisser 2007). The
great variation in the emissions of current lignite power plants indicates the
importance of thermal plant efficiency and operating mode, since most GHG
emissions occur at the combustion stage (Weisser 2007).

Allocation

Agricultural LCA is often complex because in addition to the main product there
are usually coproducts, so that appropriate environmental impacts need to be
assigned to each product, a process known as allocation. There may also be by-
products or waste and emissions to the environment, for example, nitrate (NO3) to
water and nitrous oxide (N2O) to the air (Harris and Narayanaswamy 2009).
Allocation may be performed on a mass, volume, economic, or energy basis
although it is best to avoid allocation through system expansion or division of
processes into product-specific subprocesses (Vikman et al 2004; Labutong et al.
2012) Economic allocation has, in the past, been utilized but studies of beef and
dairy products have shown this to increase uncertainty. The need for allocation can
be dependent on choice of FU and system boundary. Allocation was not needed in
one beef study because the FU choice (live weight) and system boundary (cradle-
to-farm gate) meant that the by-products occurred outside the farm gate (by-
products occur post-processing). Karlsson (2003) estimated GHG emissions and
mitigation costs for a range of biomass-based cogeneration systems under different
methodological assumptions. The choice of a FU was given strong consideration,
since the proportion between the products may differ between the studied and the
reference system (i.e., an alternative, typically a ‘‘job as usual’’, system with which
the system under examination is compared). This can be dealt with by considering
one product as the FU and the other as a by-product and then assuming that the
difference in generation of the by-product is balanced by another energy system in
the reference scenario (allocation by subtraction) (Vikman et al 2004).

4.3 Environmental Impact Assessment

The life cycle impact assessment (LCIA) phase of an LCA is the evaluation of
potential human health and environmental impacts of the environmental resources
and releases identified during the LCI. Impact assessment should address eco-
logical effects and human health effects; it may also address resource depletion.
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A LCIA attempts to establish a linkage between the product or process and its
potential environmental impacts. Critical questions for example:

• What are the impacts of that much quantity of CO2 or that much quantity of
methane emissions being released into the atmosphere by a typical beef farm
annually?

• Which is more damaging to air pollution?

Typical midpoint environmental impact categories considered mostly in LCA
are as follows: (1) the greenhouse effect (global warming potential), (2) eutro-
phication potential, (3) acidification potential, (4) formation of photochemical
oxidants, (5) particles, and (6) energy balance (Borjesson et al. 2011). More
particularly, the global warming potential refers to the increase in the average
temperature of the Earth’s surface, due to an increase in the global warming
potential, caused by anthropogenic emissions of global warming gases such as
carbon dioxide, methane, nitrous oxide, fluorocarbons, e.g., CFCs and HCFCs, and
others. Acidification refers to the accumulation of acidifying substances, e.g.,
sulfuric acid, hydrochloric acid in the water particles in suspension in the atmo-
sphere which are deposited onto the ground by rains; acidifying pollutants have a
wide variety of impacts on soil, groundwater, surface waters, biological organisms,
ecosystems, and materials, e.g., buildings. Eutrophication which is a process
whereby water bodies, such as lakes or rivers, receive excess chemical nutrients,
typically compounds containing nitrogen or phosphorus that stimulate excessive
plant growth, e.g., algae. Nutrients can come from many sources, such as fertilizers
applied to agricultural fields, deposition of nitrogen from the atmosphere, erosion
of soil containing nutrients, and sewage treatment plant discharges (Wenisch and
Monier 2007). An LCIA provides a systematic procedure for classifying and
characterizing these types of environmental effects. GHGs emissions, for example,
from different sources are indexed according to their global warming potential.
According to the intergovernmental panel on climate change (IPCC 2001), over a
100-year time span, carbon dioxide (CO2) assumes the value of 1 whereas the two
other GHGs of importance in agriculture LCA are methane (CH4) and nitrous
oxide (N2O) which, according to a re-evaluation of the IPCC in 2001, take a value
of 23 and 296 respectively. Hence, the volume of GHG emissions in terms of CO2e
can be calculated using Eq. (8) (IPCC 2001; EC 2009):

GHG kg of CO2eð Þ ¼ CO2 kgð Þ þ 23� CH4 kgð Þ þ 296� N2OðkgÞ ð8Þ

Midpoint impact assessment approaches reflect the relative potency of the
stressors at a common midpoint within the cause–effect chain. Analysis at a
midpoint minimizes the amount of forecasting and effect modeling incorporated
into the LCIA, thereby reducing the complexity of the modeling and often sim-
plifying communication. Midpoint modeling can minimize assumptions and value
choices, reflect a higher level of societal consensus, and be more comprehensive
than model coverage for endpoint estimation. (Bare et al. 2003). Endpoints
depicted in Fig. 11 belong to a larger, more generic impact category, e.g., ‘‘skin
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cancer’’ and ‘‘cataract’’ into human health, ‘‘marine life damage’’ into natural
environment, ‘‘crop damage’’ into man-made biotic environment or natural
resources.

4.4 Interpretation

LCA interpretation is a systematic process to evaluate the results of the inventory
analysis and impact assessment, to select the preferred product, process, or service
with a clear understanding of the uncertainty and the assumptions used to generate
the results (SAIC 2006). In practice, the process is iterative as the results from
subsequent stages will often require previous assumptions about system bound-
aries, required data, data quality, etc. to be modified. LCA offers various oppor-
tunities to reduce or mitigate the environmental impact throughout the whole life
cycle of a product, process, or activity.

5 LCA and Biofuels Production

To identify savings in energy and emissions from biofuel production and utilization,
a thorough evaluation of the corresponding life cycle is to be carried out carefully;
LCA is an effective tool for this, which accounts for the relative environmental

Fig. 11 Midpoint versus endpoint LCIA (based on Bare et al. 2003)
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impacts of biofuel life cycle with respect to ‘‘base case’’ such as fossil fuel-based life
cycle (Sreejith et al. 2013). Additionally, nearly all LCA studies on the role of
biofuels in mitigating global warming and boosting energy security have concluded
that ‘‘second-generation’’ (or ‘‘advanced’’) biofuels which rely on non-food feed-
stocks and offer improved energy and GHG profiles are necessary to make wider use
of biofuels feasible worldwide (Earley and McKeown 2009).

5.1 LCA of Biogas Production from Lignocellulosic
and Non-Food Feedstocks

Production of biogas is an integrated process in which many stages and combi-
nations are involved. The overall biogas production can be divided into three
distinguished phases, namely the input phase (i.e., production/collection of the
feedstock, transportation, and storage), the biogas plant/processing phase (i.e., pre-
treatment, anaerobic digestion per se, gas treatment, and digestate treatment), and
the output phase (i.e., production of various goods and value-added products as in
biorefineries).

5.1.1 System Boundaries

The employment of LCA in biogas production necessitates the expansion of the
typical agriculture LCA boundaries (Fig. 12a) to include transport and process
energy flows and related environmental burdens (Fig. 12b) for biomethane pro-
duction and transportation of digestate, an anaerobic residue, back to the field.

5.1.2 Goal and Scope

The goal of an LCA study shall unambiguously state the intended application to
the intended audience of the study whereas the scope should be adequately defined
so as to ensure compatibility with the goal (Singh et al 2010).

5.1.3 Functional unit

In all bioenergy assessment systems, the choice of an appropriate FU, as the basis
for comparisons, is of major importance (Ekvall and Finnveden 2001). In practice,
the FU consists of a qualitatively defined function or property (e.g., environmental
impact) and quantified unit (e.g., 1 m3 or 1 MJ of fuel). There is significant
diversity in relation to the FU used in LCA, particularly in the case of biofuels.
Korres et al. (2010) defined the FU as m3 biomethane year-1. In addition, according
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to the 2009 EU Renewable Directive (EC 2009) for the evaluation of grass
biomethane sustainability as a transport fuel, the environmental impact in terms of
GHG emissions was expressed as g CO2 equivalent (CO2e) MJ-1 energy replaced.
Borjesson et al. (2011) in their LCA of biofuels in Sweden including biogas from
organic waste, manure, and crops used ‘‘environmental impact per MJ fuel’’ as FU.

Fig. 12 Flowchart of biogas/biomethane production from a a crop-based, and b agriculture or
non-food and manure feedstocks (animal-based production system is included)
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5.1.4 Reference System

A typical objective of LCA is to discover essential differences in potential envi-
ronmental impacts between two alternative systems fulfilling the same functions
(Lindfors et al. 1999). Therefore, the choice of the reference system to which the
bioenergy system is compared is critical because the estimated benefits of bio-
energy based on the replacement of the assumed energy system can differ sig-
nificantly depending on the chosen reference system. In the case of biofuels, diesel
production is used as reference system.

5.1.5 Life Cycle Inventory

The same process as it has been described in Korres (2013) should be followed.
Very briefly, the preparation of data collection and data collection spreadsheet
followed by data collection and data validation by which data are related to FU are
the major first steps of the LCI. According to Fava et al. (1994), the major LCA
inventory stages to be considered while collecting data for LCI development and
which are generally applicable to biogas production include activities such as raw
materials (feedstock) acquisition and energy consumption; manufacturing, pro-
cessing and formulation; distribution and transportation; use/re-use/maintenance;
recycling; and waste management.

5.1.6 Energy Consumed in AD Plant

The energy consumed in the AD plant for the production of biogas can be cal-
culated based on the Eq. (9).

EAD ¼ EDirect þ EIndirect ¼ EH þ EMc þ EMX þ EP þ EL ð9Þ

where EH energy (direct) required to heat the digester up to an operational tem-
perature; EMc energy for feedstock pre-treatment (e.g., macerating); EMX electrical
energy for feedstock mixing during digestion process; EP electrical energy nec-
essary for water pumping or, as in the case of continuously stirred tank reactor, for
recirculation of liquid from one digester to the other; EL energy loss. A detailed
analysis and calculations of the net energy (and related emissions) in bioreactors
which involve the thermal and the electrical energy necessary to run the bioreactor
are reported in anonymous (2007); Smyth et al. (2009); Ruggeri et al. (2010), and
Korres et al. (2010). Very briefly, the outcome of a GHG LCA on grass biome-
thane (produced by anaerobic digestion and used as a transport fuel in place of
diesel) conducted by Korres et al. (2010) is presented in Table 2. The largest
contributors were emissions from the anaerobic digestion process followed by crop
production. Indirect emissions from the production of nitrogen and potassium
fertilizers were the major contributors to agricultural emissions, and, in the
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biomethane production process, the largest source of emissions was from digester
heating. When compared with emissions from fossil diesel grass biomethane
production under the base-case scenario, which includes the production of grass
silage and transportation of feedstock to anaerobic digestion plant and digestate
back to field, GHG emissions savings were estimated to 21.5%.

Nevertheless, cumulative GHG emissions savings under various sensitivity
analysis scenarios resulted in GHG emissions savings of up to 89.4% (Korres et al.
2011).

5.2 LCA Bioethanol Production from Lignocellulosic
and Non-Food Feedstocks

Much of the analysis for bioethanol production has focused on the outcome of net
energy during its production (Shapouri et al. 2003; Murphy and Power 2008)
(Fig. 13).

Figure 13 summarizes the results of several studies on fossil energy balances
for different types of bioethanol fuel (and conventional gasoline and diesel) in
which as wide variation is revealed concerning the estimated energy balances
across different feedstocks mainly depending on factors such as feedstock pro-
ductivity, agricultural practices, and conversion technologies (FAO 2008). Con-
ventional petrol and diesel have fossil energy balances of around 0.8–0.9, because
some energy is consumed in refining crude oil into usable fuel and transporting it
to markets. If a biofuel has a fossil energy balance exceeding these numbers, it

Table 2 Summary of GHG emissions (base-case scenario) from grass biomethane

Emissions (g CO2e MJ-1 energy
replaced)

Emissions
(kg CO2e ha-1year-1)

Feedstock production
Crop production 9.01 893
Herbicide volatilization 0.05 5.44
Lime dissolution 5.55 550
N2O emissions 5.29 525
Total agricultural

emissions
19.90 1,973

Transportation 0.89 88
Biomethane production process
Anaerobic digestion

plant
25.49 2,524

Upgrading 12.64 1,251
Total processing

emissions
38.13 3,775

Biogas losses 10.82 1,071
Total 69.74 6,904

Note Based on Korres et al. (2010)
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contributes to reducing dependence on fossil fuels. Albeit to widely varying
degrees, all bioethanol types are making a positive contribution in this regard. It is
worth to mention that the favorable fossil energy balance of sugarcane-based
ethanol depends not only on feedstock productivity but also on the fact that it is
processed using biomass residues from the sugarcane (bagasse) as energy input
(FAO 2008). Table 3 displays in detail the energy balance breaking down to its
secondary components for sugarcane bioethanol.

The range of estimated fossil fuel balances for cellulosic feedstocks is even
wider, reflecting the uncertainty regarding this technology and the diversity of
potential feedstocks and production systems. Similarly, the net effect of biofuels
on GHG emissions may differ widely. Nevertheless, as stated by Farrell et al.
(2006), energy ratios are sensitive to specification and assumptions and thus can
produce uninterpretable values.

5.2.1 Feedstocks

The actual potential to produce cellulosic ethanol as mentioned above is multi-
faceted. Because large-scale production, transport, processing, and conversion of
cellulosic materials have not been attempted to any real degree anywhere in the
world a number of sustainability issues related to energy inputs and environmental
quality need to be examined in conjunction with production, harvest, and

Fig. 13 Estimated ranges of fossil (gasoline and diesel) energy balances and selected bioethanol
types (based on Worldwatch Institute 2006; Rajagopal and Zilberman 2007; FAO 2008; Earley
and McKeown 2009)
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collection. For this reason, as Singh et al. (2010) stated, the main goal for LCA of
lignocellulosic ethanol should be to evaluate the environmental impacts of the
system under examination and to quantify the ecological benefits from the
replacement of the conventional or reference system. It may also provide a tool for
policy makers and consumers to determine the optimum eco-friendly fuel. The FU,
depending on the goal of the study, must be expressed in terms of per unit output
(kWh or km) basis. For transport services, the FU ought to be expressed in ‘‘per
km distance travelled’’ and should not be expressed in ‘‘unit energy at fuel tank’’
due to variations of mechanical efficiency between different fuels and type of
engine (Gnansounou et al. 2009; Murphy and Power 2009).

5.2.2 System Boundaries

Inconsistency of system boundaries in LCA analysis of lignocellulosic ethanol
system through omission of the production of various inputs (e.g., thermochemical
or biochemical approach for degradation of cellulosic feedstock, fertilizer, pesti-
cides, and lime) along with bioethamol utilization (Luo et al. 2009; Gnansounou
et al. 2009) could cause a significant variation on the outcome of the analysis.
Table 4 represents clearly the similarities and differences between second (lig-
nocellulosic) bioethanol and bioethanol produced by grain crops.

Table 3 Energy balance
based on average values of
sugarcane to ethanol

Energy requirement
(MJ ton-1 of processed cane)

Feedstock production
Agricultural operations 38
Transportation 43
Fertilizers 66
Lime, herbicides, etc. 19
Seeds 6
Equipment 29
Total for production 201
Process (ethanol production)
Electricity 0
Chemicals and lubricants 6
Building 12
Equipment 31
Total for process 49
Total energy input 250
Energy output
Ethanol 1,921
Bagasse 169
Total energy output 2,090
Net energy balance (out/in) 8.4

Based on Macedo et al. (2003)
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If the LCA aims to compare biofuels with their fossil substitutes (i.e., gasoline),
the utilization stage is crucial (Singh et al. 2010); the final energy produced from
tank for a given end use (transport/heat/electricity) depends on the combustion
performances of that engine using that fuel (Gnansounou et al. 2009; Murphy and
Power 2009). Many researchers use the ‘‘well-to-tank’’ system boundary to
compare environmental impact of biofuels with fossil fuels while many others use
‘‘well-to-wheel’’ or ‘‘cradle-to-grave’’ system (Singh et al. 2010).

5.2.3 Processing and Conversion

Current technologies for ethanol production from lignocellulosic material are
based on chemical or enzymatic conversion of the substrate to fermentable sugars
followed by fermentation process using a microorganism (Xiros and Christako-
poulos 2009). However, enzymatic hydrolysis of lignocellulosic biomass without
pretreatment is usually not so efficient due to the high resistance of the materials to
microbial degradation (Taherzadeh and Karimi 2008).

In addition to biochemical hydrolysis (i.e., enzymatic or chemical/acidic
hydrolysis) (Fig. 5 and Table 2), there is also the thermochemical approach to
second-generation bioethanol production. Both of these approaches can be used to
produce a wide variety of fuels. In the biochemical approach, enzymes (biological
catalysts, usually obtained from microorganisms) or acid is used to break down
cellulosic materials to sugars that are then fermented into alcohols (such as eth-
anol) by microorganisms. These are separated through distillation. In the ther-
mochemical approach, heat, pressure, chemical catalysts, and water are used to
break down biomass in much the same way that petroleum is refined. Thermo-
chemical technologies include gasification, fast pyrolysis, and hydrothermic pro-
cessing. These technologies can be used to convert almost any kind of biomass
into fuel, from grass to turkey feathers, giving them a potential advantage over
biochemical technologies that rely on developing specific enzymes to break down
specific plant matter (Bransby 2007; Lange 2007).

5.2.4 GHG Emissions

GHG emissions and savings are the center of attention in most LCA studies in
comparison to a reference system (Gnansounou et al. 2009; Liska et al. 2009)
along with other midpoint impacts such as eutrophication, acidification, ozone
depletion. Nevertheless, very few studies have considered these impacts since they
are site specific, thus limiting generalization of the results and pollution shifting
phenomena (Cherubini et al. 2009).

68 N. E. Korres



6 Conclusions

Certain restrictions in space and time did not permit a thorough approach to this
important topic, the application of LCA onto a mixed production system. The
author of this chapter choose to use the general framework as it has been described
in ISO 14040 series and to explain the most important issues a scholar in this type
of analysis but also other stakeholders can use without any difficulty. Nevertheless,
LCA is a tool and a piece of art rather than a pure scientific working protocol. Of
course, it should be based on solid scientific evidence, but the way a practitioner
can bring all the evidence collected during LCI stage together requires deep
knowledge of the system under examination, imagination, and a system dynamics
thinking. I hope I have passed this message through.

The form of energy is considered within a LCA in agricultural systems depends
on the goal of the study. The inherited complexity of agricultural systems
necessitates the thorough study of the system under examination. Nevertheless,
representativeness, consistency and accuracy of the analysis should not be put
under question, particularly in the case of biofuels. This is because environmental
and socioeconomic decisions can be made based on the results of LCA. For a
useful discussion, it is necessary to declare explicitly the energy form considered
but also, all energy sources should be documented separately. Especially, the
consideration of whether and how to incorporate biomass energy depends on the
subject and the goal of the study. The possible variation of total energy input and
its impact on energy intensity and energy efficiency should be illustrated by sce-
narios in compliance with the specific questions to be answered. Relevant
assumptions and system boundaries always have to be documented for interpre-
tation of the results. Renouf et al. (2008) stated that many of the dominant envi-
ronmental impacts from cropping systems result from dynamic systems within
agricultural soils. The use of agricultural modeling techniques to model these
processes can be proved beneficial to LCA’s cause. Water, one of the most
important natural resources, has received little attention in the LCA literature. It
should be extremely useful if water footprint could be incorporated with LCA or
vice versa.
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Life-Cycle Assessment of Biomethane
from Lignocellulosic Biomass

Abdul-Sattar Nizami and Iqbal Mohammed Ismail

Abstract This chapter evaluates the life-cycle assessment (LCA) studies of
biomethane produced from lignocellulosic biomass as a biofuel and it is released
into the environment in comparison with other bioenergy systems. A case study of
grass biomethane that is produced by anaerobic digestion (AD) of grass silage and
used as a transport fuel is described. The production of biomethane from AD is a
well-known technological procedure that fulfills the requirements imposed by the
environment, agronomy, and legislation in developing rural economies and sus-
tainable biofuel production. All across Europe, the biomethane yield from various
lignocellulosic biomass ranges from 10 to 1,150 m3 h-1. The LCA studies have
been gaining importance over the past few years to analyze biofuel sources from
cradle to grave in determining optimal biofuel strategies. Included in these, LCA
studies is the indirect input of biofuel production processes, related emissions and
waste as well as the fate of downstream products. Eighty-nine percent of green-
house gas (GHG) emission savings are achieved by AD of grass silage to produce
biomethane as a transport fuel.
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1 Introduction

1.1 Lignocellulosic Biofuels, Renewable Directive,
and Sustainability

Large-scale replacement of fossil fuels with renewable energy sources is necessary
due to energy security and climate change in the form of greenhouse gas (GHG)
emissions (Farrell et al. 2006). Thus, there is an emerging utilization of ligno-
cellulosic biomass, which is the largest source of renewable carbohydrates for
bioenergy production (Jørgensen et al. 2007). The lignocellulosic biomass is an
attractive feedstock for anaerobic digestion (AD) that produces biomethane to be
used as a biofuel. However, according to the EU renewable directive of 2009,
‘‘… the GHG emission saving from the use of biofuels and bioliquids taken into
account… shall be at least 35 %, whereas from 2017, GHG emission savings shall
be at least 50 %’’ (EC 2009). Thus, the renewable directive (EC 2009) promotes
nonfood feedstocks including perennial grasses, forest, and agricultural residues,
energy crops, organic fraction of municipal solid waste (OFMSW), and other like
substrates for biofuel production. Grasses are one of the lignocellulosic biomass
for producing enriched biomethane as a transport fuel (Peeters 2009; Eisentraut
2010; Singh et al. 2010a). Biomethane from lignocellulosic biomass has a better
energy balance when compared to first-generation liquid transport biofuels (Korres
et al. 2011). Many European countries are seeking biofuels to meet sustainability
criteria and to achieve GHG emission savings targets (Korres et al. 2010).

1.2 Significance of LCA Studies for Biofuels

The generation of biofuels is facing the challenges of becoming full commer-
cialization (Singh et al. 2010b), which is expected in near future due to improved
process technologies and value-added products (IEA 2009). Thus, to ascertain
optimal biofuel strategies, it is necessary to take into account environmental
impacts of biofuel and bioproducts (by-products) from cradle to grave. The indi-
rect input in the biofuel production process, related emissions and wastes as well
as the fate of downstream products are all included in life-cycle assessment (LCA)
studies. Thus, the overall assessment and impact evaluation of biofuels is carried
out in a systematic manner. Nevertheless, LCA can also bring inaccurate and
unsuitable actions for the industry, policy-making sectors, and people’s perception
if not exercised correctly (Korres et al. 2011).
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1.3 Anaerobic Digestion: A Source of Biofuel

AD is a process where organic waste and lignocellulosic biomass are converted
into biogas and digestate for value-added products. The organic wastes include
slaughterhouse waste, agricultural slurries and residues, and OFMSW. According
to Prasad et al. (2007), among the entire biomass available in the world ligno-
cellulosic biomass consisting of industrial, agricultural, and forest residues is the
mainstream feedstock for biogas production. Different potential feedstocks for
biogas production are listed in Table 1. The biogas produced can be used for the
production of electricity or heating purposes at combined heat and power (CHP)
units. Biogas can be further purified and upgraded to enriched biomethane
(*97 % CH4, *3 % CO2 and some minor constituents) and can be injected into
the gas grid or used as gaseous biofuel for transport and heating purposes. The
enriched biomethane used as a transport fuel has recently started to gain consid-
eration in many European countries, such as in Sweden, Austria, France, and
Switzerland (Korres et al. 2011). All across Europe, the biomethane yield from
various lignocellulosic biomass ranges from 10 to 1,150 m3 h-1 (Dena et al.
2009). The methane (CH4) yield of various feedstocks is exemplified in Table 2.
AD brings a promising perspective for stakeholders in the discussion of carbon
trading and carbon neutral production chains, when doing an LCA study.

The aim of this chapter is to evaluate the LCA studies of biomethane produced
from lignocellulosic biomass as a biofuel and its release into the environment in
comparison with other bioenergy systems. A case study of grass biomethane,
produced by AD of grass silage and used as a transport fuel, is described.

Table 1 Different feedstocks for biogas production

Agricultural residues Municipal waste and residues
• Livestock manure • Sewage sludge
• Animal mortalities • Municipal solid waste
• Citrus waste • Food residuals
• Green waste • Organic fraction of municipal

solid waste• Agricultural slurries
• Sugarcane bagasse
Energy crops Industrial origin
• Energy maize • Wastewater
• Grass • Industrial sludges
• Miscanthus • Industrial byproducts
• Oilseed rape • Slaughterhouse waste
• Sugar beet • Animal fats
• Sweet sorghum • Biosolids
• Switchgrass • Spent beverages
• Willow
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2 Methodology

2.1 Life-Cycle Assessment

According to International Organization for Standardization 14000 (ISO 2006),
there are four phases of an LCA procedure, including (1) the goal, scope definition,
and functional unit, (2) inventory analysis, (3) impact assessment, and (4) inter-
pretation. An LCA provides systematic view and complete assessment of a product
throughout its life cycle (Payraudeau et al. 2007). It is important to consider the
whole life cycle due to efficient energy management of renewable sources and
their GHG emissions. The scientific community considers LCA as one of the best
method for calculating the environmental burden associated with bioenergy pro-
duction (Consoli et al. 1993). The renewable directive (EC 2009) has provided
guidelines for the LCA of biofuels. An LCA of biofuels must evaluate GHG

Table 2 Methane yield of different feedstocks

Feedstocks Methane yield
(m3 CH4 kg-1 volatile
solid added)

Feedstocks Methane yield
(m3 CH4 kg-1 volatile
solid added)

Barley 353–658 Sorghum 295–372
Triticale 337–555 Peas 390
Alfalfa 340–500 Reed canary

grass
340–430

Sudan grass 213–303 Flax 212
Jerusalem artichoke 300–370 Straw 242–324
Oats grain 250–295 Rice straw 278
Maize, whole crop 205–450 MSW 278–320
Grass 298–467 Food waste 373
Hemp 355–409 Wheat grain 384–426
Sunflower 154–400 Clover 300–350
Wheat straw 290 Potatoes 276–400
Oilseed rape 240–340 Chaff 270–316
Leaves 417–453 Kale 240–334
Sugar beet 236–381 Turnip 314
Rye grain 283–492 Rhubarb 320–490
Fodder beet 420–500 Miscanthus 179–218
Nettle 120–420 Sludge 260
Chicken litter 290 Pig manure 310
Cattle manure 160 Source separated

food waste
300–529

OFMSW 158–400 Timothy 345–375
Cocksfoot 315

Chandra et al. 2012; Jha et al. 2011; Li et al. 2010; Cho and Park 1995; Juanga 2005; Murphy
et al. 2011; Browne and Murphy 2012; János and Elza 2008
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emission reductions of carbon dioxide (CO2), nitrous oxide (N2O), and CH4 in the
global-warming potential (GWP) with relation to fossil fuel replacement (Korres
et al. 2011). According to Gerin et al. (2008), there should be a net reduction and
gain in GHG emissions and bioenergy, respectively, in LCA studies of biomethane
produced from lignocellulosic biomass. In Figure 1, a comprehensive presentation
of the whole cycle of lignocellulosic biomethane is shown, where GHG emissions
are calculated based on energy inputs and outputs.

2.2 Goal, Scope, and Functional Unit

As a first step in conducting an LCA, goal, scope, and functional unit are defined.
The goal addresses the intended applications to the intended audience, while scope
has to be compatible with the goal of study and well defined (Singh et al. 2010a).
The functional unit is an element of the product or system, which must be mea-
surable and definable. It is used as a quantitative tool for the comparative analysis
of bioenergy systems (Casey and Holden 2005). In AD, biomethane is the main
product, and thus, the functional unit is described in m3 biomethane per year.
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Fig. 1 A flow chart of lignocellulosic biomethane production system
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The environmental impact as a result of different operations is expressed in g CO2

equivalent (CO2 eq.) MJ-1 energy replaced.

2.3 System Boundaries

The system boundaries are determined initially by the goal and scope of the study.
They are further linked with energy inputs and outputs of unit processes, where all
of the direct and indirect emissions from agriculture, transportation and process are
calibrated (Singh et al. 2010a). The system boundaries for the GHG emission of
biomethane produced from lignocellulosic biomass are examined from cradle to
grave. The production of the lignocellulosic biomass is the cradle and enriched
biomethane as a transport biofuel is the grave. The EU directive 2009/28/EC,
Annex V, C-13 states that ‘‘… emissions from the fuel in use shall be taken to be
zero for biofuels and bioliquids’’ (EC 2009). Thus, emissions from biomethane
combustion (often taking place in vehicles) are not considered in LCA studies
(Korres et al. 2010, 2011).

2.4 Impact Category

To determine the potential impact of GHG emissions of CO2, N2O, CH4, the term
GWP is used. GWP is defined as the collective outcome between the present
instant and a certain time in the future resulted in a unit mass of gas released in the
present (Casey and Holden 2005; Korres et al. 2010). A GWP of one (1) refers to
the release of 1 kg CO2 (Korres et al. 2011). According to EC (2009), the GWP of
NO2 and CH4 on one (1) kg basis is 296 and 23, respectively. The following
formula is used to calculate the volume of GHG emission in terms of CO2

(EC 2009).
GHG (t of CO2 eq.) = CO2 (t) ? 23 9 CH4 (t) ? 296 9 N2 O (t).

3 LCA of Biomethane from Lignocellulosic Biomass

3.1 Sustainability Criteria and Energy Efficiency

The energy efficiency of a biofuel source is determined by considering all energy
inputs and outputs over the entire product production cycle (Salter and Banks
2009). For example, biodiesel production in Europe is accomplished using rape
seed oil that covers about 80 % of the land set aside for nonfood energy crops
(Bauen 2005). Similarly, the rape seed biodiesel and wheat bioethanol both yield
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less gross and net energy in comparison with palm oil biodiesel, grass biomethane,
and sugarcane bioethanol (Fig. 2). The option to import substrates for biodiesel
production from tropical countries, such as Indonesia and Malaysia, is not a viable
option as they result in a high demand for the production of palm oil, which is 80 %
of the global production (Korres et al. 2011). Consequently, deforestation is
occurring at an annual rate of 1.5 % (Fargione et al. 2008). There are no net GHG
emission savings with a change in land use (Reinhard and Zah 2009). According to
Directive 2009/28/EC, palm oil biodiesel is not considered as biofuel because it
needs to achieve GHG savings of 60 % by 2020 (EC 2009). The increase in palm oil
production causes habitat loss, drainage of peatlands, and land conflicts (Colchester
et al. 2006). Similar issues of deforestation, decarbonization, and soil degradation
occur with the production of sugarcane ethanol (Goldemberg et al. 2008).
According to Korres et al. (2010, 2011), biofuel in form of enriched biomethane
produced from lignocellulosic biomass like grass silage is much better for Europe
than rape seed biodiesel and wheat ethanol (Fig. 2). The low-input indigenous
perennial grasses provide biofuel with more useable energy, GHG savings and less
pollution related to agrochemical procedures than arable crops per hectare. The
arable crops can be corn grain ethanol or soybean biodiesel (Tilman et al. 2006;
Korres et al. 2011). The benefits of producing biomethane as a transport fuel from
lignocellulosic biomass through the AD process are shown in Fig. 3.

3.2 GHG Emissions

Korres et al. (2010) assessed the GHG emissions of enriched biomethane as a
transport biofuel produced by grass silage in place of diesel as
69.74 g CO2 eq. MJ-1 energy replaced or 6,904 kg CO2 eq. ha-1 yr-1. This was
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Fig. 2 The net and gross energy of different biofuels systems (Korres et al. 2010, 2011; Smyth
et al. 2009)
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determined by considering different scenarios such as improved vehicle efficiency,
electricity from wind, use of wood chips for AD heating requirements and carbon
sequestration of 0.6 t C ha-1 yr-1; a minimum value for most European perma-
nent crops and grasslands. All of them results in GHG emission savings of up to
89.4 %. This achievement meets the EU directive 2009/28/EC requirements of
60 % GHG savings by 2018 (EC 2009). The crop production and AD process are
the main GHG emissions contributors in grass biomethane (Fig. 4). Among the
indirect GHG emissions, potassium and nitrogen fertilizers are the main contrib-
utors to agricultural emissions. The digester heating is the largest contributor in the
biomethane production process (Korres et al. 2011).

The wheat ethanol, rapeseed biodiesel, and sunflower biodiesel do not meet the
60 % GHG emission savings in comparison with grass biomethane (Fig. 5).
According to Thornley et al. (2009), issues of high nitrogen and pesticide
requirements are associated with rape seed biodiesel, which impacts the GHG
savings. Furthermore, the associated technology is poor. The low GHG savings
with wheat ethanol is due to the emission of N2O during cultivation and low
biofuel yields (Smith et al. 2005; Börjesson 2009). Similarly, sunflower biodiesel
only fulfills the conversion rate necessary to achieve 35 % GHG emission savings
from 30 % of arable land (Ragaglini et al. 2010). Nevertheless, there are envi-
ronmental benefits reported with sunflower biodiesel (Sanz-Requena et al. 2010).
The biomethane production on farms from manure, which is an easily accessible
substrate result in higher GHG emission savings (Korres et al. 2011). Nevertheless,

Energy Advantages
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- Surplus heat and electricity 

production
- Energy imports reduction

- Decentralized power system 
promotion

- Fossil fuels reduction
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- Profit centres from transformation of 
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- Valuing of Negative-value feedstocks 
- Water consumption reduction

- Self-sufficiency increment

Environmental Advantages

-Odour elimination
- Pathogens reduction

- Sanitized compost production
- Inrorganic fertilizer reduction

- GHGs emission reduction
- Carbon sequestration promotion

- Recycled water reuse
- Groundwater and surface water 

resources protection

Biomethane from 
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Fig. 3 Benefits of lignocellulosic biomethane production system
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the problem of high water contents, low biogas production rates, and high econ-
omies are barriers in AD of manure (Gerin et al. 2008). To overcome this problem,
manure can be codigested with other lignocellulosic feedstocks. This results in
higher biomethane production (Jagadabhi et al. 2008) with improved digester
microbiology (Nizami and Murphy 2010).

3.3 Digestate: A Source of Fertilizer and Bioproducts

AD results in a residual digestate. This digestate can be a great source of com-
mercial fertilizer. This additional environmental benefit included in the biofuel
process chain lowers the production costs and loss to the environment and
increases the process efficiency (Cherubini et al. 2009). The use of maize and grass
silage as AD feedstocks and their digestate used as fertilizer have been studied by
Gerin et al. (2008). Matsunaka et al. (2006) studied the Timothy grass for digestate
purposes. They observed the benefit of nitrogen uptake by the grass digestate,
especially during the spring. Liquid and fiber components are obtained from
digestate (Salter and Banks 2009) and some of the liquid can be re-used to enhance
the digestion process (Berglund and Börjesson 2006). The rest is processed into
liquid biofertilizer or can be used for many practical purposes (Fig. 5). The solid
digestate can be processed into either soil conditioner or high value insulating
materials (Grass2004; Salter and Bank 2009). The concept of using biomethane as
a biofuel and digestate for value-added products evolves into the concept of
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biorefinery (Kamm et al. 1998; Nardoslawsky 1999; Kamm and Kamm 2004).
According to Korres et al. (2010), these value-added products that emerge in
addition to the biofuel (Fig. 6) will also help to reduce GHG emissions. However,
calculation of these bioproducts GHG emissions is needed, as they are shaped into
marketable products at additional energy and financial cost.
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4 Scenarios to Increase Sustainability of Biomethane
from Lignocellulosic Biomass

4.1 The Potential of CO2 and GHG savings

A large portion of biogas consists of CO2 (40–50 %), which is removed during
biogas upgrading to achieve enriched biomethane as a transport fuel. The range of
CO2 removal during upgrading is 1.62–1.86 kg CO2 m-3 (Power and Murphy
2009). This CO2 removal is an additional source of GHG emission and thus can be
minimized by its use in the AD (Fig. 7). Using CO2 as a pretreatment option to
accelerate the hydrolysis of cellulose (one of the major components in lignocel-
lulosic biomass) is observed and described by Zheng et al. (1995), 1998 and Clark
et al. (2006). The cellulose crystallinity, lignin sealing and cross-linkage of
hemicellulose around cellulose are barriers in the attachment of enzymes and
microbes to the cellulosic surfaces (Nizami et al. 2009; Fan et al. 1987). This is an
issue that impacts the efficiency of lignocellulosic biomass undergoing cellulose
hydrolysis (Kim and Hong 2001). The use of CO2 as a pretreatment option in the
AD process is preferred due to less expensive, clean, less energy demanding, easy
to recover in a nontoxic manner and nonflammable properties in comparison with
the physical, chemical, thermal, and steam explosion pretreatments (Chahal et al.
1981; Zheng et al. 1995; Kim and Hong 2000, 2001). The CO2 can be used in two
different forms: first in an explosive form at a high pressure where it disrupts the

Biogas 
production

CH4

Biomethane

CO2

Biofertilizer

CO2

CO2

Lignocellulosic Biomass

Fig. 7 The CO2 movement
through various subsystems
involved in the
lignocellulosic biomethane
system
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cellulose structure and second in a dissolved form where it forms carbonic acid.
Carbonic acid is a weak acid that dissolves hemicellulose without toxicity and
corrosivity to the AD process. These processes result in porous cellulosic surfaces,
which are easily accessible to enzymatic and microbial activity (Zheng et al. 1998;
Kim and Hong 1999, 2000, 2001). Thus, the use of CO2 in biogas production has
untapped potential that will not only enhance the efficiency of the process with
reduced economic and energy requirements but will also decrease GHG emissions
tremendously. Nevertheless, the use of CO2 as a pretreatment option is limited to
the ethanol industry in a supercritical CO2 explosion form, where it increases
glucose yield by 50 % and overall ethanol yield by 70 % (Zheng et al. 1998).

4.2 Digester Configurations and GHG Savings

Continuous stirred tank reactors (CSTR) are widely used to digest slurries and
represent a simple and robust technology (Smyth et al. 2009; Mähnert et al. 2005).
The addition of a separate preprocessing tank with chopper pump, screw-feeder,
and flushing system (Weiland 2003) does increase the energy demand when using
for lignocellulosic biomass. Therefore, the values for GHG emission of CSTRs
will be higher than other digester configuration such as a dry batch digester or
leach beds digester coupled with an up flow anaerobic sludge blanket (UASB)
reactor (Nizami et al. 2009). In dry batch, leach beds, and UASB, there is less
requirement for mechanical or electrical feeding and mixing (Köttner 2002; Niz-
ami and Murphy 2010). This comparison of anaerobic digester configurations will
assist developers and farmers in selecting digester types and digester processes
suitable to digest lignocellulosic biomass with least GHG emissions.

4.3 Biogas Losses and Engine Efficiency

On average, the rate of biogas loss from AD to enriched biomethane production is
7.41 %, which accounts for indirect GHG emissions between 8.44 and
8.86 kg CO2 m-3 of biogas (Power and Murphy 2009). Nizami et al. (2009),
suggested a closed-loop monitoring system equipped with sensory devices for
anaerobic digester (Nizami et al. 2009). The application of nanotechnology to
identify, monitor, and record these losses using sensory chips and devices is at the
infancy stage in the scientific community. Moreover, comparing the GHG emis-
sions of various digester configurations will assist the development of different
component of the digester as we attempt to reduce energy loss. Above all, vehicle
engines must be improved, as existing engines are less efficient in utilizing bi-
omethane and greater in their release of GHG (Power and Murphy 2009).
According to Korres et al. (2010), an improvement of 18 % can be achieved by the
improvements in engine efficiency to a similar km MJ-1 as diesel.
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5 Conclusion

Lignocellulosic biomass is available in substantial quantities all over the globe and
is a promising source of biofuel when digested anaerobically in a digester. LCA
studies are important in analyzing biofuel sources from cradle to grave to deter-
mine optimal biofuel strategies. Grass and grass silage have recently been con-
sidered in many European countries as the crop of transport fuel. These feedstocks
are perennial in nature and have high yields and volatile contents, which make
them beneficial feedstocks for biomethane production. A GHG emission savings of
89 % is achieved by grass silage if digested anaerobically and biomethane is used
as a transport fuel.
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Life Cycle Assessment of Biodiesel
from Palm Oil

Keat Teong Lee and Cynthia Ofori-Boateng

Abstract Though the energy balance for the cultivation of oil palm biomass for
biodiesel production is positive, current debate has been raised on its environ-
mental sustainability due to the high consumption of fossil fuel, fertilizer, and
pesticides. This chapter employs the well-to-wheel variant of life cycle analysis
(LCA) to assess the various potential environmental impacts, energy and land use/
conversion impacts associated with the production of biodiesel from palm oil.
Eleven (11) main impact categories, namely land use, fossil fuel use, climate
change, ozone layer depletion potential, minerals/heavy metals, acidification/
eutrophication potential, ionizing radiation potential, ecotoxicity potentials, car-
cinogens, respiratory organics, and respiratory in organics based on Eco-Indicator
99, are analyzed and discussed. Excluding transportation impacts, the oil palm
cultivation stage contributed the highest overall environmental impacts (44 % of
the total impacts) compared to the other stages. On the other hand, fossil fuel
consumption was highest (43 % of total impacts) in the transesterification unit
exclusive of all impacts from transportation.

1 Introduction

The increasingly high cost, fast rate of exhaustion and negative impacts of fossil
fuel’s combustion on the environment have caused almost all economic sectors of
the world to consider new lasting sources of energy to replace fossil fuels.

Biodiesel has recorded tremendous growth rate in its consumption and pro-
duction over the past decade due to its positive environmental impacts (as well as
other unique characteristics, e.g., biodegradability, non-toxicity, renewability)
hence considered a feasible petro–diesel replacement (Vicente et al. 2004;
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Encinar et al. 2005). Moreover, biodiesel on combustion is reported to release
insignificant amount of air emissions compared to fossil fuel (Antolin et al. 2002).

Biodiesel production processes utilize fossil-based fuels as main energy sour-
ces; thus, their emission effects add to the concentration of CO2 in the atmosphere
resulting in global warming. As reported by Roger et al. (2011), the production of
1 t of biodiesel from any feedstock averagely adds not less than 916 kg CO2 to
what is already in the atmosphere. Therefore, it can be inferred from these sce-
narios that energy use in biodiesel production processes is directly related to the
emissions associated with its production thus needed to quantify these emissions
and strategically allocate improvement measures. Life cycle assessment (LCA)
presents a better assessment tool to quantify the environmental burdens associated
with biodiesel over its life cycle. An LCA well-to-wheel assessment of palm oil
biodiesel is discussed in this chapter.

LCA, also referred to as ecobalance analysis, is a technique used to quantify
environmental impacts associated with the various stages of a product’s life from
raw material extraction through materials processing, distribution, use, repair, and
maintenance, as well as waste management. The methodology of LCA brings out a
wide outlook on the environmental burdens of a product because it considers a
thorough inventory of energy, material inputs, and emissions; quantifies the
potential environmental impacts associated with the specified inputs and emis-
sions; and finally interprets the results which aid in policy making and
implementation.

Currently, there has been a controversial debating issue on the environmental
sustainability of biodiesel since its production makes use of great amount of fossil
fuel which puts so much burden on the environment. The most important factor
which affects the sustainability of biodiesel production is the choice of feedstock
since each feedstock as well as its cultivation technology has its own specific
ecological footprint. For instance, the environmental sustainability of palm oil
production and subsequent conversion into biodiesel is characterized by land use,
soil quality management, and genetic biodiversity (Parish et al. 2008). Biodiesel
production from virgin feedstock such as palm oil is less sustainable than that from
waste cooking oil (WCO) in terms of environmental impacts because the culti-
vation stage of WCO is eliminated from the life cycle assessment stage. None-
theless, first generation biodiesel (FGB) feedstock, such as palm oil, soybean oil,
rapeseed oil, has been pioneered and continued to saturate the biodiesel market
until the commercial production of second and third generation feedstock become
exceedingly sustainable over FGB feedstock.

1.1 Global Palm Oil Production Profile

Palm oil presents a better and attractive feedstock for biodiesel production com-
pared to other first and second generation feedstock because of its high oil yield
(averagely 8.6 t per hectare of land) which is almost three times more than that for
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coconut, 12 times more than soybean oil yield, and seven times more than that for
rapeseed (Schmidt 2007; Bockish 1998). Also, the per-unit production cost of
palm oil is much lower compared to soybean oil which is 20 % higher. This makes
it a better vegetable oil for biodiesel production.

Palm oil currently is the second largest edible oil source (after soybean oil)
which forms approximately 34 % of the global oil supply (Schmidt 2007). In 2009,
both palm oil and palm kernel oil accounted for 5 % of the total cultivated land for
vegetable oil production globally. In 2010, the global palm oil production was
47.9 million tonnes of which 11 % were used for biodiesel production. For the
production in 2010, Malaysia and Indonesia together contributed about 87 % of
the total palm oil produced in the world with about 19.5 and 22.5 million tonnes,
respectively (MPOB 2010). Projections for 2012 palm oil production growth in
Malaysia and Indonesia indicate expansion of about 3.5 million tonnes. Though
Malaysia has only about 12.5 % of its total landmass (i.e., 32 million hectares)
under oil palm plantation (GOFBM 2009), it has been recognized as the world’s
largest producer of certified sustainable palm oil (CSPO) contributing over 50 %
of total CSPO production (RSPO report 2011). Nigeria (who was the largest
exporter of palm oil in 1934 but overtaken by Malaysia in 1966) remains the
largest producer of palm oil in Africa and the world’s fourth leading producer in
2010 with a total oil palm landmass of about 385, 000 hectares (RSPO report
2011). Other palm oil-exporting countries include Thailand, Colombia, Ecuador,
Papua New Guinea, Ivory Coast, Brazil. Table 1 shows the number of palm oil and
biodiesel industries in 2010 in major palm oil-producing countries of the world.
These figures keep increasing from year to year thus needed to assess their
environmental impacts and suggest measures for improvement.

In 2007, global biodiesel produced from palm oil recorded the highest pro-
duction capacity of about 38 million tonnes followed by soy oil biodiesel
(36 million tonnes), rapeseed oil biodiesel (16 million tonnes), and sunflower oil
biodiesel (10 million tonnes). Presently, these capacities have increased still with
palm oil biodiesel leading at 44 million tonnes (Biodiesel 2020). Figure 1 shows
the production of biodiesel from palm oil in comparison with other seed oils

Table 1 Palm oil and palm biodiesel industries in major oil palm producing countries of the
world

Country Oil palm
plantation,
million ha

Number of
palm oil
mills

Number of
CPO
refineries

Number of palm
kernel oil crushing
units

Number of palm oil
biodiesel production
plants

Indonesia 6.170 405 32 21 –
Malaysia 4.890 416 57 46 25
Thailand 0.512 70 12 – 15
Nigeria 0.385 21 9 4 –
Colombia 0.209 7 – – 6
Others 0.754 – – – –
Total 12.900 – – – 81

Source MPOB (2010)
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mainly used for biodiesel production in 2010. In 2010, Malaysia recorded the
highest palm oil biodiesel installed capacity of 1.7 million tonnes. Between 2007
and 2008, Malaysia’s biodiesel production gained a rise by 32 % from 129,715 to
171,700 t (Biodiesel 2020). The United States of America and the European Union
were the main importers of biodiesel from Malaysia accounting for 39.2 and
38.6 % of the total biodiesel exports, respectively (Biodiesel 2020).

1.2 The Oil Palm

The oil palm is a perennial insect-pollinated plant which belongs to the family
Palmae and genus Elaeis with many species including guineensis, oleifera,
kamerunicus. Elaeis guineensis Jacq. has been the commonest species with an
average generic life span of 150 years, an economic life of 20–25 years
(11–16 months for nursery) and significantly high oil-to-bunch content (45–55 %
oil) compared to the other species (Schmidt 2007). However, genus oleifera has
been reported to have higher level of unsaturated fatty acids thus used for the
production of interspecific hybrids with the genus guineensis.

The oil palm is cultivated in 45 countries in the world on a total land area of
about 12.9 million hectares (GOFBM 2009). Oil palms are highly efficient pro-
ducers of oil requiring less land than any other oil-producing crops. Only about
10 % of the oil palm produces the oil (which is extracted from the mesocarp or
fleshy part of the fruits) and palm kernel oil (which is obtained from the kernel or
seed in the fruit). The remaining 90 % is mainly the biomass comprising the empty
fruit bunches (EFB), fibers, fronds, trunks, kernels, and mill effluent which are
often disposed as wastes or used as mulch in the plantation.

After 24–30 months of planting a palm tree, it begins to bear fresh fruit bunches
(FFB) and thus ready for harvest after some couple of months later. The normal
frequency of harvesting is between 10 and 15 days (Xavier et al. 2008). The tree
produces averagely 12 FFB annually with a bunch weighting 15–25 kg containing

Fig. 1 Biodiesel production
from various feed stocks
commonly used in the world
in 2010
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1,000–1,300 fruitlets depending on the plantation management and establishment.
On a per hectare basis, an oil palm plantation can yield averagely 35 t of FFB
(from about 148 palm trees) and 8.6 t of palm oil (Henson 1990; Schmidt 2007).
Generally, the extraction of 1 t of crude palm oil (CPO) requires 5 t of FFB which
produces 1.15 t of EFB and 3.25 t of palm oil mill effluents (POME) as residues
(Corley and Tinker 2003). The harvested FFB may contain around 20 % mesocarp
oil, 25 % nuts (comprising 5 % kernels, 13 % fiber, and 7 % shell), and 23 %
empty fruit bunches. The kernels also contain around 55 % oil and 8 % protein
(Corley and Tinker 2003; Møller et al. 2000).

The oil palm industry now focuses on genetic means of improving the oil yield,
palm disease tolerance, and the height of the tree (breeding dwarf palms in order to
prolong the economic cropping cycle). Corley and Lee (1992) and Pushparajah
(2002) have reported the possibility of commercializing genetically bred oil palms
for the next 15–40 years. However, currently, transgenically high oleic acid palms
have been field tested and proven to give high yields (Ravigadevi et al. 2002).

2 Biodiesel Production from Palm Oil: Process Description

2.1 Oil Palm Cultivation and Harvesting

The production of FFB involves six (6) main processes which are summarized in
Fig. 2. The planning stage involves the feasibility studies of the proposed area for
plantation. Usually, environment impact assessment (EIA) forms part of the
planning stage and the implementation of management measures to assuage the
adverse effects of some social and environmental practices are also considered. Oil
palm nursery proceeds after confirmation of the suitability of area for plantation
which is normally endorsed by respective bodies for development. The seedlings
are raised in polybags as nursery for about a year with adequate irrigation with
manuring, etc. The land for the oil palm plantation is then cleared of vegetation.
Creation of road or paths, water drainage systems, and other soil conservation
measures are put in place before the actual transplant. Most often the vegetation is
cleared by burning which affects the environment negatively. In order to control
soil erosion after the seedlings transplant, leguminous crops are interspersed with
the oil palm trees which further fix nitrogen into the soil. Other field maintenance
practices include pruning, pest and disease control, and mulching. After
24–30 months of transplanting depending on the nutritious value of the soil,
harvesting of FFB may be due (Corley and Tinker 2003). Normally, harvesting is
done manually with chisels and sickles mounted on bamboo or aluminum poles.
The FFB are then transported to the oil mill for oil extraction. In order to ensure
minimal amount of free fatty acid (FFA) content of the oil, handling of FFB after
harvesting must be done in a way to reduce bruises on the fruits. Also, since the
quality of the oil produced depends on the time interval between harvesting and
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sterilization (the first stage of milling), FFB must be transported as soon as pos-
sible after harvesting and the distance from plantation to milling site must be close.
Most oil mills are located near the plantation site to minimize the transportation
distance and cost.

2.1.1 Environmental Interactions and Emissions from Palm Plantation

The cultivation and pretreatment of 1 tonne FFB emit approximately 285 kg of
CO2 eq. (Stichnothe and Schuchardt 2011). Oil palm cultivation has been reported
as a major cause of substantial and irreversible damage to the natural environment
(Schmidt 2007). Global warming potential (GWP) and eutrophication potential can
be reduced by treating the palm oil mill effluents or co-composting the residues. In
2008, not less than 44 million tonnes of POME were generated in Malaysia which
were and are still dumped in ponds releasing 5.5–9.0 kg of methane into the
atmosphere for every tonne of FFB produced (Reijnders and Huijbregts 2008; Wu
et al. 2010; Yacob et al. 2005).

Fertilizers applied to oil palm trees may be lost through volatilization and
transformation to nitrous oxide (N2O). Fertilizers may also contribute to nitrate
and phosphate leakages to groundwater, hence causing water pollution. Paraquat
(gramoxone) which is sprayed on the oil palm trees to kill herbs and weeds may
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Fig. 2 Process flow diagram for oil palm cultivation
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leave about 11 mg (per kg body weight) of its content on the sprayer’s skin after
some few minutes (DEQ 1990).

Oil palm plantation has resulted in rampant deforestation, burning of forests,
peat land degradation, and habitat loss of critically endangered species, and this
direct land use has brought about significant emission of CO2 and N2O into the
atmosphere. Forest fires used to clear vegetation for oil palm plantations are one
source of CO2. The smoke produced through forest burning can contribute to GWP
as well as posing serious health threats to plantation workers and close neighbors.
For instance, in Malaysia and Indonesia, 1997 recorded the highest CO2 emissions
resulting from bush burning since 1957 (Román-Cuesta et al. 2011). An estimated
0.81–2.57 gigatons of carbon was released into the atmosphere by the fires:
13–40 % of the mean annual global carbon emissions from fossil fuels in that year
alone (Clay 2004). Again, in Indonesia and Malaysia, over 140 and 47 land
mammalian species are endangered, respectively, as a result of oil palm plantation.
Over 45 % of the total peat land has been converted to oil palm plantation due to
the increase demand of palm oil, and this has put the leading producers of palm oil
on top of major emitters of greenhouse gas (GHG) in the world. Currently, the
annual cropland for oil palm plantation in Indonesia and Malaysia contributes
about 2.63 t CO2 eq. and 2.44 t CO2 eq. per tonne FFB processed, respectively
(Clay 2004). The situation becomes aggravated during deforestation and bogs
draining which releases the peat bogs that store great quantities of carbon. Hence,
appropriate management of plantation and the use of the biomass from the plan-
tation as well as the processing residues from palm oil production (fibers, kernel
shells, POME) for biofuel can have an effect on reducing GHG emissions.

2.2 Palm Oil Milling (Oil Extraction)

Figure 3 summarizes the main processes involved in the milling or extraction of
palm oil from FFB. Sterilization of FFB is done in a steamer (pressurized cages) at
about 2–3 bars to ameliorate the content of FFA which could reduce the quality of
the oil. A rotation drum stripper is used to thresh the fruitlets from the sterilized
bunches and the fruitlets sent to the digester. The EFB are also used as mulch in
the oil palm plantation.

The digester then removes the fruits’ mesocarp from the nuts by continuously
heating the fruits with steam which helps to open the oil cells in the mesocarp for
effective oil extraction. The oil extraction is done with the help of screw press
where the press cake and nuts are conveyed to the palm kernel crushing (PKC)
plant and the pressed liquor also sent to a vibrating screen where it is diluted. The
oil is then clarified and purified to remove dirt and moisture before it is dried. The
sludge (comprising mainly water soluble parts of the palm fruits and suspended
materials like palm fibers) from the clarifier is desilted and further sent to the
centrifuge to recover the excess oil which is recycled into the clarifier. The water–
sludge mixture (palm oil mill effluent, POME) is then sent to the effluent treatment
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plant (ETP). The CPO produced is then stored and transported later to oil refinery.
The palm kernel nuts are also cracked to separate the kernel from the shells. The
oil palm fiber and kernel shells from the PKC plant are used as fuel in the boiler
which generates steam for the oil milling processes.

2.2.1 Environmental Impacts Associated with CPO Production

The palm oil mill produces solid wastes such as palm pressed fiber (PPF), palm
kernel shells (PKS), decanter cake, EFB, ash which are often damped without
proper management or treatment. The EFB are also dumped in landfills or used as
mulch in the oil palm plantation whose emissions also contribute to GWP. Due to
some other problems associated with the use of EFB as mulch (including long
decomposition period, high distribution and transportation cost), they can be used
as fuel though it has a very small calorific value of 5 MJ/kg (Budiharjo 2010).
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POME which are also a major liquid wastes from the palm oil mill are mostly
mismanaged and disposed off wrongly. The direct rampant release of these
effluents can cause water pollution which can affect downstream biodiversity and
human beings. It has been reported that the average biochemical oxygen demand
(BOD) of palm oil processing effluents is 25,000 ppm (Clay 2004). In Malaysia,
for instance, effluents can legally be discarded into water bodies when their BOD
levels are less than 100 ppm. However, the effluents also produce biogas mainly
methane (Yusoff and Hansen 2007; Schmidt 2007) which can be tapped and used
to generate electricity.

The biomass (mostly palm oil mills fruit fiber and kernel shells) powered
combined heat and power (CHP) plants of the palm oil mills mostly operate
without flue gas cleaning devices, hence causing the emissions of heavy metals
and particulate matter which accounts for about 93 and 79 % of the human toxicity
potential and heavy metals emissions to the air, respectively (Yusoff and Hansen
2007). Therefore, exhaust gas cleaning may help to reduce some of these envi-
ronmental impacts drastically.

2.3 CPO Refinery

The refining of CPO helps to remove much FFA, odoriferous materials, phos-
phatides, waxes dirt, metal traces, etc., from the CPO. This process is achieved
either through chemical or physical means. However, the physical process of CPO
refining is the most commonly applied technology because of its simplicity, low
capital cost, and high efficiency. Steam or physical refining involves degumming,
bleaching, deodorizing, and fractionation into liquid olein and solid stearin frac-
tions. CPO is acid treated in the degumming process to precipitate and separated
out the gums or phosphatides. The oil is then bleached with activated clay or
carbon under vacuum pressure to remove coloring pigment and metal ions.
Deodorizing is carried out at high temperatures from 240 to 260 �C and pressure of
2–6 mmHg by injecting open steam which distills off the odoriferous matter
present in the oil (Bockish 1998; Kheok and Lim 1982). The deodorized oil is then
fractionated into palm olein and stearin by allowing the oil to crystalize under
controlled temperature where the slurry passes through a filter press to obtain the
stearin and olein fractions. The simple flow diagram of CPO treatment into refined
palm oil (RPO) is shown in Fig. 4.

2.4 Transesterification of Palm Oil into Biodiesel

Biodiesel production from vegetable oil can be achieved through various means
including pyrolysis, micro-emulsion, thermal cracking, transesterification.
Transesterification of vegetable oil into biodiesel has been the most commonly
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used technology due to its simplicity and environment-friendly processing. The
catalyst (either sodium hydroxide, NaOH, or potassium hydroxide, KOH) is mixed
with methanol in an agitator and the mixture made to react with the vegetable oil
in a reactor at a temperature from 50 to 70 �C for 1–6 h. The resulting phases, i.e.,
glycerin and biodiesel phases usually containing some amount of methanol, are
neutralized and then separated. Methanol is then recovered from the two phases
with the help of distillation columns. The biodiesel is then purified by washing
with warm water to remove soaps or excess catalysts, then dried and stored.
Figure 5 shows the summary of flow diagram of transesterification processes of
palm oil into biodiesel using alkaline catalyst.

2.4.1 Environmental Impacts Associated with the Transesterification
of RPO into Biodiesel

In this chapter, homogenous base catalyst (NaOH) is used as the catalyst for
transesterification thus there are bound to be the formation of soap together with
the biodiesel, especially if the oil contains high amount of free fatty acids (FFA).
The wastewater resulting from the washing of these soap stocks from the biodiesel
is mostly released into water bodies untreated. Also, air emissions are released
during the combustion of fossil fuel to produce energy to power the various unit
operations within the plant. The transesterification unit is reported to contribute
greatly to fossil fuel use compared to the other unit processes in the palm methyl
ester (PME) production (Novizar and Dwi 2010).
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3 Tailpipe Emissions from Vehicles Using Biodiesel

Biodiesel is found to reduce tailpipe emissions from most vehicles compared to the
conventional fuel such as petro-diesel. Tailpipe emissions such as hydrocarbon
(HC), particulate matter (PM), carbon dioxide (CO2), carbon monoxide (CO),
sulfur dioxide (SO2), nitrogen oxide (NOx) are low with biodiesel use irrespective
of the type of feedstock used.

Previous studies (Hitchcock et al. 1998; Turrio-Baldassarri et al. 2004) have
carried out various investigations to compare the tailpipe emissions from con-
ventional diesel and biodiesel. Figure 6 shows a summary of the contribution of
tailpipe emissions from different vehicles that run on biodiesel and petro-diesel. It
can be seen from Figure 6 that the emissions from biodiesel combustion are sig-
nificantly lower than those for petroleum diesel. Nitrogen oxide emissions from
biodiesel combustion, however, are slightly higher. Emissions of NOx from bio-
diesel combustion can be reduced substantially by advancing the injection time.
CO2 emissions were also insignificant from almost all the vehicles running on
biodiesel since CO2 emitted during biodiesel combustion is recycled into the
photosynthesis process in plants which is not so with CO2 produced by fossil fuel
combustion. Tailpipe emissions also differ in amount with different vehicles. The
graph also shows that new buses (NB) and heavy goods vehicles (HG) running on
biodiesel recorded a higher NOx emissions compared to smaller cars and old cars.

Turrio-Baldassarri et al. (2004) reported the tailpipe emissions from buses
which ran on biodiesel. Their results indicated that emissions of CO were 20 %
lower than those for conventional diesel. SO2 tailpipe emissions were also reduced
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by almost 100 %, while particulate matter was reduced by about 40 %. Figure 7
shows the potential reduction in tailpipe emissions from pure biodiesel (B100) and
a diesel with 5 % biodiesel and 95 % petro-diesel (B5).

Engine modifications, efficient designs, and PM filters can also help to reduce
tailpipe emissions from the use of biodiesel. Also, efficient recirculation of exhaust
gas can help to reduce combustion temperature and pressure which leads to NOx

emissions reduction.

4 Life Cycle Assessment Methodology

LCA methodology used in this study followed the principles and framework of the
International Organization for Standardization, ISO 14040 and 14044, which
comprises four major steps that are summarized in Fig. 8. Some inventory data

Fig. 6 Tailpipe emissions from vehicles using biodiesel and conventional diesel data source:
Hitchcock et al. 1998. C Car, LG light goods vehicle, HG heavy goods vehicle, OB old bus, NB
new bus

Fig. 7 Potential emission
reduction from Tailpipe
emissions from vehicles
using biodiesel
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were taken from GABi database and Ecoinvent 99 database version 2.1. GaBi 4.2
LCA software was used for the data analyses.

4.1 Goal and Scope Definitions

The goals of this chapter are (1) to come up with an inventory of resources
associated with the production of palm oil biodiesel over its entire life cycle (from
cradle to grave), (2) to identify and compare the major environmental impacts
(damages) associated with each life cycle stage of the production of biodiesel from
palm oil, (3) to identify the most important environmental loads on the production
systems and suggest improvement measures. The focus of this chapter is geared
toward the energy balance of biodiesel production from palm oil and its effect on
the emissions of greenhouse gases, air, water, and solid waste pollutants on the
environment. The assessment of the domestic economic importance of using the
palm oil biodiesel does not fall within the scope of this chapter.

The scope according to ISO 14040 and 14044 includes the system boundary
definition, the functional unit, allocation steps, temporal and geographical
boundaries, data quality requirement, technology coverage, etc. This chapter
dwells on palm oil production and conversion into biodiesel based on Malaysia’s
conditions (including plant location, feedstock origin, sources of electricity, and
end-uses). Thus, geographical boundaries are not considered in this chapter as
there are no assumptions of imports of biodiesel into the country.

4.1.1 System Boundary and Functional Unit

Figure 9 shows the system boundary for the production of biodiesel from palm oil
considering the stages from cultivation of palm fruits to transesterification of palm
oil into biodiesel. However, Figs. 2, 3, 4, and 5 detail the process flows of oil palm
cultivation, palm oil milling, palm oil refining, and transesterification of palm oil
into biodiesel, respectively. The major considerations within the system boundary
for this chapter include the production of FFB (which comprises nursery stage and
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methodology framework
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oil palm plantation), transportation of FFB to crushing or milling facility, recovery
of crude palm oil from the mill and refining of CPO, transportation of refined palm
oil to biodiesel production plant and transesterification of RPO, transportation of
palm oil methyl ester (PME) to consumers and finally the use of PME in diesel
engines. Each of these stages has various substages which are detailed in Sect. 2.

Energy (such as electricity, fossil-based diesel) as well as the environmental
inputs of the supply chain for the production of the raw materials used in each
stage is also included in the system boundary. The life cycle environmental
impacts associated with the production of machinery, infrastructure and land for
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the cultivation of FFB, palm oil milling and conversion into biodiesel are excluded
from the system boundary for this chapter. This assumption is based on the results
from previous studies (Schmidt 2007; Novizar and Dwi 2010) which report neg-
ligible contributions because on a basis of per kilogram inputs, small amount of
energy is accounted for when the energy embodied in the machinery is distributed
over the amount of outputs from the machine over its entire life cycle.

Again, the energy for constructing the biodiesel plant as well as the energy
production facilities, such as hydropower plants, thermal plants, has equally
negligible contributions of less than 1 % hence neglected in the system boundary
for this chapter. This is because, on per kilogram basis of biodiesel, the plant
would have very low energy and emission contributions since the energy
embedded in fixed inputs would have to be distributed over the total biodiesel
production during the lifespan of the plant (Schmidt 2007; Novizar and Dwi 2010).
The production of seeds (for nursery) and organic fertilizer is also excluded from
the system boundary. Organic fertilizers are assumed to be residues that are not
produced specifically for oil palm cultivation.

The functional unit (FU) in LCA appends a reference to which the input and
output resources are related. An FU of 1 kg of PME in Malaysia is chosen as the
reference unit for all the input and output streams as well as the potential envi-
ronmental effects.

4.1.2 Allocation Procedures

The choice of LCA allocation methods for multi-input/output process like biodiesel
from palm oil is critical in quantifying the environmental burdens of the coproducts
generated by the various unit operations (Tillman 2000) because they may have a
significant impact on the final results (Bernesson et al. 2006). Since biodiesel
production from palm oil generates many kinds of coproducts (by-products or
wastes) such as oil palm fronds, empty fruit bunches, glycerin (depending on the
raw material inputs and production processes employed), realistically the main
product (biodiesel) should not carry all the environmental burdens. Allocations of
such environmental burdens to the different coproducts are made based on ISO
14041 LCA allocation procedures. In this chapter, the main LCA allocation method
used is the system expansion where no allocation is made (‘avoiding allocation’).
By this method, all the major unit processes to be allocated are divided into sub-unit
processes. The PME is thus expanded to involve the other functions related to the
coproducts, but PME is allocated the most share of the energy consumption within
the process chain. This method has the advantage of modeling the indirect effects of
the environmental burdens on the coproducts (Ekvall and Finnveden 2001). As
reported by Bernessen et al. (2006) for systems whose coproducts can replace other
products in later processes, the expansion method of LCA allocation is suitable for
application in this chapter.
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4.2 Life Cycle Inventory Analysis

4.2.1 Data Collection

Life cycle inventory (LIC) is a methodology for estimating the utilization and
consumption of resources and the amount of waste streams and environmental
emissions ascribed to a product’s life cycle. The LCI analysis used in this chapter
focused on materials and energy resource use, air emission, water emission, soil
emissions, land use, and other wastes involved in the life cycle of biodiesel pro-
duction based on 1 kg of 100 % PME. Data used for the LCI analysis in this
chapter were obtained from plant reports, literature reviews (Yusoff and Hansen,
2005; Schmidt 2007), Ecoinvent database (GaBi Software and database for life
cycle Engineering 4 2003), experimental results (Novizar and Dwi 2010; Choosak
et al. 2009), and estimations based on Malaysia’s oil palm industry (MPOB 2006).
Table 2 shows the summary of materials and energy resources as inputs and
outputs for producing 1 kg biodiesel from palm oil. The most important param-
eters associated with the key environmental impacts of biofuels were estimated for
each impact category as detailed in Sect. 4.3 of this chapter.

4.2.2 Assumption and Limitations

For 1 ha of land, the oil palm plantation produces averagely 20 t of FFB annually
which yields about 4.6 t of mesocarp oil (crude palm oil), and 0.750 t PKS which
produces about 0.250 t of PKO, 0.500 t of kernel meal, and 300 t of POME. For
the same size of oil palm plantation, about 18 t of oil palm fronds (OPF), 3 t of oil
palm trunks (OPT), 15 t of EFB, and 3 t of palm pressed fiber are produced
annually. In this chapter, methane from POME is assumed to be emitted into the
air. However, efforts are currently being made to trap the methane as biogas for
energy production. OPF and OPT are also assumed to be used as mulch in the oil
palm plantation.

In Malaysia, the cultivation of 1 hectare land of oil palm requires about 191 kg
nitrogen/year, 62 kg phosphorus oxide/year, 318 kg potassium oxide/year, and
98 kg magnesium oxide/year (Ng and Thamboo 1967). Comparing these fertilizer
quantities to those applied in Nigeria, Malaysia’s conditions require quite higher
fertilizer quantities for the same hectare of land use in Nigeria. In Nigeria,
1 hectare of oil palm plantation requires about 149, 48, 236, and 93 kg nitrogen,
phosphorus oxide, potassium oxide, and magnesium oxide per year, respectively
(Tinker and Smilde 1963). Before field planting, the nursery also receives some
amount of fertilizer in the form of nitrogen, phosphorus oxide, potassium oxide,
and magnesium oxide. The first few weeks (from 8 to 24 weeks) may require little
fertilizer (from 3.5–10 g fertilizer per seedling) bi-weekly. From the first year to
the time of transplanting, in every 3 weeks, a seedling of oil palm may require
about 12 kg nitrogen (from ammonium sulfate), 12 kg of phosphorus oxide (from
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Table 2 Life cycle inventory of biodiesel production from palm oil

Unit Quantity Energy coefficient
(MJ/kg)

Total energy
(MJ)

Nursery
Input
Seeds

No. 0.001336 33.6400 0.044943

Water kg 0.698280 0.0042 0.002933
Fertilizer
Nitrogen (N) kg 9.259E-6 48.9000 0.004528
Urea kg 1.346E-5 22.5000 3.029E-4
Phosphate (P2O5) kg 2.934E-6 17.4300 5.114E-5
Potassium (K2O) kg 2.094E-5 10.3800 2.174E-4
Magnesium (MgO) kg 5.011E-6 2.3200 1.163E-5
Boron (Borate) kg 1.179E-6 32.2700 3.804E-5
Pesticides and herbicides
Glyphosate kg 0.000282 18.6200 0.005251
Paraquat kg 0.000141 130.0000 0.018330
Furadan kg 0.000211 13.1580 0.002776
Human energy MJ 0.000037
Transportation of chemicals
Diesel kg 0.000604 48.1000 0.029052
Total energy input MJ 1.08E-1

Output
Oil palm seedlings No. 0.001336 36.0400 0.048149
Emissions to soil
Nitrogen (N) kg 1.474E-6 48.9000 7.208E-5
Phosphate (P2O5) kg 5.890E-7 17.4300 1.027E-5
Glyphosate kg 0.000115 18.6200 0.002141
Paraquat kg 0.000096 130.0000 0.012480
Furadan kg 0.000104 13.1580 0.001368
Emissions to air
NOx kg 1.474E-7 296.0000 4.363E-5
CO2 kg 0.001657 32.1200 0.053222
SO2 kg 5.895E-8 29.5000 1.739E-6
Total energy output MJ 0.048149

Transportation of seedlings (T1)
Diesel kg 0.004692 48.1000 0.225685
Emissions to air
CO kg 0.014683 10.1100 0.148445
NOx kg 0.000054 296.0000 0.015984
Particulate matter kg 0.000027 – –
SO2 kg 2.165E-5 29.5000 0.000639
TOC kg 0.001457 – –
Transplanting
Input
Seedlings No. 0.001336 – –

(continued)
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Table 2 (continued)

Unit Quantity Energy coefficient
(MJ/kg)

Total energy
(MJ)

Water kg 2179.511 4.2E-3 9.153950
Fertilizer
Nitrogen (N) kg 0.02890 48.90 1.413210
Urea kg 0.04200 22.50 0.945000
Phosphate (P2O5) kg 0.00916 17.43 0.159659
Magnesium (MgO) kg 0.01564 2.32 0.036285
Borate kg 0.00368 32.27 0.118754
Potassium (K2O) kg 0.06536 10.38 0.678437
Pesticides
Glyphosate kg 0.00184 18.72 0.034445
Paraquat kg 0.00070 130.00 0.091000
Furadan kg 0.00299 13.16 0.039340
Herbicides kg 0.00015 184.71 0.027707
Wood chippings kg 3.54311 19.00 67.31909
Field establishment
Diesel

kg 0.02659 48.1 1.278883

Field maintenance
Diesel kg 0.01329 48.1 0.639441
Electricity MJ 1.23924 – 1.239240
Labor (harvest) MJ 0.00600 – 0.006000
Total energy input MJ 83.18044
Output
FFB kg 4.17000 43.33 180.6861
OPF kg 1.50120 20.51 30.78961
OPT kg 0.03336 16.88 0.563117
Emissions to soil/water
Nitrogen (N) kg 0.00460 48.90 0.224940
Phosphate (P2O5) kg 0.00184 17.43 0.032071
Pesticides kg 0.00037 245.57 0.090861
Emissions to air
NOx kg 0.00046 296.00 0.136160
SO2 kg 0.00018 29.50 0.005310
Pesticides/herbicides kg 0.00009 245.57 0.022592
CO2 kg 0.01092 32.12 0.350706
Total energy output MJ 212.9018
Transportation of raw materials to

mill (T2)
Diesel
Emissions to air

kg 0.02346 48.10 1.12843

CO kg 0.07342 10.11 0.74228
NOx kg 0.00027 296.00 0.07992
Particulate matter kg 0.00014 – –
SO2 kg 0.00011 29.50 0.00325
TOC kg 0.00729 – –

(continued)
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Table 2 (continued)

Unit Quantity Energy coefficient
(MJ/kg)

Total energy
(MJ)

Palm oil mill
Inputs
FFB kg 4.17 43.33 180.686
Water kg 6.58076 4.2E-3 0.02764
Energy consumption
Electricity MJ – – 0.29440
Diesel MJ 0.00012 48.10 0.00578
Steam MJ 5.47941 1.36 7.45200
Total energy input MJ 188.4658
Output
CPO kg 0.94 31.40 29.5160
POME kg 2.3 – –
EFB kg 1.0764 20.47 22.13391
PPF kg 0.7176 19.22 13.79227
PKS
Emissions to soil/air/water

kg 0.6532 21.44 14.00461

Steam kg 5.479411 1.36 7.45200
NOx kg 0.000588 296.00 0.17405
CO kg 0.005188 10.11 0.05245
CO2 kg 1.199897 32.12 38.5407
Particulate matter kg 0.001269 – –
SO2 kg 0.000018 29.50 0.00053
TOC kg 0.000046 – –
VOC kg 0.003607 – –
Biogas from POME storage MJ 0.0644 – 2.31800
BOD kg – –
COD kg – –
Nitrates kg 0.000759 22.5 0.01708
Ash kg 0.045 19.61 0.88245
Total energy output 128.884
CPO refining
Inputs
CPO kg 0.94 41.86 39.3484
Activated clay kg 0.00846 34.54 0.29222
Electricity MJ – – 0.31505
Steam MJ – – 4.96871
Total energy input MJ – – 44.9244
Outputs
RPO kg 0.92500 31.40 29.0450
Emissions to air
CO2 kg 4.97541 32.12 159.810
SO2 kg 0.00012 29.50 0.00345
NOx kg 0.00029 296.00 0.08622

(continued)
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Table 2 (continued)

Unit Quantity Energy coefficient
(MJ/kg)

Total energy
(MJ)

Total energy output MJ 188.945
Transportation of RPO to biodiesel

plant (T3)
Diesel kg 0.02531 48.10 1.22029
Emissions to air
CO kg 0.07920 10.11 0.80076
NOx kg 0.00038 296.00 0.11248
Particulate matter kg 0.00015 – –
SO2 kg 0.00017 29.50 0.00502
Transesterification
Input
RPO kg 0.92500 31.40 29.04500
Methanol kg 0.12278 19.70 2.418766
Sodium hydroxide (NaOH) kg 0.01031 19.87 0.204879
Water
Phosphoric acid (H3PO4)

kg
kg

0.29576
0.00959

0.0042
32.62

0.001242
0.312826

Energy consumption
Steam MJ 0.21600 1.36 0.293760
Electricity MJ 0.04214 – 0.042140
Total energy input MJ 32.31861
Outputs
Biodiesel kg 1.00000 39.84 39.84000
Glycerol kg 0.23860 18.05 4.306730
Wastewater kg 0.05359 45.93 2.461388
Na3PO4 kg 0.00146 1.421 0.002075
Emissions to air
CO2 kg 2.55281 32.12 81.99626
Total energy output MJ 128.6065
Transportation of biodiesel to

consumer (T4)
Diesel kg 0.02490 48.10 1.1978
Emissions to air
CO2 kg 0.07792 32.12 2.5027
NOx kg 0.00028 296.00 0.0829
Particulate matter kg 0.00014 – –
SO2 kg 0.00011 29.50 0.0032
TOC kg 0.07732 – –

Biodiesel use in diesel engine
Biodiesel kg 1.00000 39.84 39.840
Emissions to air
CO2 kg -16.0890 32.12 -516.78
NOx kg 0.01360 296.00 4.0256
Particulate matter kg -0.00454 – –

(continued)
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rock phosphate), 17 kg of potassium oxide, and 2 kg of magnesium oxide or
kieserite (Von Uexkull and fairhurst 1991; Hartley 1988). At the early stage after
transplanting, urea and limestone may be applied to the young palms at a rate of
6–8 kg/palm tree (Von Uexkull and fairhurst 1991). Borate is currently applied to
oil palms up to the age of 6 years. Paraquat and glyphosate as herbicides are also
applied twice or thrice a year at a rate of 0.625–1.25 kg/ha/time and
1.875–3.125 kg/ha/time, respectively (Von Uexkull and fairhurst 1991). Water
requirement for the oil palm cultivation is assumed to be from rain water and
irrigation at early stages of transplanting. The CHP system of the mill is assumed
to utilize the PPF and palm kernel shells as fuel to produce heat for steam and
electricity generation.

4.2.3 Transportation

The nursery field is assumed to be about 1.7 km away from the oil palm plantation
field. The oil mill is assumed to be situated closer to the oil palm plantation; hence,
the distance is negligible. CPO transportation to CPO refinery is assumed to be
part of the biodiesel production plant which is estimated to be 296 km away from
the oil mill.

4.2.4 Energy Analysis

For the production of 1 kg PME with energy content of 39.84 MJ, the NEV and
NER of the whole life cycle of PME production are 20.28 MJ per kg of PME and
1.489 (without energy production from EFB, PPF, etc.), respectively. The NER
would have been 4.81 if all EFB, PPF, PKS, etc., were considered as energy source
(which is considered in this chapter). This clearly shows an energy profit for the
PME production system. The total life cycle energy consumption of the PME
product system is shown to be 20.28 MJ per kg PME.

Table 2 (continued)

Unit Quantity Energy coefficient
(MJ/kg)

Total energy
(MJ)

SO2 kg -0.00454 29.50 -0.1339
Hydrocarbons (HC) kg -0.00454 –
CO kg -0.05543 10.11 -0.5604

All quantities are wet weight averages from (MPOB 2010; Felda 2010; Schmidt 2007; Subr-
amaniam et al. 2008; Yusoff 2006; Wicke et al. 2008)
Net energy value (NEV) = energy content of PME - net energy inputs = 20.28 MJ
NRnEV = energy content of PME - fossil energy inputs = 24.63 MJ
Net energy ratio (NER) = net energy outputs/net energy inputs = 1.4893
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The main energy supply to the palm oil mill includes diesel, electricity, and
steam. PPF and PKS which are regarded as wastes from the palm oil mill are
normally used to produce energy. Figures 10 and 11 summarize the energy con-
tributions of various inputs into the various production stages excluding the
transportation stages. Figure 12 shows the contribution of the total energy inputs
by the four main transportation stages associated with the production of biodiesel
from palm oil. Due to the conversion of solar radiation to biomass by means of
photosynthesis, the chemical energy content of the harvested FFB and other bio-
mass exceeds the energy input through the farming system. Oil palm is therefore
regarded as a net source of useful energy (Corley and Tinker 2003). From Fig. 10,
the consumption of water, fertilizer, pesticides, and chemicals as well as human
work was highly recorded in the oil plantation stage. For chemical (including
major input materials such as FFB for oil mill, wood chips for plantation) con-
sumption, the energy inputs between FFB and wood chips were high which trig-
gered the high values for the oil milling (57 % of total chemicals) and plantation
(21 % of total chemicals) stages, respectively. The PPF and EFB (as part of
chemical inputs in this chapter) from the mill with dry calorific values of
19.22 MJ/kg and 20.47 MJ/kg, respectively (Yusoff 2006), are used as fuel to
produce steam and electricity for use within the mill.

Though the transesterification stage consumes many chemicals, the energy
contents of these chemicals are quite low (10 % of total input chemicals), hence
reducing the total energy consumption from chemicals in that stage. On the other
hand, CPO refinery stage consumes activated clay with high heating value, hence
increasing the energy contents of the chemical use (12 % of total energy of
chemicals used) within that stage.

The oil mill, however, recorded the second highest (13 % of total input fuel
excluding transportation) consumption of energy (including fossil and non-fossil
fuel from EFB, PPF) compared to all the other stages. Since it was assumed in this
chapter that 1 kg biodiesel was used in the ‘‘end use’’ or combustion stage, the

Fig. 10 Percent energy contribution of inputs into PME production by the various production
stages (without transportation stages). Chemicals include catalyst, methanol, H3PO4, RPO, FFB,
activated clay, etc. Energy includes diesel fuel, electricity, steam
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highest energy consumption (67 % of total input fuel) was recorded in this stage.
This shows positive environmental impacts because it releases insignificant air
emissions upon combustion.

Plantation stage recorded highly significant human energy input (97 % of total
human energy input) compared to other energy inputs (5 % of total energy input)
such as diesel.

According to Henson (2004), palm oil mills are self-sufficient for electricity and
heat. It has been reported (Husain et al. 2003) that the total heat and power
generation for every tonne of FFB is about 1181 MJ (approximately 0.7 t steam).
Within the mill, energy could be released as emissions into the atmosphere which
is estimated to be 16 MJ per tonne FFB (Subramaniam 2006). It is assumed that
the energy produced is more than the energy required by the mill; hence, the
surplus is released into the atmosphere.

The highest water requirement for the whole production came from the oil palm
plantation stage (contributing 99.6 % of the total water requirement).

Generally, according to Fig. 11, the highest energy consumption within the
whole production cycle excluding transportations was obtained from the input
chemicals/materials (which included EFB, PPF, etc.) with contribution of 81 % of
total energy of inputs. Energy inputs from fossil and non-fossil fuel contributed
about 16 % of the total energy inputs. Herbicide and pesticide use within both the
nursery and plantation stages carried the least energy content of about 0.06 % of
the total energy of inputs into the PME production.

The production of 1 kg of PME requires approximately 63.17 MJ of energy in
the form of fuel (fossil and non-fossil fuel) and 396.67 MJ energy in the form of
other raw materials, machinery, etc., including diesel consumption from trans-
portation stages. The transportation of PME from biodiesel production plant to the
consumer recorded the highest diesel consumption (32 %) compared to all
the other transportation stages. This is attributed to the total distance covered by
the truck delivering the raw materials.

Fig. 11 Total energy inputs into PME production by all the stages within the system boundary
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4.3 Life Cycle Impact Assessment

Life cycle impact assessment (LCIA) is a major step in LCA which provides basic
indicators for analyzing the potential environmental contributions of all the
resource extractions including wastes and emissions. Eco-Indicator 99 (EI 99,
Agalitarian Approach [AH]) was used to assess the environmental impacts asso-
ciated with the life cycle of palm oil biodiesel. Standard LCIA comprises (1)
impact categories selection and classification, (2) characterization, and (3) valu-
ation steps.

4.3.1 Impact Category Selection and Classification

The potential environmental impact categories selected for this chapter according
to EI99, AH method of LCIA, include land use/conversion (PDF*m2*a)1,2 acidi-
fication/nitrification potential (PDF*m2*a), ecotoxicity potentials (PDF*m2*a),
fossil fuel use (MJ surplus energy), mineral resources (MJ surplus energy), climate
change (DALY),3 ozone layer depletion potential (DALY), radiation potential
(DALY), carcinogenic effects (DALY), respiratory organics (DALY), and respi-
ratory inorganics (DALY). The complete human health impact is obtained by
adding up all the DALY values, while the ecosystem impacts and resource
depletion are obtained by adding up the PDF and surplus energy, respectively.
These categories were selected based on their relevance for assessing the

Fig. 12 Total energy inputs into PME production by the transportation stages. T1 Transportation
of seedlings to plantation site, T2 transportation of FFB from plantation site after harvest to oil
mill, T3 transportation of RPO to biodiesel production plant, T4 transportation of PME to
consumer

1 PDF: Potentially disappeared fraction (plant species disappeared as a result of the impacts).
2 a: year (annually).
3 DALY: Disability adjusted life years (years of life lost due to the impacts).
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environmental emissions associated with biofuel systems and those suggested by
previous researches (Guinée et al. 2001; Edwards et al. 2007; Buchholz et al.
2009). These impact categories are evaluated using LCA software such as Simapro
(developed by PRé Consultants), Gabi 4.2 (developed by PE International), Um-
berto (developed by IFU Hamburg GmbH), while the databases from Eco-Indi-
cator 99 or 95, CML 2001 or 1996, Environmental Design of Industrial Products
(EDIP 1997) or EDIP 2003, etc., are used to evaluate the final environmental
impacts. Other LCIA methods that are implemented in Ecoinvent database include
cumulative energy demand, ecological scarcity 1997, environmental priority
strategies in product development (EPS 2000), IMPACT 2002, IPCC 2001 (cli-
mate change).

The main regulated pollutants evaluated in this chapter include CO, particulate
matter, non-methane hydrocarbons, nitrogen oxides (NOx), etc. Solid wastes,
water, and CO2 emissions as well as overall energy requirements are also evalu-
ated. Each of these emissions and pollutants are classified into their main envi-
ronmental impact category. For instance, CO2 and CH4 emissions were classified
under climate change, NO2 and SO2, on the other hand, contribute to acid rain
formation and some degree of direct effect on human health hence classified
accordingly.

4.3.2 LCIA Characterization

This step involves the quantification of the extent to which each pollutant or
emission contributes to different environmental impacts. Standard characterization
factors conforming to Eco-Indicator 99 (EE99, EA) evaluation procedures are used
in this stage. In this method, human health category is measured in DALY/kg FU,
while ecosystem impacts and resource depletion are also measured in PDF*m2*a/kg
FU and surplus energy/kg FU. These are available in Gabi 4.2. On the other hand,
using CML 2001 database for the impacts evaluation generate different impact
categories units. For instance, acidification potentials of NOx and SO2 are based on
proton formation potentials (PFP) (i.e., 0.7 for NOx and 1 for SO2) expressed as SO2

equivalent per FU. Thus, the total acidification potentials of 10 g NO2 and 5 g SO2

are given by (10 9 0.7) ? (5 9 1) = 12 g SO2 equivalent per FU. This is esti-
mated by multiplying the amounts of the emissions by their proton formation factors
and aggregating the results of these multiplications for each impact category.

Again, global warming potentials are based on CO2 equivalent, while ozone
layer depletion potentials are measured in CFC-11 equivalent. These character-
ization factors can be extended through normalization, grouping, and weighting. In
normalization, the results of the impact categories are usually compared with the
total impacts in the area of interest, for instance, in this chapter, Malaysia.
Grouping also involves the sorting and ranking of the impact categories. In
weighting, the different environmental impacts are weighted relative to each other,
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summed up to obtain a single number for the total environmental impact. Table 3
shows a summary of LCIA classification and characterization estimations asso-
ciated with PME production.

4.3.3 Valuation

This step uses results from the LCIA to evaluate each process for improvements in
the performance of every stage associated with the life cycle of palm oil biodiesel.

5 LCA Results and Interpretation

The major objective of this chapter’s LCA interpretation is to detect or assess the
points of potential environmental impacts which can lead to overall improvement
of the performance of the palm oil biodiesel production industries in the world,
especially in Malaysia. Figure 13 summarizes the environmental impact associated
with each life cycle stage of PME production. Figure 14 shows the environmental

Table 3 Characterization of air and water emissions in PME production

Type of emission LCIA category

Emissions to air GWP (CO2 eq./g)a 2 100 years
Carbon dioxide (CO2) 1
Nitrous oxide (N2O) 310
Carbon monoxide (CO) 3
Methane (CH4) 21
Carbon tetra-fluoride (CF4) 6,300
Sulfur hexafluoride (SF6) 23,900
Hydro fluorocarbon (HFC) 140–12,100
Per-fluorocarbons (PFC) 6,500–9,200

AP (SO2 eq./g)b

Sulfur dioxide (SO2) 1
Oxides of nitrogen (NOx) 0.7
Hydrochloride acid (HCl) 0.88
Hydrogen fluoride (HF) 1.6
Nitrogen monoxide (NO) 1.07
Nitrogen dioxide (NO2) 0.7
Ammonia (NH3) 1.8
Emissions to water EP (PO4 eq./g)c

Phosphates (PO4
3-) 1

Nitrates (NO3) 0.42
Nitrogen oxides (NOx) 0.13
Ammonia (NH3) 0.33

a U.S. DOE/EIA (1997)
b Heijungs (1992)
c Mark et al. (2001)
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impacts associated with the four main transportation stages within the PME pro-
duction. Figure 15 summarizes the total environmental impacts (including trans-
portation stages) within each of the production processes within the life cycle of
palm oil biodiesel.

5.1 Emissions Associated with Oil Palm Nursery System

Out of the eleven impact categories, six of them, namely radiation (32.57 % of
total radiation potentials), carcinogens (14.79 % of total carcinogens), ecotoxicity
(19.11 % of total ecotoxicity), climate change (5.18 % of total climate change),
land use (1.49 % of total land use), and acidification/eutrophication (8.81 % of
total acidification) potentials, were highly significant (Fig. 13) excluding the
impacts from transportation stages. The main emissions associated with these
impacts include the use of herbicides and pesticides (radiation, ecotoxicity, car-
cinogens, etc.) and fertilizers (ecotoxicity, acidification, radiation). N-fertilizers
emit N2O into the air which contributes to the climate change effects. The use or
spraying of herbicides and insecticides also emits particulate matter into the air.

Combining the effects on all impact categories as a single score, it can be seen
that the nursery stage contributed only 1 % environmental impacts for 1 kg pro-
duction of PME (Fig. 15). On the basis of human health, ecosystem depletion, and
resource use, the nursery stage contributed 0.358, 0.192, and 0.188 %, respec-
tively, for 1 kg PME.

In order to further reduce these impacts, the use of organic fertilizers can
replace inorganic ones. Glyphosate and paraquat as pesticides and herbicides must

Fig. 13 Environmental impact potentials for 1 kg PME (excluding impacts from transportation)
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be used in a minimal quantities, while efficient treatment of oil palm seeds are used
for nursery.

5.2 Emissions Associated with Oil Palm Plantation

Emissions from the plantation are determined from material balance of the major
substances such as N2O, CO, CO2, particulate matter into and out of the production
stage. Since oil palm is a perennial crop, during the life cycle for the generation of
FFB and uptake of nutrients, the harvesting and decomposition of biomass residues
varies, hence making emissions data unavailable at early stages.

In the plantation stage, all the impact categories were significant compared to
the other production stages but were higher for land use (98.51 % of total land
use), minerals (96.75 % of total minerals), radiation (58.62 % of total radiation),
climate change (58.42 % of total climate change), ecotoxicity (51.79 % of total
ecotoxicity), respiratory inorganics (43.46 % of total respiratory inorganics), fossil
fuel use (46.62 % of total fossil fuel use), and acidification (34.58 % of total
acidification) (Fig. 13) excluding impacts from transportation stages. The use of
fertilizers, herbicides, pesticides, and diesel use were the main sources of these
emissions. Organic fertilizers could be used in place of inorganic ones in order to
reduce some of these emissions. The commonly used herbicide, paraquat dichlo-
ride, is found to also emit quite substantial amount of minerals and metals into the
soil. Table 4 shows the emissions of heavy metals/minerals associated with the
production of 1 kg FFB from the plantation stage.

Fig. 14 Environmental impacts associated with transportation stages in the life cycle of PME.
T1 Transportation of oil palm seedlings to plantation site, T2 transportation of FFB from palm
plantation site to oil mill, T3 transportation of RPO to transesterification unit, T4 transportation of
biodiesel from transesterification unit to consumer
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The harvests of FFB, irrigation, etc., are done manually, some requiring the use
of trucks and other machinery which utilizes fossil fuel. This can also result in
greenhouse gas emissions contributing to high climate change effect. Land use/
conversion effect was highest (98.51 %) for the plantation stage due to heavy land
use. It is recommended that, new oil palm plantations should be cultivation on
degraded land in order to reduce land conversion/use effects. On a percentage
score with transportations impacts inclusive, the plantation stage alone contributed
approximately 7 % of the total environmental impacts from the whole production
stages (Fig. 15). On the basis of human health, ecosystem depletion, and resource
use, the plantation stage had a percent contribution of 13.10, 7.26, and 1.70 %,
respectively.

5.3 Emissions Associated with the Palm Oil Mill

The most significant impact categories in the oil milling stage are carcinogens,
respiratory organics, respiratory inorganics, and ozone layer depletion with percent
shares of 30.83, 41.44, 55.02, and 55.51 % with transportations excluded (Fig. 13).
The major parameters resulting in high potentials of these impact categories are
the POME and the boiler ash. POME is the wastewater generated from the clar-
ification and other processing steps in the mill. This is normally treated in open
ponds in order to reduce its biological oxygen demand. The EFB in this chapter is
considered to be used for fuel production within the mill hence no emissions from
dumping sites resulting in climate change effect. Climate change potential is
insignificant due to the use of renewable fuels from PPF to EFB in the mill. The
boiler ash also contributes to emissions into the soil. In this chapter, most of the
wastes within the mill were considered to be recycled or treated before they were
released into the environment.

Table 4 Emissions of heavy
metals from the production of
1 kg FFB

Heavy metal type Emissions, mg/kg FFB

Arsenic 0.0285
Cadmium 0.05429
Chromium 1.26857
Cobalt 0.00571
Copper 0.0.331429
Mercury 0.000857
Molybdenum 0.002857
Nickel 0.145714
Lead 0.057143
Selenium 0.011429
Zinc 1.96286
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The oil milling stage contributed approximately 6 % of the total environmental
impacts (Fig. 15). Human health, ecosystem depletion, and resource use for the oil
milling stage recorded a percent environmental impact share of 13.01, 0.56, and
0.16 %, respectively.

5.4 Emissions Associated with CPO Refinery

The most dominant impact categories within the CPO refinery are carcinogens,
climate change, fossil fuel use, and respiratory organics with contribution of 31.48,
14.34, 4.92, and 2.34 % of the total impacts for the PME production system,
respectively (Fig. 13). The emissions from this stage come from the use of fossil
fuel emitting N2O, CO2, CO, particulate matter, respiratory gases, etc., which
result in these significant impact categories.

On a single score, the CPO refinery contributed approximately 0.002 % of the
total impacts associated with PME production (Fig. 14). Human health, ecosystem
depletion, and resource use were 0.84, 0.15, and 0.20 % of the total impacts,
respectively.

5.5 Emissions Associated with Transesterification Stage

The significant impact potentials within the transesterification stage are carcino-
gens, respiratory organics, climate change effect, ecotoxicity, and fossil fuel use
with contributions of 13.64, 30.31, 28.77, 37.19, and 43.59 %, respectively
(Fig. 13). These are due to the emissions resulting from the use of fossil fuel,
sodium hydroxide, phosphoric acid as well as wastewater containing soap stocks

Fig. 15 Total environmental
impacts associated with the
production of PME
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which are not transformed into any useful products. Emissions such as CO2, N2O,
particulate matter are predominant in the transesterification stage.

On the whole, 2 % (Fig. 15) of the total environmental impacts were associated
with the transesterification stage with 1.36, 0.80, and 1.73 % of the total impacts
being assigned to human health, ecosystem depletion, and resource use,
respectively.

PME uses in diesel engine showed significance in acidification/eutrophication
potential due to the emission of CO2, N2O, CO, and other particulate matter into
the environment. This stage offsets some of the environmental impacts by negating
them. Hence, the use of biodiesel contributed to the reduction of most of the
environmental impacts.

5.6 Emissions Associated with Transportation

Four main transportation stages were considered in this chapter, namely trans-
portation of oil palm seedlings to plantation site (T1), transportation of FFB from
plantation site to oil mill (T2), transportation of RPO to transesterification unit
(T3), and transportation of biodiesel to the consumer (T4). These stages contrib-
uted the most impacts (83 %) (Fig. 15) due to the use of fossil fuel which emitted
greenhouse gases and other particulate matter into the environment upon com-
bustion. The most significant impacts category associated with transportation is
climate change (Fig. 14). T1, T2, T3, and T4 contributed 5, 17, 43, and 19 % of
the total impacts associated with PME production, respectively. On the whole, all
the transportation stages contributed 71.33, 80.45, and 96.02 % to human health,
ecosystem depletion, and resource use, respectively.

From Fig. 16, resource use was the major environmental concern (41 %) fol-
lowed by ecosystem depletion. This means that fossil fuel use and mineral/metal
emissions were high in the PME production. Ecotoxicity, acidification, and land
use potentials (ecosystem depletion) were high at 37 % of the total impacts

Fig. 16 Environmental
impacts associated with the
life cycle of biodiesel from
palm oil
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associated with PME production. Figure 17 summarizes the total environmental
impacts associated with the production of PME over its life cycle.

The most significant environmental damage or impacts were caused by respi-
ratory inorganics which are caused by emissions from fossil fuel combustion and
other chemical use such as sodium hydroxide. Fossil fuel, acidification/eutrophi-
cation, ecotoxicity, climate change, respiratory organics, and respiratory inor-
ganics were also significant at 11.07, 12.58, 1.49, 11.17, 3.08, and 60.61 % of the
total environmental impacts associated with 1 kg PME production, respectively.

6 Conclusion

Environmental impacts associated with the life cycle of palm oil biodiesel were
assessed in this chapter using the well-to-wheel variant. The potentials of eleven
main impact categories were considered for oil palm nursery, plantation, oil mill,
CPO refinery, transesterification, biodiesel use as well as four transportation
stages. Results from the analysis indicated that fossil fuel use was high in the
plantation, transesterification, and transportation stages which further led to
increase in climate change, respiratory organics, and acidification potentials. Fossil
fuel consumption was highest (43 % of total impacts) in the transesterification unit
exclusive of all impacts from transportation. Emissions from diesel use and
transportation throughout the life cycle of palm biodiesel were more that 90 % of
the total impacts. The use of fertilizers and herbicides also increased the overall
impacts in the nursery and plantation stages.

Fig. 17 Environmental impacts associated with biodiesel from palm oil. Pt: Eco-Indicator 99
(EI99, EA) points. 1 pt * impacts from one-thousandth person per year
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Environmental Sustainability Assessment
of Ethanol from Cassava and Sugarcane
Molasses in a Life Cycle Perspective

Shabbir H. Gheewala

Abstract Liquid transportation fuels derived from biomass (biofuels) are widely
promoted inter alia due to their perceived environmental benefits. The environ-
mental sustainability of biofuels, however, must be rigorously tested using sci-
entific tools. Several such tools, namely net energy ratio (NER), net energy
balance (NEB), renewability, and life cycle assessment (LCA), are defined and
then used to analyze the environmental sustainability of ethanol produced from
cassava and sugarcane molasses in Thailand. These studies show the utility of such
tools in the evaluation and also point various areas of improvement. Use of
renewable energy sources in the supply chain, utilization of co-products as well as
waste products, and good management practices at the farm such as use of organic
fertilizers are some of the options that can help improve the environmental benefits
of biofuels.

1 Background/Context

Liquid transportation fuels derived from biomass feedstocks, popularly referred to
as ‘‘biofuels’’, seem to be an attractive substitute for oil-based gasoline and diesel
for several reasons. Firstly, their similarity in physical properties facilitates the use
of the existing infrastructure designed for their oil-based counterparts. The simi-
larity in chemical properties induces minimal modification requirements of the car
engines, especially for biodiesel. Being of biomass origin, the carbon dioxide
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emissions from the combustion of biofuels in car engines are counterbalanced by
the atmospheric carbon dioxide sequestered during growth of biomass; this is
supposed to yield substantial benefits toward climate change mitigation. Also, their
biomass origin makes them renewable (if sustainably managed), which is a major
advantage over the non-renewable oil-based fuels. The substitution of oil-based
fuels by biofuels is of particular interest to a large number of countries that do not
have large resources of the former and thus have to rely on expensive imports from
the few countries that do. Energy security is a strong driving force for the pro-
motion of biofuels, particularly in the developing world. Socioeconomic benefits,
particularly for the agricultural community, are also an important consideration
(Daniel et al. 2010; ERIA 2008).

This chapter focuses particularly on the environmental sustainability assess-
ment of biofuels. As mentioned earlier, there are perceived environmental benefits
due to the ‘‘biogenic’’ greenhouse gas (GHG) emissions during use phase as well
as the renewable nature of biofuels. However, environmental sustainability of
biofuels cannot be evaluated only on the basis of carbon dioxide emissions in the
use phase. A broader perspective based on the entire life cycle of the biofuel is
imperative. In this case then, the carbon neutrality of biofuels does not hold as
there are GHG emissions associated with the cultivation as well as processing of
feedstock which are not balanced by the uptake of atmospheric carbon dioxide
during plant growth. Rigorous tools, based on the entire life cycle, are thus
required for the proper assessment of the environmental sustainability of biofuels
(Nguyen and Gheewala 2008a, b).

2 Tools for Environmental Sustainability Assessment

As mentioned earlier, the most commonly used tools are based on the entire life
cycle of the biofuels. They are distinguished into three broad categories: (1) net
energy balance and ratio, (2) renewability, and (3) life cycle assessment. The first
two are based on energy (particularly the first law of thermodynamics), and the
third one is for evaluating potential environmental impacts.

2.1 Net Energy Balance and Net Energy Ratio

As biofuels are energy carriers, two indicators that are absolutely essential in their
initial evaluation are the net energy balance and net energy ratio (Shapouri et al.
2006; Nguyen et al. 2007; Prueksakorn and Gheewala 2008). These are pre-
liminary indicators based on the first law of thermodynamics. The net energy
balance or NEB is the difference of the total energy output and the total energy
input over the entire life cycle of the biofuel. Intuitively, the NEB of the system
must be positive or there must be a net energy gain; else, it does not make sense to
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produce the biofuel. Of course, the first law of thermodynamics does not allow for
‘‘creation of energy.’’ The positive NEB is possible for biofuels only because the
solar energy input during biomass growth is not accounted for in the calculation.
Similar in approach to NEB, the net energy ratio or NER is the ratio of the total
energy output to the total energy input over the entire life cycle of the biofuel. This
ratio must be greater than one for the biofuel production to be meaningful. It must
be emphasized that having a positive NEB or an NER greater than one is not
sufficient to establish the environmental sustainability of biofuels. However, they
give a very good first check; if the NEB of a biofuel is negative or NER is less than
one, then it probably does not make sense to produce the biofuel as we are
investing more energy into the production of the fuel than we actually get back
from its use. Of course in certain special circumstances, we may still go ahead with
the biofuel production even in such a case if the energy carriers used as input to the
biofuel system are cheap and easily available, but cannot themselves be used as
transportation fuel substitutes.

2.2 Renewability

Another energy-based indicator, similar to NER, is the renewability ratio which is
defined as the ratio of the total energy output to the total fossil energy input. This
ratio distinguishes between the types of energy carriers that are input to the biofuel
cycle; if there is more (renewable) energy output than the (non-renewable) fossil
energy input, i.e., renewability ratio higher than one, it indicates that the invest-
ment of fossil energy into biofuel system has yielded a higher amount of renewable
energy.

2.3 Life Cycle Assessment

Life cycle assessment (LCA) is a tool for environmental sustainability assessment
that is particularly suited and hence widely used for assessment of biofuels. This
tool evaluates the environmental impacts of a product (or service) over the entire
period of its life, starting from raw materials extraction (or production) and
including materials processing, distribution, use, and waste disposal at the end of
life. The principles and criteria of LCA are covered by the ISO 14040:2006 and
ISO 14044:2006 standards. The environmental impact categories commonly of
interest for evaluating biofuel systems are climate change (global warming),
acidification, nutrient enrichment (eutrophication), human and ecotoxicity, land
use, and biodiversity. Very often, biofuel studies are limited to climate change
partly due to its global nature and importance in many scientific discussions and
partly because of the perceived benefits of biofuels toward reducing GHG emis-
sions as compared to their fossil counterparts which must be scientifically verified.
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3 System Boundaries

For biofuels, the system boundaries usually cover cultivation of the feedstock
(including agrochemical production and application), processing of the feedstock
for conversion to the biofuel, use of the biofuel, and transportation in all the
intermediate stages (Fig. 1) (Gheewala 2011). In recent years, the system
boundaries of biofuels have been expanded to include the pre-cultivation stage
which is land use change. This particular stage has significant implications on the
emissions of GHGs and on biodiversity, especially when forests and other high
conservation value lands are converted to agriculture for cultivation of biofuel
feedstocks (Danielson et al. 2008; Fargione et al. 2008).

4 Data Sources

For conducting environmental sustainability assessment, data are required at every
stage of the life cycle outlined in Fig. 1. If land use change from a natural system
to an agricultural one has taken place in the recent past (say, less than 20 years
ago), then data on the type of land that existed need to be known and, if possible,
the carbon stock in the soil as well as above and below ground biomass. In the
absence of very detailed data, default values from the Intergovernmental Panel on
Climate Change methodology could also be used (IPCC 2006).

At the cultivation stage, detailed data need to be collected on the use of
agrochemicals (herbicides, pesticides, and fertilizers), their rates, and frequency of
application throughout the cultivation period. Labor requirements, if necessary,
also need to be assessed. Use of irrigation water and agricultural machinery
(particularly fuel use) needs to be recorded as also the yield of the main product
and by-products. These data are usually from primary sources at the farm level
though in the case of national studies, national statistics from agricultural orga-
nizations may also provide useful information.
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Fig. 1 Generic system
boundaries of biofuels
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Feedstock processing entails the use of various chemicals and energy carriers
(boiler fuels, electricity, etc.). These data are usually primary data collected from
plant records through production data of chemicals and energy carriers, which are
usually from literature or national databases. This stage usually involves the
production of co-products, which play an important role in the assessment and
must be carefully noted. As environmental burdens must be shared between the co-
products, additional information must be collected for this based on the method-
ology to be used for allocation. For example, if mass or energy allocation is to be
used, data on the mass and energy content of the co-products should be assessed. If
economic allocation is to be used, then data on the economic value of all the
outputs must be collected; this is done either at the company level or a more
average level, depending on the scope of the study. Usually, an average over
several years is considered because economic values can vary substantially over
time. Wastewater emissions are particularly critical as they usually have high
organic content; the type of treatment can significantly affect environmental
emissions. Treatment of wastewater in ponds can result in high methane emissions,
whereas high-rate anaerobic processes could result in the collection and sub-
sequent utilization of the generated methane for energy. These data are usually
based on standard calculations.

Emissions from the use of biofuels in vehicles are usually measured based on
chassis dynamometer tests where specific engine types are operated using a par-
ticular fuel under standardized driving conditions.

Data required for transportation of intermediate and final products are either
directly the fuel used or data on vehicle type, capacity, loading, and transportation
distances. These are usually primary data collected from the transportation com-
panies except for transportation distances which may be estimated from secondary
sources if the source and destination of the transported product are known.

In all the steps, information should be collected on the data uncertainty to
ensure the meaningfulness of the interpretation of results, especially for compar-
ative purposes.

5 Environmental Sustainability Assessment

To illustrate the use of the tools for biofuels environmental sustainability assess-
ment introduced in the preceding section, the cases of ethanol from cassava and
sugarcane molasses in Thailand are used (Silalertruksa and Gheewala 2009).
Energy balances, renewability, and various environmental impact categories will
be evaluated using LCA. The system boundaries are ‘‘cradle-to-gate’’ ending at
ethanol production as the ethanol produced is then blended with gasoline before
use in vehicles (a 10 % blend of ethanol with 90 % gasoline is most commonly
used in Thailand); thus, the study was limited to neat ethanol to facilitate direct
comparison with gasoline. For the impact assessment, the CML2 methdology, a
problem-oriented (midpoint) approach, has been used (Guinée et al. 2002). Thus,
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for example, greenhouse gases are aggregated into global warming potential
represented in terms of kg CO2eq instead of evaluating the final damage due to
climate change. The midpoint approach reduces the uncertainty introduced from
complex modeling approaches as well as forecasting and effect modeling
(Blottnitz and Curran 2007). Similar to the case for global warming, the other
impact categories of interest are acidification (kg SO2eq), eutrophication
(kg PO4

3-eq), and human toxicity (kg 1,4 DCBeq).

5.1 Ethanol from Cassava

The life cycle diagram of ethanol production from cassava is shown in Fig. 2. The
first step in the life cycle is the cultivation of cassava that includes land prepa-
ration, planting, farming (including agricultural activities such as fertilizer appli-
cation), and finally harvesting. Manual labor is used for most activities. The fresh
cassava roots are transported by trucks or pickup trucks to the ethanol plants where
they are either used in fresh form or sun-dried into cassava chips (and stored for
later use). The roots then undergo liquefaction, fermentation, and distillation,
followed by molecular sieve dehydration to produce 99.5 % ethanol. These pro-
cesses, particularly distillation and dehydration, are energy intensive and have a
substantial effect on the energy and environmental performance of the system. The
type of fuel used in the boilers and the treatment method of the wastewater are
crucial issues affecting performance.
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Dehydration

Fermentation
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Ponds
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Fig. 2 Life cycle diagram of
cassava ethanol (cradle-to-
gate)
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5.1.1 NER, NEB and Renewability of Cassava Ethanol

The proportions of energy used in cassava farming, transportation, and ethanol
production are shown in Fig. 3a. As anticipated, ethanol production contributes
almost three-fourths of the total energy use, followed by cassava cultivation
contributing almost one-fifth. Steam production has the highest contribution; the
fuel used for this step could thus have a large contribution also to the environ-
mental emissions. The net energy ratio of the ethanol works out to 1.19; this is
higher than one, indicating an energy gain. The NEB for 1,000 L of ethanol
is 3,827 MJ: a positive value once again confirming a net energy gain. However, it
is difficult to decide on the basis of the NER and NEB alone whether the gain is
‘‘enough’’ to justify production.

The next step in the evaluation is to calculate how much renewable energy is
obtained with the investment of a unit of fossil energy; the proportions of only
fossil energy use are presented in Fig. 3b. When the non-fossil energy sources
(e.g., biogas and human labor) are removed, the contribution of steam is even more
pronounced, contributing more than one-half of the total. The renewability of the
ethanol from cassava works out to 1.38, which is marginally better than the NER.
The very small difference between the NER and renewability is because very
limited amount of energy is from renewable resources.

Fig. 3 Proportion of energy
inputs in the production of
cassava ethanol (cradle-to-
gate). a Total energy. b Fossil
energy

Environmental Sustainability Assessment of Ethanol 137



5.1.2 LCA of Cassava Ethanol

The impact assessment results from cassava ethanol production are presented in
Fig. 4. As anticipated from the energy balance evaluation, the ethanol conversion
step is the major contributor to all the impact categories considered. During this
step, steam is produced in a boiler fired by sub-bituminous coal and is responsible
for emissions of CO2, SO2, NOx, CO, and particulates; it thus contributes 52, 51,
and 43 % to global warming, acidification, and human toxicity impacts, respec-
tively. The other big contributor is of course the electricity, which is largely
produced from natural gas and coal. Eutrophication is contributed largely by
fertilizer use in the cultivation stage and the wastewater discharged from the
upflow anaerobic sludge blanket (UASB) reactor after biogas recovery.

5.2 Ethanol from Sugarcane Molasses

The life cycle diagram of ethanol production from sugarcane molasses is shown in
Fig. 5. The first step in the life cycle is sugarcane cultivation, which consists of
planting stem cuttings in the initial year, followed by three ratoons. Manual labor
is used for land preparation, planting, farming, and harvesting. The sugarcane is
transported to the sugar mill in trucks and trailers. The next step is at the sugar mill
where the sugarcane is crushed to extract sugarcane juice; the residue remaining

Fig. 4 Potential environmental impacts of 1,000 L cassava ethanol production. a Global
warming (1,922 kg CO2eq). b Acidification (16 kg SO2eq). c Eutrophication (2.79 kg PO4

3-eq).
d Human toxicity (18.53 kg 1,4 DCBeq)
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after the juice is extracted, called bagasse, is used as an energy source to produce
steam and electricity both for the sugar milling process and for export. The sug-
arcane juice is concentrated by boiling, and sugar is extracted in several steps by
crystallization. After the final economic extraction of sugar, the remaining
molasses (which still contains a substantial amount of sugar) is used for producing
ethanol. The sugar content of the molasses is the key quality criterion as it is
converted to ethanol. Energy-based allocation is used to share the environmental
burdens of sugarcane cultivation and sugar milling between sugar and molasses.
As for the bagasse, one part is used within the sugar mill itself and is treated as
internal recycling. The excess electricity produced from the bagasse is exported to
the grid, and credits are provided to the sugar milling system from the avoided
conventional electricity production. Molasses is transported to the ethanol plants
via trucks or through pipelines. The ethanol production process is similar to that
for cassava except that the liquefaction step is not required as molasses can be
directly fermented, followed by distillation and dehydration to produce 99.5 %
ethanol.

5.2.1 NER, NEB, and Renewability of Molasses Ethanol

The proportions of the energy used in sugarcane cultivation, sugarcane transpor-
tation, molasses transportation, and ethanol production are shown in Fig. 6a. The
sugar milling step is not included in the figure as this step actually yields energy in
excess of that being used by the process from the conversion of one of the co-
products, bagasse, which is used for steam and electricity production. As in the
case of cassava ethanol, the ethanol production step contributes the major share,
almost two-thirds of the total. In the case of molasses ethanol, the energy outputs
are not only from the ethanol but also from the exported bagasse electricity from
the sugar milling step. The net energy ratio is 1.12; though higher than one it is
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even more modest than that of the cassava ethanol. The NEB for 1,000 L of
ethanol is 3,350 MJ: once again positive but lower than cassava ethanol. Until this
stage, the molasses ethanol seems to be doing slightly worse than that produced
from cassava.

However, the calculation of renewability shows a significantly different picture.
The results of only fossil energy input are presented in Fig. 6b. Here, it can be seen
that the major contributor to energy use, ethanol conversion, is absent because all
the energy in this step is provided by rice husk and recovered biogas (from
wastewater treatment). This has a significant effect on the renewability which
amounts to 3.02, substantially higher than the NER of molasses ethanol and even
much higher than the renewability of cassava ethanol. This in fact goes on to show
the importance of the use of renewable energy sources in the life cycle, particularly
in an energy-intensive step like ethanol conversion.

5.2.2 LCA of Molasses Ethanol

Figure 7 shows the contributions of the various life cycle stages to the potential
environmental impacts of ethanol production from sugarcane molasses. Global
warming, acidification, eutrophication, and human toxicity are 685 kg CO2eq,
12.5 kg SO2eq, 19.55 kg PO4

3-eq, and 19.11 kg 1,4 DCBeq, respectively. The

Fig. 6 Proportion of energy
inputs in the production of
molasses ethanol (cradle-to-
gate). a Total energy. b Fossil
energy
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sugarcane cultivation stage has an outstanding contribution to all the impact cat-
egories, which is different from the case of cassava ethanol where ethanol con-
version was the major contributor. This is because of the electricity production
from bagasse, which brings credits to the molasses, the feedstock for ethanol
production; this can also be seen clearly in the Fig. 7 where sugar milling con-
tributes to reducing impacts (just as it also helped improving the energy balance).

5.3 Comparison of LCA Results

The global warming potential of molasses ethanol is significantly lower than that
of cassava ethanol. This is largely due to the use of renewable energy carriers
(corncob, bagasse, and rice husk) in the ethanol conversion from molasses,
whereas coal is used in the cassava ethanol factory. The other reason is the credits
from bagasse electricity exported to the grid. Burning of cane trash in the sugar-
cane field before harvesting contributes greenhouse gases to the molasses ethanol
cycle. Avoidance of this burning and possible utilization of energy could have
double benefits though these must be balanced with retaining these residues on the
field for improving soil fertility.

Acidification potential for cassava ethanol is higher than molasses ethanol
largely due to the use of sub-bituminous coal in the cassava ethanol plant. For
molasses ethanol, acidifying substances are released mainly in feedstock produc-
tion and cane trash burning. Avoiding burning of cane trash and utilizing it for
energy would also help further reduce acidification potential of molasses ethanol.

Feedstock production and ethanol conversion are the large contributors to
eutrophication potential, which is higher for molasses ethanol than cassava etha-
nol. Wastewater released during molasses ethanol production has much higher
organic matter than that from cassava ethanol production; this combined with the
situation that wastewater from the former is treated in less efficient pond systems,

Fig. 7 Potential environmental impacts of molasses ethanol production
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whereas the latter in high-efficiency UASB systems results in a higher eutrophi-
cation potential for the former.

Human toxicity potential is mainly related to the emissions of NOx, SO2, and
particulates, which are almost the same as the acidifying substances. Hence, the
contributing stages of human toxicity potential are also similar to acidification as is
the trend of comparison between molasses and cassava ethanol.

One important issue that was mentioned in the earlier sections, but not covered
in the impact assessment, is that of land use. Land use change was not considered
because all the current plantations of cassava and sugarcane are quite old and there
is no plan in the near future by the government to increase the plantation area. The
policy focus is on increasing the yield of both cassava and sugarcane. Neverthe-
less, land is a scarce resource and it is interesting to evaluate its utilization in terms
of land occupation. The evaluation shows that to produce 1,000 L of cassava
ethanol, 0.37 ha.y of land is required, which is almost the same for molasses
ethanol at 0.39 ha.y (after accounting for sugar based on energy allocation).
Increasing the yields of cassava and sugarcane as well as better utilization of co-
products would help reduce this.

6 Key Messages

The energy balance and LCA studies helped evaluate the environmental sustain-
ability of biofuel systems as illustrated for the examples of ethanol production
from cassava and sugarcane molasses. A combination of NER and renewability
was useful for evaluating the energy performance and utility of using renewable
energy sources to replace fossil energy. LCA was useful for evaluating the envi-
ronmental and health impacts. For the studied cases, the following improvement
options were identified:

(a) Optimum utilization of the land resource could be achieved by improving the
yields of sugarcane as well as cassava. This could be obtained by improving
soil fertility through utilization of organic fertilizers or animal waste and
reducing chemical fertilizer use. This would also result in reduced eutrophi-
cation, which originates mainly from the use of chemical fertilizers.

(b) Air emissions from the sugarcane cultivation stage can be reduced by avoiding
the burning of cane trash. This would result in the reduction in all the potential
environmental impacts too.

(c) Effective waste management would go a long way in enhancing the efficiency
of the system. Thus, biogas recovery from wastewater, organic fertilizer, and
distiller’s dried grains with solubles (DDGS) production would yield valuable
products and reduce the environmental burdens.

(d) Use of renewable energy sources especially in the ethanol conversion stage
would reduce the emission of greenhouse gases as well as improve the
renewability of the system.
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Comparison of Algal Biodiesel Production
Pathways Using Life Cycle Assessment
Tool

Anoop Singh and Stig Irving Olsen

Abstract The consideration of algal biomass in biodiesel production increased
very rapidly in the last decade. A life cycle assessment (LCA) study is presented to
compare six different biodiesel production pathways (three different harvesting
techniques, i.e., aluminum as flocculent, lime flocculent, and centrifugation, and
two different oil extraction methods, i.e., supercritical CO2 (sCO2) and press and
co-solvent extraction). The cultivation of Nannochloropsis sp. considered in a flat-
panel photobioreactor (FPPBR). These algal biodiesel production systems were
compared with the conventional diesel in a EURO 5 passenger car used for
transport purpose (functional unit 1 person km (pkm). The algal biodiesel pro-
duction systems provide lesser impact (22–105 %) in comparison with conven-
tional diesel. Impacts of algal biodiesel on climate change were far better than
conventional diesel, but impacts on human health, ecosystem quality, and
resources were higher than the conventional diesel. This study recommends more
practical data at pilot-scale production plant with maximum utilization of by-
products generated during the production to produce a sustainable algal biodiesel.

1 Introduction

The production and utilization of algal biomass for biodiesel production is a
rapidly growing industry all over the world due to increasing crude oil prices,
import reliance, depletion of domestic petroleum resources, environmental

A. Singh (&) � S. I. Olsen
Department of Scientific and Industrial Research (DSIR), Ministry of Science and
Technology, Technology Bhawan, New Mehrauli Road, New Delhi 110016, India
e-mail: apsinghenv@gmail.com

S. I. Olsen
e-mail: siol@dtu.dk

A. Singh et al. (eds.), Life Cycle Assessment of Renewable Energy Sources,
Green Energy and Technology, DOI: 10.1007/978-1-4471-5364-1_7,
� Springer-Verlag London 2013

145



disasters, and national security concerns (Brentner et al. 2011). Alga is a very
promising source of biomass for bioenergy production as it sequesters a significant
quantity of carbon from atmosphere and industrial gases and is also very efficient
in utilizing the nutrients from industrial effluents and municipal wastewater (Singh
and Olsen 2011a; Singh et al. 2011a, b).

Algae represent a vast variety of photosynthetic species populating in diverse
environments (Nigam and Singh 2011; Mata et al. 2010), and they might be
autotrophic or heterotrophic in nature (John et al. 2011). Using only sunlight and
abundant and freely available raw materials (e.g., CO2 from atmosphere/flue gas
and nutrients from wastewater), algae can synthesize and accumulate large
quantities of lipids and carbohydrates along with other valuable co-products (e.g.,
astaxanthin, omega-3 fatty acids) (Subhadra and Edwards 2010; Singh et al. 2011c,
2012). Like other biomass, algal biomass is also a carbon-neutral source for the
production of bioenergy (Singh and Olsen 2011b). Thus, algae can play a major
role in the treatment/utilization of wastewater and reduce the environmental
impact and disposal problems. They can also be grown on saline/coastal seawater
and on non-agricultural lands (Hu et al. 2008; Melis and Happe 2001). Recent
research initiatives have proven that microalgae biomass appears to be one of the
promising sources of renewable biodiesel, which is capable of meeting the global
energy demand and displaces the fossil diesel without compromising with pro-
duction of food, fodder, and other products derived from crops (Singh et al.
2011b). Microalgae grow extremely rapidly and many are exceedingly rich in oil.
Microalgae commonly double their biomass within 24 h. Biomass doubling times
during exponential growth are commonly as short as 3.5 h (Chisti 2007). Oil
content in microalgae can exceed 80 % by weight of dry biomass (Metting 1996;
Spolaore et al. 2006).

Life cycle assessment (LCA) has in recent years been the method of choice for
environmental assessment of various kinds of new technologies for bioenergy and
carbon sequestration. LCA is a universally accepted approach of determining the
environmental consequences of a particular product over its entire production
cycle (Korres et al. 2010; Pant et al. 2011). The LCA of biofuels is the key to
observe their sustainability (Singh and Olsen 2012). Yang et al. (2011) examined
the life cycle of water and nutrients usage of microalgae-based biodiesel pro-
duction. This study quantified the water footprint and nutrient usages during
microalgae biodiesel production. The results indicated that using seawater or
wastewater can reduce the life cycle of freshwater usage by as much as 90 %. They
also reported that utilization of sea/wastewater for algal culture can reduce
nitrogen usage by 94 % and eliminate the need for potassium, magnesium, and
sulfur. An analysis of the energy life cycle for production of microalgal biomass of
Nannochloropsis sp. was performed by Jorquera et al. (2010), which included
raceway ponds, tubular and flat-plate photobioreactors (PBRs) for algal cultiva-
tion. They concluded that net energy ratio (NER) for ponds and flat-plate PBRs
could be raised significantly by selecting algal strains having higher lipid content.
Clarens et al. (2010) demonstrated the benefits of algae production coupled with
wastewater treatment and concluded that the use of wastewater effluent as pond
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medium could significantly reduce not only the need for chemical fertilizers and
their associated life cycle burdens but also the use of freshwater during algae
cultivation. Lardon et al. (2009) conducted an LCA study to analyze the potential
environmental impacts of biodiesel production from microalgae, and the outcome
of this study confirms the potential of microalgae as an energy source but high-
lights the imperative necessity of decreasing the energy and fertilizer consumption.

The present study is an effort to compare three harvesting technologies and two
oil extraction technologies involved in the production of algal biodiesel and
analyze the sustainability to use produced algal biodiesel in passenger cars in
comparison with fossil diesel.

2 Methodology

The study is conducted considering Danish conditions to cultivate algal biomass
and further processed for algal biodiesel production. In this study, six scenarios
were studied for Nannochloropsis sp. (Table 1).

2.1 Biodiesel Production Steps

The production process is divided into four steps, i.e., reactor design, biomass
cultivation, harvesting, and oil extraction and trans-esterification.

2.1.1 Bioreactor Design

The FPPBR is made up of LDPE sheet, and steel is considered for cultivation of
algal biomass as Ugwu et al. (2008) reviewed various algal cultivation systems and

Table 1 Description of different algal biodiesel production scenarios compared

Algal biodiesel production scenarios Abbreviation

Algal biodiesel production using Al flocculent
and sCO2 extraction and esterification method

AB1

Algal biodiesel production using Al flocculent
and press and co-solvent oil extraction and esterification method

AB2

Algal biodiesel production using centrifugation
and sCO2 extraction and esterification method

AB3

Algal biodiesel production using centrifugation and press
and co-solvent oil extraction and esterification method

AB4

Algal biodiesel production using lime flocculent
and sCO2 extraction and esterification method

AB5

Algal biodiesel production using lime flocculent
and press and co-solvent oil extraction and esterification method

AB6
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found that FPPBR is the most advantageous system compared to others with lesser
limitations. Wegeberg and Felby (2010) from University of Copenhagen in a
report made for DONG Energy also stated that FPPBR is the most suitable pho-
tobioreactor for Danish conditions. The size of bioreactor considered was
2.5 9 1.5 9 0.07 m, similar to Brentner et al. (Brentner et al. (2011)), 90 %
volume of the reactor was considered as working volume, and 1.5 m distance
between one row of FPPBR and another was considered.

2.1.2 Cultivation

The seawater and CO2 from cement industry were considered for cultivation of
algae. The transportation of seawater and CO2 was deemed by pipelines. Nitrogen
and phosphorus were supplied by ammonium nitrate and monocalcium phosphate,
respectively. Transport of material (100 km) to the field was considered by 40 t
truck, and electricity was supplied from the grid. The productivity of Nanno-
chloropsis sp. was reported in the range of 0.24–1.7 g/l/d (Jorquera et al. 2010;
Chiu et al. 2009; Richmond and Cheng-Wu 2001; Zou and Richmond 1990;
Zittelli et al. 1999). Biomass productivity in this study was considered as 0.73 g/l/
d, lower than the average of the range of biomass productivity (0.97 g/l/d) and
similar to outdoor productivity (0.73 g/l/d) reported by Zittelli et al. (1999).

2.1.3 Harvesting

Harvesting of algal biomass was considered by three different techniques, i.e.,
centrifugation, flocculation with lime, and flocculation with aluminum, in different
scenarios. The efficiency of all techniques was assumed to be 95 %, similar to
Brentner et al. (2011). Grid electricity was taken for electricity supply.

2.1.4 Oil Extraction and Trans-esterification

Oil extraction from algal biomass is the least developed area in the algal biodiesel
production technology. In the present study, the biodiesel conversion from the
biomass was considered by two different techniques. One was pressing followed
by solvent extraction (using recovered and recycled hexane), followed by trans-
esterification. Another technique was supercritical CO2 (sCO2) extraction, which
avoids the use of organic solvents, followed by trans-esterification. Danish average
grid electricity and district heat were used to supply electricity and heat. Oil
content of Nannochloropsis sp. was reported in the range of 20–60 % dry mass
basis (Sierra et al. 2008; Rodolfi et al. 2009; Chiu et al. 2009; Jorquera et al.,
2010). 29.6 % oil content was considered in this study because most of the
researcher reported the same (Jorquera et al. 2010; Chiu et al. 2009; Sierra et al.
2008).
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2.2 Life Cycle Assessment

The LCA was conducted by using SimaPro 7.2.3 software and ecoinvent 2.0
database. The cradle-to-grave system was adopted to analyze different scenarios of
algal biodiesel production system.

2.2.1 Goal and Scope

The goal of the study was to evaluate options for harvesting and oil extraction of
algal biomass in the biodiesel production and to identify the most sustainable algal
biodiesel production pathway. The system was modeled using literature data and
communications with scientists working in the area of algal biomass cultivation
and biodiesel production. Robust operational data were not included as there are
relatively very few facilities (even at pilot scale) available round the world. Thus,
documentation of most of the modeled process reflects laboratory-scale opera-
tional data. The key assumptions used in this study are presented in the Table 2.

2.2.2 Functional Unit

The functional unit used in the study is 1 person km (pkm). During the different
steps, reference flows change between 1 t algal biomass during cultivation step, 1 t
biodiesel during biodiesel step, and 1 pkm for comparing algal biodiesel with
fossil diesel.

2.2.3 Reference System

The EURO 5 passenger car running on diesel is used as reference system to
compare the impacts of algal biodiesel use for transport with EURO 5 passenger
car.

2.2.4 System Boundary

The algal biodiesel production system considered in this study included biomass
cultivation, harvesting, oil extraction, trans-esterification, and biodiesel use in
EURO 5 passenger car. This system does not include the potential use of
co-product and/or by-product. The material used in the construction of FPPBR was
considered inside the system boundaries, while the productions of other machin-
ery/buildings were out of the system boundaries. Allocation of impacts on
co-product/by-products was also not considered; hence, all impacts were allocated
to the biodiesel.
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2.2.5 Sensitivity Analysis

The sensitivity analysis was conducted with higher oil content of algal biomass
(i.e., 60 %), reported by Rodolfi et al. (2009), and this oil content can be obtained
in Nannochloropsis sp. by creating N stress at the adequate time of biomass
cultivation.

3 Results and Discussion

Impact assessment of all scenarios was made using Impact 2002+ method in
SimaPro 7.3.2. The impact categories considered in the present study include
human health, ecosystem quality, climate change, and resources. These impact
categories are further subdivided into carcinogens, non-carcinogens, respiratory
inorganics, ionizing radiation, ozone layer depletion, aquatic ecotoxicity, terres-
trial ecotoxicity, respiratory organics, terrestrial acid/nutrient, land occupation,
global warming, non-renewable energy, and mineral extraction. The network of all
scenarios is presented in Figs. 1, 2, 3, 4, 5, and 6. The scenarios considering the
press and co-solvent oil extraction perform better than sCO2 for oil extraction.
Among the harvesting techniques, lime flocculation showed best results, followed
by centrifugation and aluminum flocculent techniques. The press and co-solvent
method might be better than sCO2 due to lesser requirement of electricity in
comparison with sCO2 technique. Centrifugation technique required about 10
times higher electricity demand than the flocculation techniques. Aluminum pro-
duction might involve higher energy input than the lime production, which
resulted in a higher impact harvesting technique.

The comparison results of passenger car running with algal biodiesel produced
in different scenarios and fossil diesel are presented in Figs. 7, 8, 9, 10, and 11.
The characterization results depicted that algal biodiesel provides very high sav-
ings of GHG in comparison with diesel, while other impacts (carcinogens, non-
carcinogens, respiratory inorganics and organics, ionizing radiation, mineral
extraction, etc.) were higher in algal biodiesel produced in all scenarios in com-
parison with fossil diesel (Fig. 7). The higher reduction in global warming caused
by the uptake of CO2 during growth of algae makes algal biodiesel superior to the
fossil diesel. Impact on mineral extraction was very high in the scenarios of
aluminum flocculent used for harvesting (Fig. 7), because of the use of aluminum
in the scenarios that require mineral extraction. Impact on non-renewable energy
and aquatic eutrophication was also high in algal biodiesel scenarios than in fossil
diesel ones (Fig. 7) and this might be due to higher chemical, electricity and heat
demand during cultivation and conversion steps of algal biodiesel production.

Damage assessment of the study showed savings in climate change impact with
the algal biodiesel in comparison with the fossil diesel. Human health, ecosystem
quality, and resources get higher impacts with the use of algal biodiesel in
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Fig. 1 Network of algal biodiesel production using aluminum flocculent for harvesting and sCO2

for oil extraction (scenario AB1) for single score impact assessment (Green sankey represents
positive impact, and Red sankey represents negative impact)
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Fig. 2 Network of algal biodiesel production using aluminum flocculent for harvesting and press
and co-solvent for oil extraction (scenario AB2) for single score impact assessment (Green
sankey represents positive impact, and Red sankey represents negative impact)
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Fig. 3 Network of algal biodiesel production using centrifugation for harvesting and sCO2 for
oil extraction (scenario AB3) for single score impact assessment (Green sankey represents
positive impact, and Red sankey represents negative impact)

Comparison of Algal Biodiesel Production Pathways 155



Fig. 4 Network of algal biodiesel production using centrifugation for harvesting and press and
co-solvent oil extraction (scenario AB4) for single score impact assessment (Green sankey
represents positive impact, and Red sankey represents negative impact)
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Fig. 5 Network of algal biodiesel production using lime flocculent for harvesting and sCO2 for
oil extraction (scenario AB5) for single score impact assessment (Green sankey represents
positive impact, and Red sankey represents negative impact)
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Fig. 6 Network of algal biodiesel production using lime flocculent for harvesting and press and
co-solvent oil extraction (scenario AB6) for single score impact assessment (Green sankey
represents positive impact, and Red sankey represents negative impact)
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passenger car than fossil ones (Fig. 8). Similar results were recorded for nor-
malization (Fig. 9).

The results of single score per impact category are presented in Fig. 10. The
comparison results clearly showed a positive impact of algal biodiesel use in
passenger car on global warming as it provides savings of about 397–532 % in
comparison with fossil diesel. About 18 times higher impacts were recorded on
mineral extraction in case of aluminum flocculation harvesting scenarios than
fossil diesel and about 1.5 times in centrifugation harvesting scenarios and about
1.7 times in lime flocculation scenarios. The different oil extraction techniques had
not showed any significant difference in impacts on mineral extraction. Impacts on
land occupation were about 44–54 % higher in algal biodiesel scenarios in com-
parison with fossil diesel. The total impact of all categories was positive for the use
of algal biodiesel in passenger car. Results showed about 22–105 % reduction in
total impacts by using algal biodiesel in passenger car in comparison with fossil
diesel (Fig. 10).

Scenarios with press and co-solvent oil extraction showed better savings than
the sCO2 oil extraction scenarios. Lime flocculation harvesting with press and

Fig. 7 Characterization of various impacts for all scenarios algal biodiesel and fossil diesel
EURO 5 passenger car
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co-solvent oil extraction provides maximum saving of total impacts compared to
other algal biodiesel scenarios (Fig. 10). Single score impacts on human health,
ecosystem quality, and resources were higher in algal biofuel scenarios, while
impacts on climate change were negative in all algal biodiesel scenarios in
comparison with fossil diesel (Fig. 11). Impacts on human health were higher in

Fig. 9 Normalization of various impact categories for all scenarios algal biodiesel and fossil
diesel EURO 5 passenger car

Fig. 8 Damage assessment of various impacts for all scenarios algal biodiesel and fossil diesel
EURO 5 passenger car
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scenarios with press and co-solvent oil extraction than sCO2 oil extraction, while
impacts on ecosystem quality, and resources were higher in sCO2 oil extraction
process in comparison with press and co-solvent oil extraction scenarios. The
higher impacts on human health in press and co-solvent oil extraction scenarios
might be due to the use of solvent in oil extraction. Impacts of different harvesting
techniques showed similar trend on human health and resources, maximum with
aluminum flocculation, followed by centrifugation and lime flocculation. Centri-
fugation harvesting technique provides higher impact on ecosystem quality, while
aluminum and lime flocculation techniques provide about similar impacts
(Fig. 11).

The sensitivity analysis was conducted by increasing the oil content in algal
biomass from 29.6 to 60 %, and results of sensitivity analysis are presented in
Tables 3, 4, 5, and 6. The increase in oil content reduces the impacts on various
categories and decreases the savings of global warming potential of algal biodiesel
(Table 3). The savings on climate change decreased to 257 from 531 %. This
might be due to less biomass necessitates less uptake of CO2, higher consumption

Fig. 10 Percentage difference of single score impact per impact category for EURO 5 passenger
car running on algal biodiesel produced in different scenarios in reference to fossil diesel
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of chemicals, electricity and heat for oil extraction and trans-esterification. In the
sensitivity analysis, algal biodiesel production with press and co-solvent oil
extraction showed savings on total impacts in comparison with fossil diesel
(Table 6).

The results of present investigation showed that harvesting with lime floccu-
lation and press and co-solvent oil extraction scenarios of algal biodiesel pro-
duction provides maximum savings on total impacts. Frank et al. (2012) also
reported a saving on GHG emissions from the use of algal biodiesel in comparison
with low-sulfur petroleum diesel. Brentner et al. (2011) concluded that cultivation
of algal biomass in FPPBR, harvesting with chitosan flocculation, and supercritical
methanol process for oil extraction and trans-esterification along with anaerobic
digestion and nutrient recycling reduce energy demand and eutrophication along
with reductions in water and land use. Batan et al. (2010) also reported a saving of
75 g CO2eq emissions per MJ of energy produced in a well-to-tank study of
microalgal biodiesel production. The scenarios in this study also provide GHG
savings over fossil diesel, but they are not better in terms of impacts on human
health, ecosystem quality, and resources. To make the model more feasible there is
need of more realistic commercial scale data and need to compare more scenarios
of different cultivation, harvesting, oil extraction and trans-esterification tech-
niques also need to expand the system boundaries to include utilization of co-
products and by-products.

Fig. 11 Percentage difference of single score of various impact categories for EURO 5
passenger car running with algal biodiesel produced in different scenarios in relation to fossil
diesel
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4 Conclusion

The algal biodiesel could be a better option to replace the fossil diesel, but to make
any policy for the algal biodiesel, there is a need for more in-depth analysis with
multiple scenarios and more realistic data, at least pilot-scale data required to draw
any solid recommendation. The impacts of algal biodiesel production could be
minimized by utilization of co-products and by-products generated during various
steps, within the system.
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Sustainability of (H2 1 CH4)
by Anaerobic Digestion via EROI
Approach and LCA Evaluations

B. Ruggeri, S. Sanfilippo and T. Tommasi

Abstract The contents of this Chapter focus on the theoretical sustainable energy
approach and its application to hydrogen and methane production, on the basis of
results obtained from experimental tests on the Anaerobic Digestion (AD) tech-
nology. The evaluation of sustainability is pursued through the life cycle assessment
(LCA), energy return on investment (EROI) and energy payback time (EPT)
approaches. The EROI and EPT parameters are defined and applied to score the
sustainability of the H2/CH4 energy carrier. The evaluation of the indirect energy
following a life cycle assessment is consistent for the sustainability analysis. The
sustainability of AD technology strongly depends on the reactor diameter: for values
lower than 1 m the technology is not able to sustain the well-being of the society; the
effect of the insulating material as well as the labor could be very important, and in
this respect, thus, a sensitivity analysis on the sustainability is reported.

1 Introduction

The present energy crisis together with environmental issues, such as global
warming, has persuaded men to search new energy sources (Balat 2008). Different
renewable sources are now being exploited. Energy crops, wind power, water
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power, solar energy, and organic refuse from the food chain could offer possible
solutions (Angenent et al. 2004).

However, we believe that it is also important to introduce the concept of energy
service, here intended as the amount of energy required by the end-user as useful
energy, i.e., the energy necessary to support human life, as outlined in Fig. 1.
Surplus energy flowing from each block in Fig. 1 depends from the technology
used, and it is of primary importance for society. Wealth, survival, art, army, and
even civilization itself is a product of surplus energy. The interplay of how much,
what kind (quality), and at what rate the energy is delivered determines the useful
energy. It gives the ability to the society to divert attention from life-sustaining
needs toward luxuries, such as art and scholarships including research and inno-
vation for the exploitation of different energy sources.

Among the primary energy sources, organic waste material (Evans 2001) is
approximately 60 % of daily refuse production. The technology pallet to use
organic waste ranges from biological processes (Pfeffer and Lieman 1976) to
thermal methods, such as gasification, pyrolysis, and incineration (Guéhenneux
et al. 2005) including the direct conversion of organic matter into electrical energy
through the use of Microbial Fuel Cell (Tommasi et al. 2012; Logan 2008;
Aelterman et al. 2006) as reported in Fig. 2.

Taking in mind Fig. 2, in order to select the most appropriate technology, it is
necessary to establish which criteria should be used to valorize the sources
(Sentimenti and Biorgi 2006). In this context, economic criteria on their own
appear to be inappropriate, because data can easily be manipulated according to
the working hypothesis and the conclusions might not be completely reliable
(Cleveland et al. 1984). Economists argue that the price of a technology or a fuel

Fig. 1 General layout of energy flow
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automatically captures all the relevant features, but in a finite resource scenario,
this at least appears to be questionable. The life cycle assessment (LCA) (SETAC
1993), which takes into account all the aspects of such a technology (e.g., envi-
ronmental impact, safety, toxicity, energy use, and social issues together with
economics), is an alternative to a conventional economic analysis. One of the
difficulties of selecting a technology is the need to measure the sustainability level
of it.

To this aim, several approaches, ranging from a thermodynamic one (de Swan
et al. 2004) to a more industrial-oriented alternative (Apazagic and Perdam 2000;
De Simone and Popoff 1997), have been put forward in recent years to evaluate the
sustainability (Azapagic 1999; Laws et al. 1984). Hall et al. (2009) with reference
to energy sustainability, proposed that the most appropriate way to judge the
relative merits of different energy sources is to evaluate the ratio between
the amount of energy produced and the energy needed to produce it, known as the
energy return on investment (EROI). EROI, in its simplest form, measures the
output energy at the point of production or ‘‘mine mouth’’ (Murphy et al. 2011).

Fig. 2 Technologies able to produce energy using Organic Wastes
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The evaluation of the EROI of such an energy source away from ‘‘mine mouth’’
needs to compute the energy consumed to deliver and to use it at the point of
energy utilization, and this causes a decrease in EROI. In order to have some idea
about this concept, it can be considered that the EROI for oil at ‘‘mine mouth’’ is
about 20: this means that for 1 unit of energy consumed for extraction from
reservoirs, well-head treatments and new exploration, 20 units of energy are
available to society. Hall et al. (2009) estimated that at the end-user level EROI
should be at least 10 to cover the needs of society/civilization to support an energy
service. The EROI for ethanol derived from maize was instead estimated to be at
best 1.3 (Cleveland and Costanza 2010) and according to some authors (Patzek
and Pimentel 2006; Patzek 2004) less than 1. This implies that maize-based eth-
anol requires some other energy source, subsidy for its production.

EPT is a related concept to EROI. It permits to score such technology against
the time parameter. It is the time necessary to the plant to produce the energy
necessary to rebuild the plant itself. The higher the EPT value, the lower the
annual rate of useful energy and hence lower the sustainability of the technology.
In other words, EPT is the time of the operational lifetime of the plant necessary to
reach the sustainability condition, i.e., the time in which the technology starts to
feed the society.

The methodology above recalled will be applied to evaluate the sustainability of
Anaerobic Digestion (AD) technology using food organic refuse (local marked
refuse) as a substrate to produce biohydrogen plus biomethane (Ruggeri et al.
2010). EROI will be evaluated using the net energy analysis (NEA) approach
(Cleveland and Costanza 2010) with the aim of comparing the amount of net
energy delivered to society at the numerator, with the total energy required to run
the plant as the indirect and amortization terms at the denominator. The terms
useful for the energy delivered to society and net for the energy produced minus
the direct energy spent to run the plant are used in this chapter.

A comparison with other energy technologies is shown. In order to inquire the
influence of some choices, different insulation materials are also compared, and
their impact on EROI and EPT is evaluated in this chapter.

2 Methodology

2.1 General Framework

According to the concept introduced by Röegen (1976), in order to have energy
sustainability of such an energy technology, it is necessary that the technology
must be vital. Like a biological system, an energy technology must be able to
produce at least a quantity of useful energy that is able to sustain itself in order to
sustain ‘‘others’’ energy service. It necessarily needs to use only a part of the
energy source for its operational necessities and reproduction, and the remaining
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part will be used to feed civilization in an appropriate form. In other words, a
technology is sustainable if produces a surplus energy as useful energy. Figure 3
reports a general picture of the energy terms involved in such technology in order
to extract a useful energy from an energy source.

The evaluation of useful energy offers several advantages over the standard
economic analysis (Röegen 1999): primarily, because it assesses the change in the
physical scarcity of energy resources, then because it is a measure of the potential
of such a technology to work in a sustainable way, and finally, because it is
possible to rank alternative energy supply technologies according to their capacity
to produce useful energy. In order to perform a useful energy analysis of such a
technology, it is necessary to evaluate the direct energy and, moreover, the indirect
energy required to produce it. Direct energy is the fuel or the electricity used
directly to run a plant while indirect energy refers to the energy used to produce
materials, to assemble parts of the plant (such as pumps, pipes, valves, etc.), to
produce chemicals and all the other consumables, plus the energy consumed to
produce fuels and electricity (Hammerschlag 2006). Amortization energy is the
energy necessary to rebuild the plant taking into account the recycling or reuse
options. Finally, it is important to take into account the energy used to sustain the
labor to operate the plant. In this context, it is important to state that the energy
terms need to be measured in a physical energetic unit; in some cases, the sum of
direct and indirect energy is named embodied energy (Cleveland and O’Connor
2011).

The sustainability of H2 ? CH4 produced by AD is investigated using a scale-
up procedure (Najafpour 2007) along the diameter. The energy produced as H2 and
CH4 is referred to their combustion enthalpies. The sustainability of the AD
technology is estimated by evaluating the EROI and EPT parameters.

2.2 Indices to Evaluate Sustainability of (H2 1 CH4) by AD

The energy assessment of a process by LCA approach involves the entire life cycle
of the process, including raw material extraction and processing, manufacturing of
the plant and its assembly, transportation, energy use for the operation of the plant,
such as electrical energy and heat, multiple use of the plant and recycling and/or
final disposal in the so-called decommissioning phase. Attention is here focused on
the technology term in order to evaluate the most suitable technology to convert a
source into an energy service in the most satisfactory sustainable way. This means
that the same energy service could be furnished by using different sources and/or
different technologies. Referring to Fig. 3, all included terms in the indirect energy
need to be considered. The indirect energy will be considered by using LCA
approach evaluating the global energy requirement (GER). The evaluation of the
maintenance, amortization, and decommission energy terms is specific for each
technology; in particular, the amortization term depends on lifetime of the
technology.
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Unlike other researchers in which EROI was used to evaluate the net energy of
such energy sources (Cleveland and O’Connor 2011; Guilford et al. 2011; Brand
2009), we used EROI and EPT to evaluate the sustainability of H2 ? CH4 pro-
duced by AD technology. The approach is quite similar, but some differences exist
linked to the useful energy. Numerically speaking, only an EROI [ 1 indicates a
sustainable process. It is important to consider also the EPT parameter: if a
technology has an EPT = 7 years and its operation lifetime is around 20 years,
with a construction time of 2 years, the first energy unit able to support the energy
service of the society will be available after 9 years, even if the technology has an
EROI [ 1.

2.3 EROI and EPT Tools

EROI is the ratio between the total amount of net energy delivered to society by a
technology during its working lifetime and the amount of total indirectly energy in

Fig. 3 Energy terms involved in an energy technology
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such process to produce energy (Murphy et al. 2011). It is a ratio between two
energy quantities and is therefore dimensionless. In mathematical terms, EROI is:

EROI ¼ TNEP=TIES ð1Þ

TNEP is an acronym for Total Net Energy Produced: it represents the energy
generated minus the direct energy necessary to run the plant itself. Direct energy,
in general terms, is the electrical energy which should be produced in loco or taken
from the grid and fuel (solid, liquid, or gas) to produce heat. According to Murphy
et al. (2011), TIES is the Total Indirect Energy Spent elsewhere in the economy for
the construction of the plant and for its operation. It includes the following
energies: to produce the plant sections (vessel, pumps, valves, etc.), to produce the
consumables, to prepare the site, to assemble the plant, to replace parts or to
upgrade and, finally, to spend the energy for decommissioning. In addition, as
indirect energy, we have to take into account the energy used to support the labor
force in charge to the plant and the amortization energy as reported in Fig. 3.

It is important to point out that EROI should not to be confused with energy
efficiency conversion, which is well depicted by First and Second Laws of classical
thermodynamics, i.e., going from one form of energy to another one, such as
upgrading oil in a refinery or converting diesel oil to electricity. EROI is only
loosely related, at least in the short term, to the concept of return of monetary
investment, but this aspect has not been considered in the present chapter. In the
present case, the ‘‘energy source’’ refers to the organic refuse produced along the
alimentary chain which is considered renewable and present in the world as long as
the Humanity will exist.

A mathematical formula for EPT is:

EPT ¼ TIES= TNEP=tdð Þ ð2Þ

TNEP and TIES have the same meaning as that of EROI; td is the facility’s
operation time.

Straight lines are usually used in the a priori estimation of EPT. For the
evaluation of EPT, we have considered all the indirect energy including the
amortization term, as spent during the construction time. Different assumptions
can be made depending on the technology under study.

2.4 Spatial Boundaries

The selection of appropriate boundary conditions is a fundamental point in a
sustainability analysis. The use of different boundaries in fact means using dif-
ferent inputs or outputs of the system under study and incomparable results could
be generated (Murphy et al. 2011). In the present analysis, we adopted the LCA
methodology to define the boundaries of the system. This methodology includes
all the operations necessary to run a plant, from the introduction of the refuse till to
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the production of the biogas, as reported in the dashed area of Fig. 4. We have
excluded the organic waste stock tank from the analysis, because it is independent
of the technology used to valorize the refuse. The gas up-grading unit has also
been excluded because it depends on the use of the gas and could be different
(Ryckebosch et al. 2011); the biogas could be used to produce heat, electricity or
as fuel for transportation purposes.

Referring to the layout of energy flow reported in Fig. 1, the present analysis
concerns the sustainability evaluation of the AD technology as producer of an
intermediary energy carrier such as (H2 ? CH4) biogas as one of several candidate
technologies as shown in Fig. 2. In EROI terms, the AD technology is equivalent
to ‘‘mine mouth’’ for fossil sources. Bottom-up approach was used for the energy
estimation of the technology along with a detailed process analysis to evaluate the
input–output quantities. We decided to go ahead in this manner, which is different
from an up-down approach (Carniege-Mellon 2009), because the scope was to
analyze and compare different technologies in order to select the most energy
sustainable one, and these technologies in many cases are still at an ‘‘infancy’’ or
developing stage, and it is therefore difficult to find overall data on the technology.

2.5 Time Boundaries

Regarding the time boundary of the technology, we selected 15 years, with 300
working days per year as operational time of the plant. During this period, the
generated energy as H2 ? CH4 and all the spent energy were computed. We
considered that 4 months were necessary for the site preparation and plant

ORGANIC 
WASTE 

1st

reactorPre-treatments
UNIT

2nd

reactor

CO2

H2

CO2

CH4

Gas 
up-grade 

UNIT

H2 +CO2

CH4+CO2

Digestate
treatment

DIGESTION UNIT

Fig. 4 Schematic view of the process involved in AD technology. The AD stages taken into
consideration for the EROI Analysis are shown inside the block: pretreatment unit and digestion
unit (two stages in series for the production of biohydrogen and biomethane, respectively)
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installation and 2 months for the decommissioning. We adopted the GER
(Franzese et al. 2009), considering all the energy necessary to produce the
materials, including the cost for the production of energy necessary to transform
the raw material into goods (a pump for example), following the well consolidated
methodology used in LCA. The organic refuse as an energy source was considered
at its ‘‘natural state,’’ which means that it only contains the low heating value
(LHV) as the energy value, without any energy expenditure, for transport to the
plant. This means that the plant is considered to be located in proximity of the
point of generation of the refuse, as occurs in practice. As far as the direct energy
necessary to run the plant as electricity and heat were concerned as internal (to the
dashed boundaries of Fig. 4) by burning a produced quote of biogas. The indirect
energy cost to produce these quantities was computed considering two terms:
(1) the efficiency of an internal combustion engine and that of a heat exchanger,
because we considered at the end of each fermentation cycle the recovery of the
50 % of the enthalpy contained in the broth; (2) the GER of the materials to
construct the internal engine and the heat exchanger via computing their weight by
commercial catalogs. As far as the energy spent for the maintenance of the plant,
we have considered an energy cost of 15 % of the energy spent to build the plant.
This means that some of the pumps, valves, piping, sensors, etc. were substituted
during the operational time (Energy Business Report 2008). The energy amorti-
zation of the plant was evaluated as the initial GER of the materials and the energy
cost for the installation of the plant, this value was distributed over the operational
time of the facility. We have considered the consumption of sodium hydroxide and
water as chemicals. The conversion into energy unit, in this case too, was made
using GER.

2.6 Labor

The labor energy consumption deserves particular attention. It can be separated
into three components: (1) the caloric value of food for the biological support of
life; (2) both direct and indirect energy consumption necessary to produce,
transport, conserve, and prepare food; (3) all the other direct and indirect forms of
energy consumption linked to daily activities (clothing, appliances, fuel for
transportation from the house to the factory, etc.). The energy spent on labor is
intrinsically difficult to evaluate, in particular as far as the last contribution is
concerned (Brown and Herendeen 1996; Cleveland and Costanza 2010). Gener-
ally, the labor contribution is often disregarded, but it could be of utmost
importance when comparing different labor versus capital intensive technologies,
for example, gasification versus energy crop cultivation. Considering the third
term, some errors are introduced and it could be evaluated as pro-capita energy
consumption of the Nation. Using the pro-capita energy, a false energy charge is
calculated, either in the case the nation produces the plant or imports it: higher in
the first case and lower in the second one, respectively. The pro-capita energy
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consumption depends to a great extend on the salary of the workers operating in
the plant, and this can introduce a false energy charge on the technology under
study. For all these reasons, only the energy spent to sustain labor as food was
considered, via a dietary evaluation by LCA approach (Sanfilippo and Ruggeri
2009). The AD is not a labor-intensive technology, and hence, only one worker
was considered necessary to run the plant, regardless of the plant dimensions.
Finally, all the energy fluxes crossing the boundaries of the system were consid-
ered diameter dependent, and it has been used as scale-up parameter in scaling
procedure.

3 Sustainability of Anaerobic Digestion

3.1 Introduction to the Anaerobic Digestion Process

AD is a naturally occurring decomposition process, by which organic matter is
broken down to its simplest chemical components under anaerobic conditions.
This process can be very useful to treat organic waste such as: sewage sludge,
organic farm wastes, municipal liquid/solid wastes, green/botanical wastes as well
as organic industrial and food commercial wastes.

The overall of anaerobic digestion process can be schematically divided into 4
sections, as shown in Fig. 4: pretreatment, digestion, gas upgrading, and digestate
treatments. The key point is the digestion unit, which can work at different con-
ditions, e.g., pH, temperature and hydraulic retention time and one or more stages.

Before being digested, the feedstock has to be pretreated. Various types of
pretreatment can be adopted depending on the feedstock; the addition of water or
on towing away undesirable materials such as large items and inert materials (e.g.,
plastic, glass, and metals) to allow a better digestate quality are generally applied.
A more efficient digestion and higher energy production are obtained by means of
acid or base as well as thermal pretreatments (Kim et al. 2009; Wang and Wan
2008a; Yang et al. 2007; Mu et al. 2006; Chen et al. 2002). The digestion process
itself takes place in a digester, which can be classified in relation to the temper-
ature, the water content of the feedstock, the number of stages (single or multi-
stages and the type of biogas produced, that is methane or hydrogen (Ueno et al.
2007; Kraemer and Bagley 2005). During the natural anaerobic digestion process,
some bacteria convert the organic material present in the digester into hydrogen,
carbon dioxide, and water-soluble metabolites, such as ethanol, acetic, butyric, and
propionic acids (Tommasi 2011). These bacteria usually live in close proximity to
other bacteria that consume these metabolites, including hydrogen, and produce
final products such as methane and CO2. If the differences between hydrogen
forming bacteria HFB which produce H2 and hydrogen-consuming bacteria HCB
are known, it is possible to design a 2-stage operation condition process
(Lakaniemi et al. 2011). The combination of multistage processes with the
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production of two high-value gases, such as hydrogen and methane, is a solution
which leads to several energy and environmental advantages: two separate fluxes
of high-energy value gas (H2 and CH4), optimization of the AD process for the
treatment of refuse and its control (Monnet 2003). The produced biogas (CH4 and/
or H2) can be used to create a source of income: biogas can be upgraded removing
carbon dioxide and water vapor, and then, for example, used in a cogeneration unit
as combined heat and power (CHP) to produce electricity and heat. The digestate
either liquid or solid can instead be used as a fertilizer, or further processed into
compost or high-value products, as bioproducts, e.g., acetic and butyric acids
(Angenent et al. 2004).

3.1.1 Hydrogen and Methane Production in Two-Steps AD

Anaerobic digestion, from a biological point of view, is a multistep process that
involves the action of various microbial species (Lyberatos and Skiadas 1999).
Usually, such a process contains a particular step, the so-called rate-limiting step,
which, being the slowest, limits the rate of the overall process (Hill 1977).
However, the limiting step is not always the same over a wide range of operating
conditions. It depends on the waste characteristics, hydraulic retention time,
temperature, and many others (Speece 1983). The two-steps AD process is a
process in which hydrogen and methane are produced in two separate bioreactors
through the separation of hydrogen forming bacteria from methane forming bac-
teria (Tommasi 2011; Gómez et al. 2011) working in different conditions such as
pH and hydraulic retention time. This partition, optimizing the fermentation pro-
cess, permits the production of two high-value gases by splitting acetogenesis from
methanogenesis and increases the overall energy production (89 %) compared
with one-step processes (only hydrogen production*33 %, only methane pro-
duction *84 %) as can be seen in Table 1.

Table 1 Stoichiometric energy efficiency of the reaction involved in H2 and CH4 production
from AD with respect to the energy contained in 1 mol of glucose

Theoretical reaction involved in two-stage AD process Energy yield (kJ/mol glucose)

H2 CH4 Total Comparison
(%)

Energy content in glucose – – 2,872 100
Theoretical maximum H2 yield

C6H12O6 ? 6H20 ? 12H2 ? 6CO2

2,870.4 – 2,870.4 99.9

Maximum H2 yield from acidogenesis (1st step)
C6H12O6 ? 2H2O ? 4H2 ? 2CO2 ? 2CH3COOH

956.8 – 965.8 33.3

Maximum CH4 yield from standard AD
C6H12O6 ? 3CH4 ? 3CO2

– 2,400 2,400 83.3

Maximum yield from two-steps (H2 ? CH4)
C6H12O6 ? 2H2O ? 4H2 ? 2CH4 ? 4CO2

956.8 1,600 2,556.8 89
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For a sustainable energy point of view, it is necessary to energetically valorize
the volatile fatty acids (VFAs) and other residue compounds present at the end of
the first anaerobic step, which produces H2 and VFAs as acetogenic fermentation.
This valorization also permits the waste materials to be degraded as much as
possible; the most adequate way is to use VFAs as a substrate for metanogenes to
produce methane.

The energy analysis can be applied for only the H2 or CH4 production or for
both AD processes in series to produce H2 and CH4, respectively.

The results of these analyses show that the net energy balance of a bioreactor
producing H2 in almost all conditions is never in the positive range (Ruggeri et al.
2010). On the contrary, two-steps (H2 plus CH4) in series show an increase in the
produced energy and, consequently, the net energy balance becomes positive. In
fact, from a thermodynamic point of view, during H2-fermentation from glucose,
only one-third of the energy available is converted to H2, the other two-third
remains occluded in the form of fatty acids. Therefore, one can obtain a positive
net energy balance from an energy valorization of the end-liquid metabolites that
accompany the H2 production, due to the increment in the energy production.
Temperature and pH play an important role on fermentative hydrogen production.
Many studies (Akutzu et al. 2009; Wang and Wan 2008b; Mu et al. 2006; Zhang
and Shen 2006; Nath and Das 2004; Hawkes et al. 2002; Lee et al. 2006) have
shown that, in an appropriate range, increasing the temperature can increase the
ability of hydrogen forming bacteria and archea bacteria to produce hydrogen and
methane, during fermentation. Temperature is the most important parameter, from
an energetic point of view, because it influences not only the energy produced, but
also the energy necessary to run the bioreactor. Therefore, the temperature is the
key parameter in the net energy balance of the technology. The present sustain-
ability analysis of the AD of organic refuse is based on results experimentally
evaluated by conducting test runs with market refuse pretreated with 2N NaOH at
pH = 12 for 24 h (Bettoli 2010).

3.2 Net Energy Production in Anaerobic Digestion Process

The net energy produced in an anaerobic digestion process is the difference
between the energy produced in the form of biofuels (H2 and/or CH4) and the
direct energy used to run and maintain the system. The production of renewable
energy (e.g., biofuels) in fact requires energy expenditure, as any other process.
Pretreatment units also represent an expensive energy cost. To perform the energy
balance in the present case, all the energy quantities have been evaluated in energy
units per unit volume of bioreactor (MJ/L). Many factors can influence the net
energy balance of anaerobic digestion such as the type of feedstock, environ-
mental, geographical, and operational conditions.

In order to calculate the net energy, it is necessary to consider the energy
balance of the anaerobic bioreactor, including the thermal and the electrical energy
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necessary to run the bioreactor. A detailed analysis of the net energy production of
two-steps AD can be found in (Ruggeri et al. 2010) and only a brief introduction is
given here. The net energy production Enet may be calculated as:

Enet ¼ EH2 þ CH4 � Eh þ Ehp þ El þ Em þ Ep

� �
ð3Þ

where

EH2+CH4 is the energy produced (MJ/L)
Eh is the heating energy necessary to reach the working temperature (MJ/

L)
Ehp is the heating energy necessary to reach the pretreatment temperature

(MJ/L) if a thermal pretreatment is present
El is the thermal energy loss, which depends on the outdoor ambient

temperature and the duration of the fermentation (MJ/L)
Em is the electrical energy consumed for mixing (MJ/L) if a mixing system

is present
Ep is the electrical energy consumed for pumping (MJ/L)

The calculation of the net energy production requires the evaluation of the heat
necessary to pretreat the organic refuse and the heat needed to keep the system at
the working temperature. The heat required to keep the fermenting broth at the
working temperature (Tw) is the sum of the heat necessary to warm up the feeding
biomass from the ambient outdoor temperature (Ta) to Tw and the heat lost from
the digester walls, which depends on the geography of the plant location, seasonal
variations and obviously on the night/day oscillations. Figure 5 offers an overall
view on the energies involved in the balance of an AD reactor, which is valid
either in the case of producing H2 or CH4.

The energy balance of full-scale AD should be conducted in order to evaluate
the quantity of net energy produced from a carbonaceous substrate as a function
of two parameters, namely working temperature and the diameter of bioreactor.
In the following sections, each term of Eq. (3) will be explained.

Emixing
Eproduction

Epump

Eloss
Eheating

Fig. 5 Global view on the
energies involved in the
balance of an AD reactor
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3.2.1 Energy Production

The produced energy is the total energy embedded in the produced gas, i.e., the
energy contained in the amount of hydrogen and/or methane retrieved from a
single batch run, with reference to the reactor volume and it can be calculated as:

Eproduced ¼ F � PH2 Twð Þ � HH2 þ PCH4 Twð Þ � HCH4ð Þ ð4Þ

where

PH2 (Tw) and PCH4 (Tw) are the specific productions of H2 and CH4, respec-
tively, and refer to the amount of gas produced during
a single-batch run. They are expressed as Nm3 of
H2/CH4 per unit of fermenting broth, which depends
strongly on the working temperature.

HH2 and HCH4 are the LHV (10.8 and 36.18 MJ/Nm3, respectively)
F is the filling coefficient of the reactor, which is usually

equal to 90 % of the available volume.

3.2.2 Heating Energy

The energy required to warm up the fermenting broth mainly depends on its
specific heat, the difference between the outdoor ambient and the working tem-
perature of the bioreactor, and the efficiency of the heating system. The heating
energy per unit volume of bioreactor can be calculated as follows:

Eh ¼ ðq � cp � DT � FÞ =g ð5Þ

where

q is the biomass density (kg/m3)
cp is the specific value of fermenting broth heat (kcal kg-1 �C-1)
DT = Tw - Ta according to the season (�C)
g is the global efficiency of the system to furnish heat taking into

account gcomb and gheat exc

q and cp have been considered equal to those of water. The difference between
the working temperature and the outdoor ambient DT was considered for different
seasonal conditions, i.e., summer and winter conditions. To calculate the global
efficiency of the warming system, a global combustion boiler efficiency was
considered g: combustion efficiency (gcomb & 0.8) and heat exchanger efficiency
(gheat exc & 0.6) were multiplied to obtain the global efficiency (g & 0.48) nec-
essary to furnish the heat required.
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3.2.3 Thermal Energy Loss

The difference between the working temperature of the digester Tw and the per-
vading outdoor ambient temperature Ta is responsible for the heat loss from the
fermenting broth. The amount of energy lost should be supplied from such a
temperature control system and it depends on the insulation of the fermenting
broth, the surface area exposed to the ambient and the duration of the batch run.
The energy loss per unit volume of reactor can be calculated as follows:

El ¼ ð4:5 � k=s � Dt Twð Þ � DT=DÞ =g ð6Þ

where

k (Kcal h-1 m-1 �C-1) is the thermal conductivity of the digester walls (e.g.,
material such as concrete or steel, coupled with an
insulator, polystyrene foam, is an example)

s is the thickness of the reactor/insulating walls
Dt (Tw) is the total duration of fermentation (h)
DT = Tw - Ta according to the season (�C)
D is the diameter of reactor

The resistance to heat transport is here only considered for the insulating
material (k/s). This assumption leads to an overestimation of the insulator thick-
ness for the same energy loss. Some explanations are given here about the above
assumption. The heat flux from the bioreactor crosses three heat resistances in
series. Therefore, the global thermal resistance U-1 is:

U�1 ¼ 1=hi þ s=k þ 1=he ð7Þ

where hi and he are the internal and external convective heat transfers. A very thick
insulator leads a higher resistance, due to a series of phenomena (Rohsenaw and
Hartnett 1973) and both the convective coefficients, hi and he can be disregarded; the
situation graphically reported in Fig. 6 occurs, and hence, the controlling resistance
will be that of the insulator, in terms of thickness s and heat conductivity k.

Tw

Ta

s

hi

he

Fig. 6 Assumption used for
the evaluation of heat loss
across bioreactor wall
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The insulating material is responsible for the main influence in the energy
balance of AD for several reasons. It plays a particular role in limiting the heat loss
and, at the same time, it contributes as GER to the total indirect energy consumed
for construction materials. Insulating materials are solid and usually nonhomo-
geneous materials, characterized by a very low thermal conductivity value
k, mainly due to the air enclosed in the pores of the material itself. The value of the
coefficient of conductivity k [W/(m*K)] indicates the degree of ease with which a
material allows the transport of heat, through collisions at the molecular level
(Cocchi 1993). Thermophysical properties of some insulating materials are
reported in Table 7.

3.2.4 Electrical Energy

Apart from the minor energy necessary to control the whole system, the larger
quantity of electrical energy to run a bioreactor is consumed for mixing Em and
pumping Ep. A small energy input is necessary for Ep for pH control. Working in
batch mode, the electrical energy is spent for filling and empting the bioreactor by
a pump. In this case, it is possible to consider, as a first approximation, Ep * 0,
compared with the electrical energy consumed for the agitation, considering the
duration of the process of the order of weeks or months. However, Ep depends on
the electric power of the pump:

Ep ¼ Pwpump � Dt ð8Þ

The evaluation of the energy necessary to mix the fermenting broth could be
computed by applying a turbulence scale-up criteria, taking into account a constant
Reynolds number versus diameter. If one considers the constant ratio between the
diameter of the bioreactor and that of the impeller as a geometrical scale-up, the
following relations can be used to estimate the electrical power necessary to mix
the broth (Nagata 1975):

Re � N1D2
1 ¼ NDD2

D ð9Þ

PW ¼ ðPn � qÞ = ð8 � g � pÞ � N3
1 � D6

1 � D�4
D ð10Þ

where

1 and D are the bench scale and actual bioreactor, respectively
Pn is the power number and it can be evaluated by applying the procedure

reported in Bailey and Ollis (1986) considering the Re of the bench
scale bioreactor

Pw is the power required to have a defined Re in order to evaluate the
energy consumed for mixing

It is necessary to take into account the running time, which depends on Tw:

Em ¼ PW � Dt Twð Þ =gel ð11Þ
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An efficiency factor of electrical energy conversion into mixing energy equal to
0.75 was considered. All the above-mentioned Equations could be implemented in
an Excel sheet to perform the energy balance for each situation.

3.3 Indirect Energy in Anaerobic Digestion Process

When performing a sustainability analysis of a technology, great care should be
taken in the evaluation of the energy and materials flows. The net energy and
useful energy differ from each other because of the contribution of the total
indirect energy (refers to Fig. 3). In mathematical terms, the useful energy can be
evaluated from the difference between the net energy and the indirect energy.
Equation (12) expresses, in mathematical terms, each contribution that should be
considered to evaluate the total indirect energy having taken into account the GER,
i.e., the sum of all the contributions of the energy life cycle (direct, indirect,
capital, and feedstock energy):

Eind ¼ Echem þ Emat þ Ediren þ Econstr þ Emain þ Edecomm þ Eamort ð12Þ

where

Echem is the GER of chemicals (MJ)
Emat is the GER of construction materials (MJ)
Ediren is the GER of direct energy (MJ)
Econstr is the energy for plant building (MJ)
Emain is the energy for maintenance (MJ)
Elab is the energy for labor (MJ)
Edecomm is the energy for decommissioning (MJ)
Eamort is the energy for amortization (MJ)

As previously stated, both direct and indirect energy need to be measured in a
physical energy unit; hence, it is necessary to convert all the material flows into
energy units. In the process, materials that were produced elsewhere are usually
used. This leads to a higher consumption of energy, but without it, the process
cannot take place. The GER allows one to convert and evaluate the energy content
in each kilogram of material and is evaluated in energy units per unit mass of
material. Echem and Emat were evaluated by utilizing the SimaPro 7.2.4 software
(2010) and the Ecoinvent database (Ecoinvent 2007) (Table 2).

Table 2 GER values of the
construction materials and
chemicals

Steel 29,630 kJ/kg (De Benedetti et al. 2007)
Polystyrene 105,800 kJ/kg (Buwal 250 1996)
NaOH 6 kJ/kg (Ecoinvent 2007)
Water 2 kJ/kg (Ecoinvent 2007)
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An analogous discussion should be made about direct energy: the scheme
process should be followed for direct energy. The direct energy such as, e.g.,
electricity could be taken off from the grid; each unity of electricity has determined
an energy expenditure that occurs elsewhere in order to be produced it (power
plant construction, grid maintenance etc.). The indirect contribution of direct
energy is calculated using a GER value expressed in an appropriate unit, e.g., kJ/
kWh in the case of electricity. In the AD process here analyzed, the term Ediren is
zero because the energy is produced in loco with a cogeneration plant using a
quote of the biogas produced by the AD process itself. In the calculation of Eq.
(12), Econstr is the energy consumed for the plant building, while Edecomm is the
energy consumed for decommissioning: in the first case, it was considered that a
workman works for 4 months to assemble the plant and 2 months to disassemble it.
The energy consumed for maintenance operation (Emain) is evaluated as 15 % of
the total energy expenditure for construction materials.

It is intrinsically difficult to evaluate the energy consumed for labor Elab, and
generally, it is often disregarded; in this case, the scoring procedure is only valid
for comparisons of technologies in the same category, i.e., capital-intensive or
labor-intensive. In the present evaluation, it is calculated according to the state-
ment of Sect. 2.6 considering the GER of a typical meal in the industrial world a
worker needs to eat twice a day each workday in order to have the power necessary
to work on the AD process, this was considered for 365 days per year.

Finally, Eamort is the energy necessary for amortization, and it is evaluated as
the energy necessary to reconstruct the plant equal to Emat.

4 Sustainability Evaluation

In this section, the result of the evaluation of the net and useful energy of the two-
stage anaerobic fermentation process producing H2 ? CH4 is reported by evalu-
ating the above energy terms. All the energy terms are expressed as energy unit per
volume evaluated over the operation time.

4.1 Net Energy and Useful Energy Production

An example of the evaluation of the net energy is reported in Table 3. It shows the
following case study: AD of organic refuse taken from a local market, operated at
35 �C as the working temperature in batch mode producing H2 and CH4 in a two-
steps digester. The substrate was pretreated with 2N NaOH at pH = 12 for 24 h.
Regarding the volume of bioreactors, we considered the volume of bioreactor
where hydrogen was produced as 1/20 of the volume of CH4 for all the situations;
results are reported to the diameter of methane bioreactor. Table 3 shows the net
energy in different situations for the AD system under consideration.
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The useful energy production Eu can be calculated as follows:

Eu ¼ Enet � Eind ð13Þ

where Eind is the total indirect energy consumed.
An example of the evaluation of the useful energy for the same situation is

reported in Table 4.
From Table 4, one can see that the increase in the useful energy Eu along the

diameter from D = 4 m to D = 10 m is only of 7 %.
In order to show the linkage between all the energy terms as contributions to the

sustainability of AD, an analogical model of the process is presented in Fig. 7.
This figure highlights the linkage between: (1) the energy production due to the
knowledge of the technology; (2) the direct energy consumption necessary to run
the technology; (3) the indirect energy; (4) the useful energy, i.e., the energy that
the technology gives to society in a sustainable way.

It is interesting to conduct a detailed examination of the percent values: the
theoretical available energy evaluated as the LHV of organic waste is 100 %. The
percent value drops to 48 % as produced energy. This depends on the present
knowhow on the fundamentals of AD technology or, in other words, the current
knowledge on biochemistry and microbiology does not permit better results to be
obtained. The percent value further decreases to 41 % as net energy, considering
that the present technology of heat exchanger and electricity production technol-
ogy have lead to an optimization of the system, the 7 % is consumed as direct
energy. In the classical energy analysis approach, 41 % of energy is delivered to
society and no other aspects need to be considered.

Table 3 Net energy
evaluation in the case of 4
and 10 m diameter,
respectively

D = 4 m D = 10 m

EH2+CH4 (kJ/L) 1,123 1,123
Edir (kJ/L) 171 161
Enet (kJ/L) 952 962

Table 4 Useful energy
evaluation in the case of 4
and 10 m diameter,
respectively

D = 4 m D = 10 m

Enet (kJ/L) 952 962
Echem (kJ/L) 120.5 120.5
Emat (kJ/L) 90 36
Ediren (kJ/L) 0 0
Emain (kJ/L) 18 7
Eamort (kJ/L) 210.5 156.5
Elab (kJ/L) 29 1.8
Econstr ? Edecomm (kJ/L) 0.3 0.02
Eind (kJ/L) 468 322
Eu (kJ/L) 484 640
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From a global point of view, in terms of energy sustainability, it is also nec-
essary to take into account the energy expenditure necessary for the production of
materials and the energy flows in different part of the World. In this context, the
useful energy effectively available from society adopting the AD technology is
21 %: at this point, it is clear that the complete ignorance of indirect energy is not
justified.

One consideration should be made regarding the modality of supplying direct
energy to run the plant: we have considered that the energy is produced through
the cogeneration of a part of the produced methane. This energy can be furnished
from different sources, for example, from a renewable one, such as solar energy or
wind power. In this case, the degree of sustainability would not change because the
use of renewable sources to furnish direct energy is removed from a different
energy service in society. In other words, the quality of the source to produce
direct energy in such a technology has no influence in the energy sustainability. In
fact, with the present approach, the useful energy remains constant. However,
using the exergy approach to score the sustainability of the technology, the use of
renewable energy sources rather than no-renewable ones does make the difference,
but in our opinion, this only introduces a false-perception of sustainability;
obviously other impacts, for example, Global Warming, could be different.

Fig. 7 Analogical model of the H2 and CH4 technology process at T = 35 �C with heat recovery
and a diameter of the bioreactor equal to 4 m

188 B. Ruggeri et al.



4.2 The Evaluation of EROI and EPT

In this section, the sustainability of AD is evaluated by EROI and EPT. In this
manner, it is possible to score the H2 ? CH4 produced by the AD against other
energy technologies; the AD is equivalent to ‘‘mine mouth’’ for fossil energy
sources.

EROI and EPT are evaluated using the Eqs. (14) and (15). The results are
shown in Figs. 8 and 9, considering two cases: with or without the contribution of
labor in the Total Indirect Energy. The EROI and EPT values versus the reactor
diameter are reported. The sustainability of the technology increases with the
dimensions: without the labor contribution, EROI is higher than 1 for a diame-
ter [1 m; with the labor contribution, the technology is sustainable for higher
diameters than 2 m.

EROI ¼ Enet=Eind ð14Þ

EPT ¼ td= EROI ð15Þ

In Table 5, the values of EROI and EPT are reported for the two diameters
considered in previous paragraph for the evaluation of useful energy.

In spite of the fact that the energy labor as only food contribution in this
analysis, a great effect of labor on the EROI for low diameters of the bioreactor
was found.

A comparison of the evaluated EROI and EPT of H2 ? CH4 values with other
energy technologies ranks the AD technology in a good position among renewable
and fossil energy sources (see Table 6). The sensitivity of EROI and EPT to the
indirect energy of materials has been investigated: the main case previously
described, with polystyrene foam as the insulator, is compared with other cases, in
order to permit a comparison between different insulating materials. Physical and
thermophysical properties are reported in Table 7. In the sensitivity evaluation, net
energy value has been kept constant, i.e., k/s = cost., which means that the
thickness of the insulating walls varies according to thermal conductivity value.
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Fig. 8 EROI of an AD
process with and without the
labor contribution
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Figures 10 and 11 show the EROI and EPT for different insulating materials:
polyurethane, cork, and sheep wool permit similar performances to those of
polystyrene foam, while better results could be achieved using lime foam, straw,
and raw clay; the use of recycled paper as an insulating material has the worst
impact on both the EROI and EPT.
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Fig. 9 EPT of an AD
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Table 5 EROI and EPT
evaluation for different
diameters considering labor
contribution

Diameter (m) EROI (#) EPT (year)

4 2.03 9.84
10 2.99 6.69

Table 6 Values of EROI of several energy technologies

Technology EROI (Elliot) EROI (Hore-Lacy)

Hydroelectrica 50–250 50–200
Mini hydroelectrica 30–270
Oil XIX centurya

Oil todaya
50–100 5–15

Wind turbine a 5–80 20
Nuclear powera 5–100 10–60
Photovoltaic Sia

Photovoltaic filma
3–9 4–9

25–80
Natural gasa 5–6
Anaerobic digestion (present estimation) 0–3

[Data with a are derived from Sentimenti and Biorgi (2006)]
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Table 7 Physical and thermophysical properties of different materials

Insulation materials k [W/(m*K)] q (kg/m3)

Polyurethane 0.03 35
Polystyrene foam 0.035 25
Cork 0.04 100
Sheep wool 0.04 28
Lime foam 0.045 100
Straw 0.058 175
Recycled paper 0.07 400
Raw clay 0.132 700

1.94

1.98

2.02

2.06
EROI

0

[#
]

Fig. 10 EROI evaluation of different insulation materials considering labor for D = 4 m
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Fig. 11 EPT evaluation of different insulation materials considering labor for D = 4 m
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5 Conclusion

The degree of sustainability of H2/CH4 energy carrier via the Anaerobic Digestion
technology has been studied through an evaluation of the useful energy and a
determination of the EROI and EPT parameters. The technology resulted to be
sustainable for all the diameters higher than 2 m; an EROI [ 10 is never obtained.
The use of an analogical model to evaluate the useful energy of the studied
technology has shown that more than 20 % of the available energy present in the
organic refuse can be furnished to society as useful energy. This value depends to a
great extent on the material that is used to insulate the plant. The best case was
obtained considering straw, while the worst case was referred to the use of
recycled paper for insulating purposes. A comparison of the evaluated EROI
values with other energetic technologies places the AD technology in an accept-
able ranking position among renewable and fossil energy sources for higher bio-
reactor diameters; in particular, the EROI is in the range of that of natural gas.
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Life-Cycle Assessment of Wind Energy

E. Martínez Cámara, E. Jiménez Macías and J. Blanco Fernández

Abstract This chapter looks at wind power from the viewpoint of life-cycle
assessment (LCA). Such analyses have, of course, been conducted at various times
throughout the development of wind power, and their results have varied as the
designs and main characteristics of wind turbines have evolved. For that reason,
modern double-fed induction generator (DFIG) multimegawatt turbines are con-
sidered here, as this is the most frequently used type on wind farms. On that basis,
a comprehensive LCA is conducted on a wind turbine, covering all phases from its
manufacture to its decommissioning and the processing of waste at the end of its
useful lifetime.

1 Introduction

The idea of using wind power to produce electricity dates back to the nineteenth
century. The field is generally considered to have been pioneered by Charles F.
Brush, an outstanding inventor, thinker, and entrepreneur of the time, known
mainly for his dynamo and his arc lights. He registered over 50 patents and
founded the Brush Electric Company, which after subsequent sales and mergers
eventually became General Electric, now one of the world’s biggest power com-
panies. Brush was the first man to install and operate a wind turbine to generate
electricity (in 1888, in order to charge the batteries at his home in Cleveland,
Ohio). It stood 60 ft (18.29 m) high, measured 56 ft (17.07 m) in diameter and
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was connected to a 12 kW dynamo. It charged the batteries at the house for 20
years. His turbines had 144 blades, whereas modern turbines have just 3
(Rivkin et al. 2012).

Renewable energy sources, and particularly wind power, have undergone
considerable development in recent years. This new boom in wind power dates
back to the early 1990s and is due mainly to the need to find viable alternatives to
fossil fuels, reserves of which are finite and will in the long term be incapable of
sustaining current levels and trends in consumption around the world.

The wind turbines now in use are models developed in recent years. There are
numerous types of turbine capable of generating electricity, but most of those
currently installed use horizontal-axis technology. Their rated power outputs range
from 500 kW to 5 MW. They are used basically in direct connections to the
electricity grid and are grouped into wind farms to take advantage of economies of
scale and facilitate monitoring and maintenance tasks.

Figure 1 shows the world-wide trend over time in total generating capacity
from wind power. There has been a clear, sustained year-by-year increase in
capacity in recent years, to almost 200 GW in 2010. However, a breakdown of
these data by regions (Fig. 2) clearly shows the influence of the worldwide
recession, with less capacity being installed in 2010 than in 2009, especially in
Europe and North America.

The basic idea underlying the generating of electricity via modern, horizontal-
axis wind turbines of the kind that can be found in most wind farms around the
world is to convert wind energy into mechanical energy, by using the force of the
aerodynamic thrust of the blades to generate torque on the main shaft. That
mechanical energy is then turned into electricity by means of a generator. The
disadvantage of this system compared with other conventional generators is that it
can only generate electricity when there is enough wind. Moreover, it is not
currently possible, from the economical point of view, to store the electricity
generated in order to use or to transfer it to the grid at a later time, because this
type of energy is noncontrollable and is subject to fluctuations depending on
changes in wind speed. From the viewpoint of electricity grids as a whole, the

Global cumulative installed wind capacity and forecasting

0

100

200

300

400

500

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Year

G
W

Annual Capacity [GW]

Cumulative capacity [GW]

Fig. 1 Global cumulative installed wind capacity and forecasting

196 E. Martínez Cámara et al.



requirements for the connection of new wind farms are becoming increasingly
stringent. Continual efforts are being made to improve the integration of this type
of energy into the grid, with control systems being established to regulate the
reactive energy produced by wind farms, to vary the voltage or frequency supplied
by farms at the point of connection, or to prevent the complete disconnection of
wind farms when there are small voltage gaps in the grid, etc. This partly offsets
the negative effect of the noncontrollability of wind farms within the grid and at
the same time increases the wind energy capacity installed in the system, acting as
basic energy that enables the number of conventional power plants operating to be
reduced, or at least reducing the amount of fossil fuel required for their operation.

2 Wind Turbines

As mentioned, most of the wind turbines in use today for large-scale energy
production around the world are three-blade, horizontal-axis units. The basic
components of such turbines are shown in Fig. 3:

• Foundations
• Tower
• Nacelle
• Rotor
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2.1 Foundation

For a wind turbine, to be stable, its foundations must be capable of bearing the
loads to which the turbine is subjected. The type of foundations built depends on
the type and consistency of the soil where the unit is to be erected, and on which
type of unit.

Obviously, the foundation requirements are considerably more complex for off-
shore wind farms than for land-based farms. Various types of off-shore founda-
tions may be used, depending on the depth of the sea at the site where the turbines
are erected:

• Monopile (4–25 m): A hollow steel pile, plus grout injected between pile and
transition piece.

• Surface-level foundations: Made of concrete and steel with a large base which
sits on the terrain

• Jackets (30–35 m): Similar to lattice towers used in offshore oil and gas
projects.

• Tripods: Monopile adaptation, broadening the footprint by adding three piled
connections close to the seabed.

Fig. 3 Main components of
a horizontal-axis wind
turbine
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• Multipile (up to 40 m): Another monopole adaptation. Several piles, connecting
above the water via a grouted transition piece, driven into the seabed forming a
larger foundation footprint than a typical monopile.

2.2 Tower

Towers must be built not just to bear the weight of the nacelle and rotor but also to
absorb the loads caused by variations in wind speed.

Various types of tower can be used:

• Tubular steel towers: Most large wind turbines have tubular steel towers built in
20–30 m sections with flanges at each end, which are bolted together on site.
They are tapered, i.e., their diameter decreases toward the top, to increase their
strength and save on materials.

• Concrete towers built on site: These towers are subject to height limitations.
They have the advantage that there is no need to transport the tower sections to
the point of installation of the turbine.

• Prefabricated concrete towers: These are made of segments that are placed one
on top of another.

• Lattice towers: These are made of steel sections. Their main advantage is their
cost, as they require only half as much material as a tubular tower with no
additional supports and provide the same degree of stiffness. Their main dis-
advantage is their appearance. For esthetic reasons, lattice towers are hardly
ever used in large, modern wind turbines. They are common, however, in India
and can also be found elsewhere, e.g., in the USA and in Germany.

• Hybrid towers: Towers can also be built using combinations of the above
methods. The most common variant is to build the bottom part of cement and
the top of tubular steel. Indeed, this seems likely to be the tendency for the large,
multimegawatt turbines of the future.

The height of the towers used for modern wind turbines varies as shown in
Table 1.

Table 1 Tower height depending on rated power and rotor diameter

Tower height (m) Rated power (kW) Rotor diameter (m)

65 600–1,000 40–60
65–115 1,500–2,000 70–80
120–130 4,500–6,000 112–126
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2.3 Rotor

The rotor converts wind energy into mechanical rotational movement. It comprises
the turbine blades and the hub (which joins the blades to the main shaft). The hub
is the center of the rotor. It is made of cast steel or iron. Depending on the type of
wind turbine, hubs may be connected to the low-speed shaft of the gearbox or
directly to the generator if the turbine has no gearbox. A high percentage of the
turbines installed today are still fitted with gearbox to raise the rotor revolutions to
the rated speed of the generator. However, gearboxes can be problematic, so there
is a tendency for modern multimegawatt turbines to be built without them in order
to reduce maintenance requirements.

Currently, most rotors have three blades and a horizontal shaft and are between
40 and 90 m in diameter. Conventional windmill rotors for pumping water use 16
or more blades and are made of metal, but three-blade rotors are more efficient for
generating power in large turbines; they also make for better weight distribution,
which allows more stable rotation.

Rotor blades are made mainly of fiberglass or carbon fiber reinforced with
plastic. In profile, they are similar to aircraft wings, and they work on the same
principles of thrust. The wind passing over the bottom of the blade generates high
pressure, while low pressure is generated at the top. This force, plus the force of
resistance, causes the rotor to rotate. Each manufacturer makes blades according to
its own concepts and characteristics.

2.4 Nacelle

The nacelle encases and supports all the machinery of the wind turbine and must
be able to turn in order to face the wind direction. It is therefore attached to the
tower by bearings. Nacelle designs vary from one manufacturer to another in line
with the designs of the turbines and the location of the powertrain components
(main shaft, gearbox, generator, coupling, and brake).

The gearbox converts the 18–50 rpm rotation of the rotor to the rated rotation
speed of the generator, i.e., approximately 1,750 rpm. The generator rotation speed
depends on the frequency of the electrical current and on how many pairs of poles
the machine has. Apart from enabling low rotor rotation speeds to be coupled to
high generator rotation speeds, the gearbox also enables the unit to withstand a
wide range of variations in wind speed.

The generator is what turns mechanical energy into electricity. Double-fed
asynchronous generators are the most widespread type in use on today’s high-
power wind turbines.

Along with the main components mentioned previously, it is also necessary to
install a coupling between the generator and the gearbox. Flexible couplings are
usually utilized for this purpose. Mechanical brakes are also fitted to the
powertrain.
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The standards usually applied in wind turbine design require turbines to be
equipped with two independent braking systems, so both aerodynamic and
mechanical brakes are usually fitted: the aerodynamic system is located at the tip
of the blades or over the whole rotor blades to change the pitch angle. On most
turbines, the second system is usually a mechanical disk brake, which is intended
mainly to be used should the aerodynamic system fail, and when the turbine is
stopped for repair or maintenance work.

3 Wind Turbine LCA

3.1 State of the Art

The relevant scientific literature contains various life-cycle analyses of wind power
and wind turbines (Ardente et al. 2008; Ben et al. 2008; Góralczyk 2003;
Tryfonidou and Wagner 2004; Wiese and Kaltschmitt 1996; Gürzenich et al. 1999;
Uchiyama 1995; Nadal 1998; Haack 1981; Krohn 1997; Uchiyama 1996;
Schleisner 2000; Lenzen and Munksgaard 2002; Lenzen and Wachsmann 2004;
Crawford 2009; Weinzettel et al. 2009; Martínez et al. 2009). Most of them focus
on energy analysis and CO2 emissions, and their results vary considerably. This
should come as no surprise in view of the significant developments in the field of
wind energy in recent years: in a very short time, wind turbines have been
developed with widely differing electricity generating capacities, ranging from
rated power outputs of just a few kW to the latest large multimegawatt turbines
(7.5 MW). Moreover, issues such as estimated useful lifetime and equivalent hours
of annual production significantly affect the final results of any study conducted. In
spite of the variability observed, a clear tendency is found in which CO2 emissions
per kWh produced decrease as the rated power of the turbine increases. The results
also show levels of emissions and environmental impact that are far lower than
those of other conventional sources of electricity generation.

With this in mind, the present study focuses on current, multimegawatt wind
turbines, seeking to obtain LCA data for wind power at the present time.

3.2 LCA of a 2 MW Wind Turbine

This wind power LCA focuses on the type of wind turbine most widely used all
over the world at this time: the multimegawatt double-fed induction generator
(DFIG).
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3.2.1 System Limits

Cutoff criteria for the system must be defined if the results of the analysis are to be
understood and interpreted correctly. The criteria applied in this case include the
following:

• The construction phase of the main components of the wind turbine.
• Transportation of the wind turbine to its specific site in the wind farm.
• Direction, installation, and commissioning of the turbine at its final operating site.
• Decommissioning of the turbine and subsequent treatment of the waste

produced.

For a diagram showing these system cutoff criteria, see Fig 4.
All the electrical switchgear for the electricity generated by the turbine, which

is used to distribute that energy to the grid, is excluded from the system. This
includes the following:

• Medium voltage wiring
• The substation transformer
• The electrical distribution and transmission network

3.2.2 Functional Unit

The functional unit defined here for the LCA of the electricity generated by a wind
turbine is the production of 1 kWh of electricity. Choosing a functional unit that is
appropriate for the task being performed is of course an important factor in
ensuring that the results obtained are meaningful. What is being studied here is the

Fig. 4 LCA system limits (Martínez et al. 2009)
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environmental impact of wind energy in the context of other types of renewable
and nonrenewable energy sources, so selecting 1 kWh as the functional unit gives
a clearer outlook on results, and facilitates comparisons, if desired, with the
environmental impacts resulting from the generation of 1 kWh with such other
sources.

3.2.3 Data Used

When an LCA is conducted on a wind power system, data need to be collected on
each of the main components of the wind turbine and on the various subcompo-
nents that make up those main components. These components are highly varied in
their nature and characteristics and may include various types of mechanical,
electrical, and electronic parts. This makes it difficult to obtain all the information
needed from the various suppliers in order to perform an LCA on each and every
part used in the turbine. It is therefore necessary to draw up a suitable life-cycle
inventory including the most important and significant components of the unit,
such as the foundations, the tower, the nacelle, and the rotor. Most of the inventory
data have been obtained directly from the companies that produce the wind tur-
bines (generator, gearbox, blades, etc.). The exception corresponds to the dry-type
transfomer, where the information was obtained from a third company that man-
ufactures dry transformers similar in volume, power, and tension. In individual
cases, where it was not possible to obtain reliable and verified data, commercial
databaseEcoinvent (Boustead and Hancock 2003; Frischknecht and Rebitzer 2005;
Frischknecht et al. 2005) was utilized.

Data on energy expenditure and materials used in manufacturing the main
components of a wind turbine were supplied by Gamesa, a major worldwide
manufacturer. Table 2 gives a general summary of the materials used in the main
components of turbines and the energy used in the manufacturing processes
associated with those main components.

Along with materials and energy consumption, the transportation of compo-
nents from their places of manufacture to the final location of the turbine on the
wind farm must also be taken into account. Once the wind turbine has been erected
on site and commissioned, it will require preventive and corrective maintenance to
ensure that it remains in working order for most of its useful lifetime. Logically, all
these operations must also be taken into account in the LCA conducted, and
information must be compiled on how much oil and grease is used, on how many
filters are replaced, on the transportation of materials and workers, etc.

3.2.4 Assumptions

When conducting an LCA on a system as complex as a wind energy generation
system, limitations must be set on the level of detail applied in the compilation of
data. Only thus can the LCA be completed within reasonable limits in terms of
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effort, resource requirements, and time with no loss of quality in the final results
obtained.

As mentioned above, the first step is to establish cutoff criteria for the system to
be studied. The study conducted here includes all the elements of the foundations
on which the wind turbine is supported, plus the other main components (tower,
nacelle, and rotor). It excludes all the elements that comprise the system of con-
nection with the electricity distribution and transmission network (medium voltage
lines and transformer substation).

The main cutoff criterion used is the weight of each component in relation to
the total weight of the system under study. Despite the use of this cutoff criterion,
which would be not valid in general cases, when applying it we have taken into
account the necessity of not to exclude the components or materials which, in spite
of its relatively low weight in the system, may present a significant environmental
impact. This considerably reduces the number of small components that need to be
analyzed individually and for which specific data must be compiled, but does not
appreciably affect the final results. It also makes the LCA more flexible, enabling
major changes to be incorporated into the system more quickly and easily.

The data used to define and characterize each of the main components are taken
from a database supplied by the component manufacturer. The main data collected
are the following: raw materials required for manufacture, energy consumed in the
associated manufacturing processes, and details of the transportation of materials
and components.

The basic assumptions made in the wind power system LCA are the following:

• The weight of the main components is used as the cutoff criterion to determine
whether or not they are included in the life-cycle inventory. The sum total of the
components considered in the analysis accounts for 95 % of the weight of the

Table 2 Summary of the materials and manufacturing energy used in the main components
(Martínez et al. 2009)

Component Materials Energy

Foundation 700 Concrete T 5.12 MWh
25 Iron T
15 Steel T

Tower 143 Steel T 47.2 MWh
Nacelle 18.5 Iron T 287.11 MWh

21.69 Steel T
0.35 Silica T
3.5 Copper T
0.8 Fiberglass T
1.2 Resin T

Rotor 11.89 Resin T 33.1 MWh
7.92 Fiberglass T
14 Cast iron T
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foundations, 95 % of that of the tower, 85 % of that of the nacelle, and 85 % of
that of the rotor.

• All data on the emissions from and characteristics of the energy used in the
manufacturing processes are taken from the Ecoinvent database and refer to
Spain, because that is where the turbine manufacturer’s plants are located.

• Modern, multimegawatt wind turbines are assumed to have a useful lifetime of
20 years.

• The estimates made in regard to the decommissioning of the turbine at the end
of its useful lifetime and the subsequent processing of waste products are based
on decommissioning projects prepared by the company that holds the operating
rights to the turbine. Basically, it is considered that 90–95 % of the metal (iron,
steel, and copper) is recycled, PVC plastics, fiberglass and concrete are land-
filled, and oils and other types of plastic are incinerated.

• The annual output from the wind turbine is worked out on the basis of an appropriate
figure in equivalent hours of production to ensure the economic viability of a wind
farm, i.e., 2,000 equivalent hours of production per year. For a turbine with a rated
power of 2 MW, this is equivalent to an annual output of 4 GWh.

• In the context of corrective maintenance work on the turbine, in the course of its
useful lifetime, it is estimated that one replacement generator will need to be
installed due to malfunction (the complete new generator is considered,
including manufacturing and assembly).

Finally, allocation as per the recommendations of standard ISO 14044 (which
sets out the characteristics to be met by life-cycle analyses) is not used (Guinée
et al. 2001; ISO ISO 2006a, b). The only function considered in the system
analyzed and in all its components is that of generating electricity, so all the
environmental impacts associated with the system are allocated to electricity
generation. It is considered that the material recycled at the end of the useful life
replaces virgin material used in the manufacturing stage of the turbine.

3.2.5 Methodology and Impact Categories Analyzed

When conducting an LCA, an environmental impact assessment method must be
selected, and it must be decided which impact categories are to be analyzed. In this
case, the assessment method chosen is CML Leiden 2000 (Guinée et al. 2001), and
the categories are the following:

• Abiotic depletion: this category is linked to the extraction of minerals and fossil
fuels associated with the inputs of the system under analysis and their effects on
human health and the ecosystem.

• Acidification: this category is linked to the effect of various acidifying sub-
stances on the soil, groundwater, surface water, organisms, ecosystems, etc.

• Eutrophication: this category is linked to excess micronutrients in the envi-
ronment as a result of emissions of nutrients into the air, soil, and water.
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• Freshwater aquatic ecotoxicity: this category is linked to the effects of emissions
into the air, soil, and water on freshwater ecosystems.

• Global warming (GWP100): this category is linked to the effects of greenhouse
gas emissions on human health and the environment.

• Human toxicity: this category is linked to exposure to toxic substances and their
effects on human health.

• Marine aquatic ecotoxicity: this category is linked to the effects of emissions on
marine ecosystems.

• Ozone layer depletion (ODP): this category is linked to the proportion of UV-B
radiation that reaches the surface of the Earth.

• Photochemical oxidation: this category is linked to reagents, mainly ozone,
whose appearance in the environment may have effects on human health and
ecosystems and may damage crops.

• Terrestrial ecotoxicity: this category is linked to the effects of emissions on
land-based ecosystems.

4 Analysis of Results and Future Trends

The results for the production of 1 kWh of electricity via wind power are shown in
Table 3, broken down into the various impact categories studied in the LCA and at
the characterization stage. The intention is to prevent the potential subjectivity
associated with other phases of the LCA and to facilitate the comparison of results
with other LCA in the fields of renewable and conventional energy sources.

For example, a comparison with the environmental impact associated with
electricity generation according to the Spanish energy mix for the year 2000 shows
that the figures obtained here are between 89 and 99 % lower, according to the
impact category considered. In the specific case of CO2 emissions associated
directly with climate change (see the Global Warming category), the figure for 1
kWh of electricity generated via wind power is 98 % lower than the figure for the
Spanish energy mix.

Another interesting result can be provided by an examination of how long wind
turbines need to operate to offset their environmental impact from the time of their
manufacture through their operational lifetime and maintenance to their decom-
missioning, and the processing of the resulting waste. Taking as the starting point
for this analysis the fact that the energy generated by a wind turbine avoids the
need for an equivalent amount of energy to be produced via conventional sources,
another comparison with the Spanish energy mix can be made. The Spanish energy
mix is used for the purposes of comparison because the turbine studied is located
in Spain and the manufacturer is Spanish, but the results can be extrapolated to any
other country or location. Under this premise, the environmental impact caused by
the turbine is offset in between 53 and 784 days, depending on the impact category
considered.
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A more detailed examination of the results obtained reveals that the main
components with the greatest impact on the environment are the rotor, the tower,
and the nacelle. The impact of the rotor is derived mainly from the amount of
fiberglass used in the blades and in the nose cone that covers the hub. The impact
associated with this material is increased by the fact that it is not recycled at the
end of the turbine’s useful lifetime. In this area, there is a clear potential for
reducing environmental impact if the possibility of recycling fiberglass is con-
sidered in the future, even if it is only as a replacement for other types of plastic in
applications other than wind turbine blades.

In the case of the nacelle, one of the elements that have the most environmental
impact is the copper used in the wiring, and others include the electronic
components and the fiberglass used in the casings that cover and protect the
components that make up the powertrain and the associated systems on the turbine.

The main component of the tower is the steel from which it is manufactured.
Much of the impact associated with it is offset by the fact that this steel is recycled
at the end of the turbine’s useful lifetime.

Table 3 Results of the LCA by impact categories (Martínez, et al., 2009)

Impact category Total Maintenance Tower Foundation Rotor Nacelle

Abiotic depletion
[kg Sb eq]

3.75E
-05

2.78E-06 7.28E-066 4.39E-06 1.88E-05 4.33E -06

Acidification
[kg SO2 eq]

5.43E
-05

3.51E-04 1.35E-03 1.56E-03 2.61E-03 6.96E-04

Eutrophication
[kg PO4

- eq]
5.68E

-06
4.98E-11 1.41E-10 8.69E-11 1.83E-10 6.11E-11

Freshwater aquatic
ecotoxicity
[kg 1,4-DB eq]

2.81E
-03

6.48E-03 1.40E-03 3.63E-04 4.36E-04 6.84E-03

Global warming
(GWP100)
[kg CO2 eq]

6.58E
-03

8.19E-05 1.65E-03 4.00E-04 2.43E-04 4.43E-04

Human toxicity
[kg 1,4-DB eq]

1.55E
-02

3.25E-01 1.69E+00 4.48E-01 1.04E+00 9.26E-01

Marine aquatic
ecotoxicity
[kg 1,4-DB eq]

4.41E+00 2.78E-05 4.89E-05 1.48E-05 1.55E-05 4.99E-05

Ozone layer
depletion (ODP)
[kg CFC-11 eq]

5.21E
-10

5.10E-07 1.84E-07 1.06E-07 6.75E-07 6.51E-07

Photochemical
oxidation
[kg C2H4]

2.13E
-06

7.64E-06 5.34E-06 3.53E-06 1.94E-05 1.84E-05

Terrestrial
ecotoxicity
[kg 1,4-DB eq]

1.56E
-04

3.24E-07 1.71E-06 8.,25E-07 1.91E-06 8.98E-07
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All these results refer to state-of-the-art wind turbines currently available on the
market, but the trend in wind power is toward even larger turbines with greater
rotor diameters and higher power ratings. It is therefore reasonable to assume that
the increased scale of future wind turbines will make for even greater reductions in
environmental impact in electricity generated in this way.

Moreover, wind power technology is gradually maturing, and more and more
efforts are being devoted into improving the operating and maintenance conditions
of wind turbines. For example, more and more commercial wind turbines without
gearboxes are being installed because gearboxes are among the most failure prone
components in turbines. This is done in an attempt not only to reduce maintenance
and breakdown costs but also to increase the effective production time of turbines
over the course of their useful lifetimes.

5 Conclusions

This study looks at wind power from the viewpoint of life-cycle assessment. Such
analyses have, of course, been conducted at various times throughout the devel-
opment of wind power, and their results have varied as the designs and main
characteristics of wind turbines have evolved. For that reason, the latest DFIG
multimegawatt turbines are considered here, as theirs is the most numerous type
currently in use on wind farms. On that basis, a comprehensive LCA is conducted
on a wind turbine, covering all phases from its manufacture to its decommis-
sioning and the processing of waste at the end of its useful lifetime.

The results clearly show how low the environmental impact of wind power is in
the various impact categories studied, especially when compared to the figures for
other, conventional sources of electricity generation. This confirms the positive
nature of wind power in all environmental and climate change-related aspects, but
does not take into account other essential elements such as the financial and
technical viability of installing such systems within a specific electrical grid. LCA
can thus be confirmed as a potentially important tool in the field of energy pro-
vided that it is used as just one of the means of support for decision making by the
relevant authorities and other players in the field of energy system development.
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Comparing Various Indicators
for the LCA of Residential Photovoltaic
Systems

Ruben Laleman, Johan Albrecht and Jo Dewulf

Abstract This chapter presents a broad environmental evaluation of residential
Photovoltaic (PV) systems. It focuses mainly on how variations in irradiation
levels, assessment methodology, and the lifetime of the solar panel influence the
perception regarding its sustainability. Data from the Ecoinvent Life-Cycle
Assessment (LCA) database and the literature were used and various Life-Cycle
Impact Assessment (LCIA) methods were considered for six different PV types.
The results indicate that variations in irradiation levels, methodology and lifetime
can significantly influence the final results and conclusions of a LCA. By carefully
selecting assumptions and methodology, one can clearly influence the perceived
environmental impact of PV systems. In addition, we state that multidimensional
indicators should be used along with the one-dimensional ones. Also, the choice of
the perspective (Hierarchist, Egalitarian or Individualist) has a major impact on the
final results. In our opinion, the current focus on Greenhouse Gas (GHG)-emis-
sions and energy efficiency ignores important environmental impact dimensions
such as resource depletion.
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1 Introduction

The importance of photovoltaic technology as a low-carbon alternative for fossil-
driven electricity production has increased markedly in recent years. Photovoltaic
systems (PV systems) have evolved from a small niche player into an international
market of several billions. The average annual growth rate of globally installed
capacity between 2005 and 2010 exceeded 49 % (Fig. 1). This growth can be
attributed to the combination of a steep decline in production costs and continued
government support, the latter mainly in Europe and specifically Germany
(Frondel et al. 2008). By 2010, the global capacity was estimated to be 40 GW,
80 % of which is installed in Europe (REN21 2011).

Governments around the globe promote the diffusion of PV technology because
it is deemed to be a renewable, green and clean technology. However, no energy
technology is 100 % sustainable. In this chapter, we will aim to evaluate the
environmental impact of PV technology and compare this with alternative sources
for electricity production. This will be done using various Life-Cycle Impact
Assessment (LCIA) methodologies.

The whole life-cycle (from cradle to grave) of a residential roof-top PV system
will be taken into account. Such an installation consists of many parts: the PV
panels themselves, a support system to fix the panels on the roof, electric wiring
and an inverter to convert the direct current (produced by the PV system) into
alternating current that can be consumed by the household, or injected into the grid
(Fig. 2). The LCA data of all these parts are included in the LCA database of
Ecoinvent (v2.0) and will be included in this chapter’s discussion.

Fig. 1 Global PV capacity
increased significantly in the
past 5 years (source figure
based on data found in
REN21, 2011; original data
from EPIA and PV news)

Fig. 2 Overview of a typical
residential PV system
(Greenpeace International,
EPIA 2008)
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The environmental impact of the PV system will be quantified by using various
environmental indicators. We will mention some one-dimensional indicators:
Global Warming Potential (GWP), Cumulative Energy Demand (CED), Energy
Payback Time (EPT), Net Energy Ratio (NER), and Fossil Energy Requirement
(FER). Also, one multidimensional indicator will be discussed here, namely the
Eco-Indicator 99 with its three perspectives: Hierarchist (H,A), Egalitarian (E,E)
and Individualist (I,I). Many other methods can be found in the literature; a
nonexhaustive overview can be found in the Ecoinvent report n� 3 (Frischkneicht
and Jungbluth 2007). The main difference between a one-dimensional indicator
and a multidimensional is that the latter combines multiple environmental effects
into one number, and thus aims to provide a more nuanced picture of the envi-
ronmental impact of a good or service.

Most of the LCA studies, however, focus only on one-dimensional indicators,
mainly related to the impact on climate change, (fossil) energy use and energy
efficiency. For example, two recent reviews by Varun and his colleagues focus
almost entirely on GHG emissions (Varun et al. 2009a, b). Others mainly consider
the energy payback time (Ito et al. 2003; Kato et al. 1997; Mason et al. 2006). This
one-dimensional view has the advantage of being relatively simple to interpret. On
the other hand, it has the obvious disadvantage of leaving many—possibly
important—parameters unexplored. The Eco-Indicator 99 method can be a tool to
overcome this issue and obtain a broader perspective.

Comparing results from the literature is often not straightforward since a
multitude of assumptions regarding the lifetime of the panel and the solar irradi-
ation is used. These two parameters are hugely important to estimate the impact of
PV electricity. As Table 1 shows, the irradiation in a sunny region can be twice as
high as a sun-deprived region. This variation in irradiation will obviously affect the
amount of electricity produced by a given PV system during its lifetime.

In this chapter, we will compare the results from the one-dimensional indicators
with the Eco-Indicator 99 (EI 99) and we will show in detail how different methods
and assumptions shape the final results of an environmental impact assessment. All
the results are evaluated in detail and compared with data found in the literature.
The goal is to obtain a very broad, nuanced, and clear picture of the environmental
impact of a residential PV system.

Table 1 Horizontal irradiation

Low irradiation (kWh/m2/year) Moderate irradiation
(kWh/m2/year)

High irradiation (kWh/m2/year)

Brussels 960 Istanbul 1,320 Seville 1,700
Cologne 960 Bordeaux 1,300 Cyprus 1,750
London 980 Turin 1,340 Malta 1,770
Stockholm 940 Minneapolis 1,430 San Francisco 1,715
Vancouver 1,100 Seattle 1,200 Los Angeles 1,788

Sources EU (Suri et al. 2007), US National Renewable Energy Laboratory, 2010, Canada:
National Resources Canada, 2010
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Six different types of PV systems will be evaluated: Cadmium Telluride
(CdTe), CuInSe2 (CIS), ribbon Si, multicrystalline Si (multic-Si or poly c-Si),
monocrystalline Si (mono c-Si), and amorphous (a-Si).

In the next section, we present a brief overview of the LCIA methods. In Sect.
3, the environmental impact of various PV types is evaluated using the Ecoinvent
database, which is compared with results from the literature in Sect. 4. In Sect. 5,
the impact of PV electricity is calculated and compared with other technologies’
impact. Section 6 contains the discussion and conclusions. Throughout the whole
chapter, we focus on the impact of assumed lifetime and irradiation, and the
methodology used, on the results and the perceived sustainability of PV-produced
electricity.

2 LCIA methods

2.1 Eco-Indicator’99

The Eco-Indicator assessment method (EI 99) was developed by PRé consultants
in 1999 and offers a broad perspective on the environmental impact of a good or
service (PRé consultants 2001). For this reason, many authors have used it to
analyze the environmental impact of a wide variation of products, ranging from
red clay (Bovea et al. 2007), beer (Cordella et al. 2008), water-based UV-lacquers
(Dreyer et al. 2003), desktop PC’s (Duan et al. 2009) and wind turbines (Lenzen
and Munksgaard 2002; Martinez et al. 2009a, b). Two papers, by the same author,
were found that applied the EI 99 assessment method to PV systems (Jungbluth
2005; Jungbluth et al. 2008a, b).

The EI 99 method has the advantage that the different aspects of environmental
impact can easily be visualized and summed up in one final result, namely the
‘‘eco-point’’. PRé consultants, however, advises against the use of the score in an
absolute way by stating that ‘‘The absolute value of the points is not very relevant
as the main purpose is to compare relative differences between products or
components’’ (Goedkoop et al. 2000)1

The environmental impact of a good or service is quantified using three main
dimensions, namely human health (HH), ecosystem quality (EQ), and the deple-
tion of nonrenewable resources (R). The first step in the calculation of the overall
environmental impact score is the quantification of the impact for these three
dimensions. The unweighted results obtained in this first step are referred to as the
‘‘Characterization Results’’ and have different units. To obtain a single score (with
a single unit namely impact points or eco points), these results are normalized and
weighted (Table 2). To cope with the issue of subjectivity in the weighting step,

1 Quote from Préconsultancy report, manual for designers, page 4, http://teclim.ufba.br/jsf/
ecodesign/dsgn0212.pdf.
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three different perspectives were developed: Hierarchist, Individualist and Egali-
tarian. Each perspective is based on a different ranking of preferences, values, and
attitudes (Table 3).

The weighting and normalization factors for the three perspectives (Table 2)
used in the Ecoinvent database (Ecoinvent report n�3) are taken directly from the
original report by PRé consultants (2001). Notice the big difference between the
normalization factor for resources used in the Individualist perspective (150 MJ)
compared to the Hierarchist (8,410 MJ) and Egalitarian perspective (5,940 MJ).
This difference in normalization will have a big impact on the results.

The Individualist does not consider the risk of a near fossil fuels depletion as
credible. To the Individualist, the only resource depletion that matters is mineral
extraction. With a share of 20 % in total impact, the amount of mineral extraction
will have a big influence on the total score, especially for the production of PV
systems, which is quite mineral-intensive.

The Hierarchist perspective is considered to represent the view of the ‘‘average
scientist’’ and is used as the default setting. The Hierarchist, therefore, follows the
IPPC assessment reports to consider the effects of climate change ((PRé consul-
tants 2001), methodology report, p 18).

The Egalitarian view pays more attention to future generations and is considered
as rather risk averse. The Egalitarian looks at the very long term and puts a high
value on ecosystem quality. However, this can result in overestimating risk. This
short discussion already illustrates that the outcome of an environmental analysis
should always be evaluated with care. PRé consultants, the developers of the EI 99
method, stated that researchers should use the 3 different perspectives and carefully

Table 2 Normalization and weighting factors for the three perspectives

Normalization Weight (%)

Hierarchist (H,A) Egalitarian (E,E) Individualist (I,I) (H,A) (E,E) (I,I)

HH 0.0154 DALY’sa 0.0155 DALY’s 0.00825 DALY’s 40 30 55
EQ 5; 130 PDFb

�m
2
�y 5,130 PDF*m2

*y 4,510 PDF*m2
*y 40 50 25

R 8,410 MJ surplusc 5,940 MJ surplus 150 MJ surplus 20 20 20

(Source Ecoinvent report n�3 (Frischkneicht and Jungbluth 2007); (PRé consultants 2001))
a Disability Adjusted Life Years: Years of life lost trough disability or early death
b Potentially Disappeared Fraction: % of species that disappear due to environmental load
c Mega Joules surplus (increase in energy needed for resource extraction)

Table 3 General properties of the different EI 99 perspectives

Perspective Timeframe Manageability Evidence

Hierarchist
(H,A)

Short and long term are
balanced

Proper policy can avoid many
problems

Based on
consensus

Egalitarian
(E,E)

Very long term Problems can lead to catastrophe All possible
effects

Individualist
(I,I)

Short term Technology can avoid many
problems

Only proven
effects

(Source (PRé consultants 2001))
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compare the results. Sustainability and intergenerational equity are complex con-
cepts and, by consequence, one should accept that sustainability assessments imply
complex trade-offs. It is therefore crucial to have a good understanding of the
assumptions and weighting methods incorporated in the EI 99 method.

2.2 Global Warming Potential

The Global Warming Potential (GWP) assessment method, developed by the
Intergovernmental Panel on Climate Change (IPCC 1997; IPCC 2001), is fre-
quently used in energy research to investigate the impact of a product or a service
on global warming (Bravi et al. 2007; Heller et al. 2004; Lechon et al. 2008; Mohr
et al. 2009). Three GWP methods have been developed, each for a different time
span (20, 100 and 500 y). In this study, the 100 y method was used. Using the 20y
or 500y time span has no significant impact on the overall results.

2.3 Cumulative Energy Demand

The Cumulative Energy Demand (CED) is a very popular LCIA method, espe-
cially in renewable energy technology research (Huijbregts et al. 2006; Jungbluth
et al. 2007a, b; Jungbluth et al. 2008a, b; Alsema 1998; Alsema 2000; Alsema and
Nieuwlaar 2000; Alsema and de Wild-Scholten 2005; De Wild-Scholten and Al-
sema 2006). The CED aims to quantify all the energy that is consumed (or wasted)
during the life cycle of a product. The CED is usually expressed in terms of
primary energy (MJprim). In Ecoinvent, a different unit is used, namely energy
equivalents (MJ-eq).

2.4 Energy Pay-back Time

The Energy Pay-back Time (EPT) is a frequently used parameter because of its
input–output format and its ease to interpret. The EPT is, however, not straight-
forward to calculate. The formulas used to calculate the EPT are briefly summa-
rized below (based on (Alsema 2000; Frischkneicht and Jungbluth 2007; Jungbluth
et al. 2007a, b; Pacca et al. 2007). The first step is to calculate the Yearly Energy
Output (YEO [kWh/year]) of the energy technology. There are two ways to do so.
One starting from the Output Ratio (OR);

YEO = OR:Power ð1Þ

With OR = Output Ratio [kWh/kWp/year]
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Power = Total installed power, determined at STC2 [kWp]
The other is based on irradiation (R), efficiency (h) and performance ratio (p);

YEO ¼ R � A � h � p ð2Þ

with R = Yearly irradiation [kWh/m2/year]
A = Active Surface of the PV module [m2]
h ¼ Conversion Efficiency [%]
p = Performance Ratio [%]

The EPT [years] can now be calculated by dividing the CED by the YEO, on
the condition that both components are expressed in identical units (kWh or MJ of
primary energy);

EPT ¼ CED = YEOð Þ � C ð3Þ

with CED=Cumulative Energy Demand [MJprim]
YEO = Yearly Energy Output [MJel/year]
C = Conversion coefficient [MJel/MJprim]

To convert the YEO from electrical energy to primary energy, one has to
include the efficiency of the electricity supply in the region of interest. The
Conversion coefficient (C) indicates how efficient the generation of electricity is,
on average, for the generations assets in a particular region (Gürzenich and
Wagner 2004; Alsema and Nieuwlaar 2000). In this chapter, a Conversion coef-
ficient of 0.35 [MJel/MJprim] is used. It is remarkable that some authors do not
incorporate C (Koroneos et al. 2006; Pacca et al. 2007), a practice that results in
EPT’s that are approximately 3 times longer.

Keep in mind that conversion coefficient (C) has nothing to do with conversion
efficiency (h). The former is 30–40 % and refers to the grid electricity production;
the latter is 10–20 % and refers to the efficiency of the solar PV system.

2.5 Net Energy Ratio

Another indicator for energy efficiency which is commonly used is the Net Energy
Ratio. This indicator takes into account the total lifetime of a PV system. It can be
interpreted as: the amount of energy that a technology can produce relative to the
total amount of energy that was consumed, over the total life cycle.

NER ¼ lifetime=EPT ð4Þ

The NER is therefore an indication of the ‘‘life-cycle energy efficiency’’ of the
technology. If it is lower than 1, the technology is by definition not renewable, since
more energy was consumed than produced. In other words, this would entail a

2 STC = standard test conditions (25�C; 1,000 W/m; AM 1,5).
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net-energy loss when considering all the steps in the energy production chain. The
difference between NER and EPT is that, for a given technology, the NER score will
be more favorable if its lifetime is longer, while the EPT will remain the same.

2.6 Fossil Energy Requirement

The Fossil Energy Requirement provides a score for the ‘‘renewability’’ of a kWh
of produced electricity. Unlike the NER, it only contains the nonrenewable part of
the electricity. It is thus not equal to the inverse of the NER. The FER can be
calculated by dividing the total amount of nonrenewable energy required for
production (i.e., the nonrenewable part of the CED as defined in Sect. 2.3) by the
total lifetime energy production (LEO) of the PV system (Cherubini et al. 2009).
A low FER indicates that the electricity produced has a high ‘‘renewability’’3

FER ¼ CEDnon�ren= LEO kWhprim=kWhel

� �
ð5Þ

Cherubini et al. (2009) also mentions the Cumulative Energy Requirement
(CER), which contains both the renewable and the nonrenewable part;

CER ¼ FERþ RER kWhprim=kWhel

� �
ð6Þ

with CER = Cumulative Energy Requirement
FER = Fossil Energy Requirement
RER = Renewable Energy Requirement

The Renewable Energy Requirement (RER) is, according to Cherubini et al.,
2009, equal to 1 for most of the renewable energy sources, except for biomass.
Biomass electricity production has a high RER since a lot of (renewable) energy is
needed to produce biomass. By consequence, the CER for electricity from biomass
is very high, even higher than for fossil-fueled technologies. These high scores
could be misleading. We therefore chose to only mention the FER’s here.

3 LCA of a 3 kWp PV system

3.1 Introduction

Table 4 shows that the efficiency of a PV module varies substantially according to
the type of solar cell used, with the lowest efficiencies for amorf-Silicon-type cells
(a-Si; about 7 %) and the highest for monocrystalline Si solar cells (mono c-Si;
about 14 %). The column titled ‘‘active surface’’ shows how much m2 is needed to

3 Cherubini et al. (2009) uses MJ/MJe, however, we prefer to use kWhprim/kWhel.
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obtain a PV system of one kWp. It is not surprising that higher efficiencies result in
a lower active surface (m2/kWp). This is important because households are gen-
erally restrained by the surface of their roofs to install a residential PV system.

The data found in the Ecoinvent (v 2.0) report about PV systems (report n�6)
are very similar to more recently published data by Raugei and Frankl (2009),
except for CdTe type systems, which have a considerably lower efficiency
according to the Ecoinvent report. In this paper, the Ecoinvent ‘‘module effi-
ciency’’ will be used. Up until now, thin film type solar systems such as CdTe, a-Si
and CIS modules have been more commonly used for large scale PV systems. Thin
film PV systems only had a market share of 10–15 % in 2008 (International
Energy Agency 2010), they are thus not the main focus of this chapter. However,
in the future, these thin film types are likely to become more important and gain
market share as their per kWp costs decrease (EPIA 2010)

To conduct our analysis, we made the following assumptions: the residential PV
systems are not integrated but installed on top of slanted roofs; a standard 3 kWp
installation is considered; the conversion coefficient (C) is 0.35MJel/MJprim and the
output ratio remains constant (module efficiency loss over time is not incorporated).
In the literature review, however, also large scale installations are evaluated.4

3.2 Energy Indicators

3.2.1 Cumulative Energy Demand

The results of a CED analysis based on the Ecoinvent database for the different
types of slanted roof, nonintegrated, residential PV systems are presented in Fig. 3.
The CED is normally presented as a ratio: CED/kWp (MJ-eq/kWp) or CED/m2

Table 4 Properties of the PV systems that will be investigated in this chapter

Cell
type

Cell effa

(%)
Module
effa (%)

Module
effb (%)

Active surfacea

(m2/kWp)
Active surfaceb

(m2/kWp)
Weighta

(kg/m2)

Mono
c-Si

15.3 14.0 14 7.1 7 14.6

Multi c-
Si

14.4 13.2 13 7.6 8 14.6

Ribbon
Si

13.1 12.0 11 8.3 9 14.6

a-Si 6.5 6.5 7 15.4 14 8.2
CIS 10.7 10.7 10 9.4 10 17.6
CdTe 7.6 7.1 10 14.1 10 19.0

a Ecoinvent report n�6; b Raugei and Frankl (2009)

4 The environmental impact per kWp for large scale systems is generally slightly lower
compared to small scale systems due to economies of scale.
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(MJ-eq/m2). As the graph shows, the results differ strongly according to the
selected ratio. From an energy efficiency perspective, it is advisable to use the
CED/kWp ratio, because it incorporates the differences in conversion efficiency.

According to the Ecoinvent database, the CED/kWp for CdTe, CIS and rib-
bonSi PV systems is less than 30.000 MJ-eq/kWp. The recent technologies appear
to be more energy efficient than the ‘‘old’’ crystalline Si-based technologies. As
these new technologies have a steep learning curve, further significant energy
savings can be expected. Mono c-Si, the oldest technology, has a high CED/kWp
because of the energy intensive process that is required to produce the mono Si
crystals (Alsema and Nieuwlaar 2000). As a result, the mono c-Si type is less
attractive from an energy efficiency point of view.

3.2.2 Energy Payback Time

The EPT is calculated as explained in Sect. 2.4 (C = 0.35 [MJel/MJprim]). YEO
and C are equal for all PV systems for a given location, which, according to the
Eq. 3, results in EPT and CED/kWp being perfectly proportional. In other words, a
PV type that has a low CED/kWp ratio will automatically have a relatively low
payback time. Figure 4 shows this clearly, with mono c-Si having the highest
CED/kWp and, by consequence, the highest EPT for a given yearly energy output
(YEO) and conversion efficiency (C).

The grey bars in Fig. 4 show the EPT for 3 European countries. We selected
Belgium (BE) as a ‘‘low-irradiation’’ region (R = 946kWh/m2/y; OR = 725kWh/
kWp), Switzerland as a ‘‘medium irradiation’’ region (CH, R = 1,117kWh/m2/y;
OR = 848 kWh/kWp) and Spain as a ‘‘high irradiation’’ region (ES, 1,660kWh/
m2/y; OR = 1,282 kWh/kWp) (Jungbluth et al. 2007a, b). The graph shows how
the irradiation level significantly influences the energy payback time, with EPT’s
in Belgium being almost twice as long as the EPT’s in Spain.
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Fig. 3 CED/kWp and CED/m2 for residential 3 kWp PV systems (Ecoinvent v2.0)
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3.2.3 Net Energy Ratio

Most authors mention a life expectancy of 25–30 years for well-maintained PV
systems (International Energy Agency 2010; Fthenakis et al. 2008; IPCC 2011).
As a result, the Net Energy Ratio of PV systems installed in regions with a low
solar irradiation is about 5 (year/year), in sunny regions like Spain, PV systems can
even have NER’s up to 12 (lifetime/EPT = 30y/2.5y = 12) or more. In other
words, a residential PV system in Spain can produce at least 12 times more energy
than it consumed during its life cycle.

3.3 Global Warming Potential

The GWP gives an indication of the amount of greenhouse gasses (GHG’s)
emitted during the life cycle of the PV system. The results are shown in Fig. 5.
There are some differences between the GWP (kgCO2-eq) and EPT (or CED/kWp)
results, indicating that higher energy use apparently does not automatically lead to
higher GHG emissions—even though the two are clearly related to each other.
Consider, for example, the a-Si type PV system; it has an EPT that is about the
same as a multi c-Si PV system, the GWP, on the other hand, is relatively high
(± 6,000 kgCO2-eq). Overall, the ‘‘new’’ technologies, such as CdTe, CIS, and
ribbon Si, have a relatively lower impact on global warming (± 5,000 kgCO2-eq
for a 3 kWp rooftop installation).

Fig. 4 CED/kWp and EPT for various types of residential 3 kWp PV systems in different
regions (Ecoinvent v2.0)
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3.4 Eco-Indicator 99

3.4.1 Eco-Indicator 99 (H, A)

From Fig. 6, we can see that the CdTe PV system has the highest impact score
(450 points) according to the EI 99 (H,A). This is surprising since the technology
performed very well according to the GWP and EPT indicators. The other thin film
technologies, CIS and ribbon Si, have a much lower impact (317 and 353 points,
respectively). These findings are consistent with Jungbluth et al. (2008a, b).

Figure 6 also shows that ‘‘depletion of fossil fuels’’ and ‘‘respiratory effects’’
both have a significant share in the overall Eco-Indicator impact score. This is
probably linked to the energy use during the PV-panel production and transport.
Research has shown that in many cases fossil fuel extraction, respiratory effects,
climate change, acidification, and carcinogenics are closely related to each other,

Fig. 5 GWP for various types of residential 3 kWp PV systems (Ecoinvent v2.0)

Fig. 6 Eco-Indicator ‘99 (H,A) results for various types of residential 3 kWp PV systems
(Ecoinvent v2.0)
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and to the use of fossil energy (Huijbregts et al. 2006). Indeed, the burning of fossil
fuels has many adverse impacts, on climate, health, and the ecosystem. Therefore,
decreasing fossil energy use during production of PV systems will decrease the
impact of all of these factors (Mohr et al. 2009).

3.4.2 Influence of the Used EI 99 Perspective

When comparing the three different EI 99 perspectives, the results for the Indi-
vidualist perspective stand out (Fig. 7). According to the Individualist perspective,
the high amount of mineral extraction necessary for the production of PV systems
is so important that other impact factors become negligible. The Individualist
assigns high scores to CdTe (3,764 points) and a-Si (3,020 points).

The very high scores attributed to mineral extraction by the Individualist are
due to the different ways by which resource depletion is normalized in the EI 99
method. The Individualist does not take into account the increasing energy
intensity of fossil fuel depletion. This has as a consequence that all resource
depletion impact is caused by mineral extraction. The view of the individualist
seems rather extreme. It is hard to believe that one would find the depletion of
fossil fuels to be of no importance. More and more evidence is emerging that the
energy needed to extract fossil fuels is increasing. The increasing interest in oil
from tar sands and shale gas is an indicator of this fact.

In the Hierarchist and Egalitarian perspectives, on the other hand, resource
depletion includes mineral extraction and fossil fuel use. As Fig. 7 shows, this
difference in opinion about fossil energy has a big effect on the normalization of
resource depletion as a whole.5

Fig. 7 Comparison of the EI 99 perspectives for 3 kWp PV systems (Ecoinvent v2.0)

5 More details on how these high figures for the EI 99 individualist perspective come about can
be found in the literature Laleman et al. (2011).
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An important conclusion than can be drawn from this is that using a weighted
multidimensional method, such as the Eco-Indicator, can lead to surprising results.
The advantage of providing an overall score that takes into account many types of
environmental impact and provides an elegant overview is unfortunately related to
the disadvantage of the subjectivity of the weighting step. One cannot have one (a
single overall score) without the other (some kind of weighting).

3.4.3 Mineral Extraction

Given the large impact that the individualist places on mineral extraction, it can be
interesting to have a closer look at this particular aspect of ‘‘sustainability’’ which
is rarely considered in the literature (Kato et al. 1997; Ito et al. 2003; Pehnt 2006;
Raugei et al. 2007a, b). Table 5 shows that the production of PV systems requires
a vast amount of minerals, even if most of the metals are assumed to be recycled
(ecoinvent report n�6). However, when compared to the weight of 3 a kWp PV
system, the results are not that surprising (Table 4). Removing the aluminum
frames can significantly reduce the CED—and by consequence the environmental
impact—of a solar panel (Alsema and Nieuwlaar 2000) but this is rarely done in
practice.

4 Literature Review

4.1 Energy Payback Time Review

The EPT has been a popular measure to estimate the environmental impact of PV
systems. The overview presented in Fig. 8 indicates that the data from the Eco-
invent database are in line with results found in the literature. Generally speaking,
the EPT is 4–5 years in a low-irradiation case (950 kWh/m2/y) and 2–3 years in a
high irradiation case (1,700 kWh/m2/y).

Table 5 Life-cycle crude ore extraction of iron, aluminum, and copper for a 3 kWp PV
installation (Ecoinvent v2.0) and total weight of a 3 kWp PV system (calculations based on
Ecoinvent report n�6)

Mineral Ore Mono c-Si Multi c-Si a-Si CdTe CIS Ribbon Si

Fe (kg) 103.23 106.50 189.13 112.94 77.43 77.22
Al (kg) 75.95 80.54 145.04 135.17 89.66 87.95
Cud (kg) 25.30 25.41 26.37 39.44 24.14 25.56
Weight of 3 kWp PV system (PV modules only)
Weight (kg) 311 333 379 804 496 364

d Is the sum of all the Copper ore types available in Ecoinvent (v2.0)
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Fig. 8 Review of EPT’s from previous publications and those calculated with Ecoinvent,adapted
for a low and a high solar irradiation
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The EPT’s presented here were calculated based on the CED’s or EPT’s
mentioned in the cited publications. The results in Fig. 8 are adapted from the
original results, in order to be applicable to regions with a low (950 kWh/m2/y) or
high (1,700 kWh/m2/y) irradiation. For reasons of comparability and transparency,
the system’s performance ratio (p) was estimated to be 75 % (Alsema and Nie-
uwlaar 2000) in all cases. In other words, we assume that 25 % of the produced
electricity is lost in the inverter and cables. The Conversion coefficient (C) was set
at 0.35 (Alsema and Nieuwlaar 2000; Gürzenich and Wagner 2004). Keeping all
these parameters constant results in an EPT that is only influenced by the Con-
version efficiency (h) and the CED (see Eq. 2). Not all of these data are specifically
applied to a household PV system, some are LCA’s of large-scale PV systems (Ito
et al. 2010). However, since most of the GHG emissions are related to the pro-
duction of the module, including this data in the overview does not affect the
overall conclusions that can be drawn from this review.

The EPT’s published by Raugei et al. (2007a, b; Raugei et al. 2007a, b) for
CdTe PV systems are much shorter than the EPT’s that were found using the data
in Ecoinvent. The efficiency of a CdTe module mentioned in the Ecoinvent report
n�6 is rather low compared with the recent figures published by Raugei and Frankl
(Raugei and Frankl 2009) (Table 4). In the case of CdTe, an efficiency increase
from 7 % (according to Ecoinvent) to 10 % (Raugei and Frankl 2009) results in a
decrease in the EPT by 30 %. A higher efficiency entails that fewer modules are
needed to obtain a 3 kWp installation. In this case, the total surface needed for a 3
kWp PV installation would decrease from 43 m2 to 30 m2, resulting in less support
structure and thus a lower CED and EPT. An increase in efficiency can thus partly
explain the low EPT’s published by Raugei. However, in a recent paper by Ito
et al. (2010), the EPT is quite equal for all PV types (EPT = 2–3 y with high
irradiation), not indicating a shorter EPT for CdTe systems (Ito et al. 2010).

4.2 GWP Review

From Fig. 9, we can conclude that the GWP of a 3 kWp PV system is about the
same for all types of PV modules and is situated around 6,000 kg CO2-eq. It is
important to mention that the PV systems analyzed by Ito et al. (2010) are not
residential types but large-scale systems installed in the desert, nevertheless their
results are comparable with ours.
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5 LCA of 1 kWh of Electricity

5.1 Introduction

To obtain the impact of 1 kWh of electricity, we can simply divide the impact of a
3 kWp PV system by the Lifetime Energy Output, which is calculated as follows:

LEO ¼ YEO � lifetime kWh½ � ð7Þ

with LEO = Lifetime Energy Output [kWh]
YEO = Yearly Energy Output [kWh/year]
Lifetime = Expected lifetime of the PV system [years]

In the Ecoinvent report n�6, a lifetime of 30 years is assumed. An IEA-PVPS
report (International Energy Agency 2009) also suggests to use a lifetime of
30 years. Some authors, however, suggest lifetimes of 20 or 25 years (Varun et al.
2009a). Therefore, two lifetimes will be evaluated, a pessimistic estimate (20 y)
and a realistic estimate (30 y). Also the impact of the irradiation is important, since
higher irradiation results in more electricity production (a higher YEO) and thus a
lower per kWh impact (see Eqs. 2, 3, and 4).

As the focus of this chapter is on residential systems, which is dominated by
multi c-Si PV systems (Raugei and Frankl 2009), we will from here on mention
only the results for multi c-Si systems. This does not have any major implication
for the overall conclusions since the environmental impact of the production of a
PV system is relatively similar for all types of solar PV systems. More important
here—considering the impact of 1 kWh of PV-produced electricity—is the influ-
ence of the irradiation and assumed lifetime, as will be discussed below.

Fig. 9 GWP of a 3 kWp PV system (Ito et al. 2010 and Ecoinvent)
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5.2 Energy Efficiency of Electricity Production

5.2.1 Fossil Energy Requirement

The FER of 1 kWh of PV-produced electricity is lower than 1 in all the scenarios
(Fig. 10), which indicates that PV electricity is renewable. However, the results
are highly dependent on the assumed lifetime and irradiation. The FER in the most
pessimistic case, (20 years lifetime, installed in Belgium) is higher than 0.5 kWh/
kWhel. In the most optimistic case (30 years lifetime, installed in Spain), the FER
is about 0.2 kWh/kWhel. These results are on average slightly higher than those
found in Cherubini et al. (2009) but nevertheless comparable.

Note that the renewability of the electricity production of the country where the
PV cells and modules are produced also has a big impact on the FER since only
nonrenewable energy is incorporated. The FER would be very low, for example, if
the cells and modules were produced in Norway or high when produced in China.
The results from Ecoinvent represent a European case, with about 18 % of the
CED of a PV system being renewable. Recently, most PV panels sold in Europe
are produced in China, which would normally result in higher FER’s. It is,
however, unlikely that the FER for a kWh of PV-produced electricity would be
higher than 1, even in a pessimistic scenario.

Table 6 shows that, compared with wind and hydro, PV electricity production is
relatively energy intense. Biomass, on the other hand, has a FER similar to that of
PV. The fossil-fueled technologies are of course not renewable and thus have a
high FER (FER [ 1 for nonrenewables).

The FER’s for fossil technologies like coal and gas should be slightly higher
than the inverse of the efficiency of the power plant. For example, if a coal plant
has an efficiency of 35 % than the FER must be higher than 2.8 (2.8 = 1/0.35).6

The FER will be slightly higher than this figure since other life-cycle energy

Fig. 10 The impact of lifetime and irradiation on the FER a 3 kWp multi c-Si PV systems
(results based on calculations from Ecoinvent v2.0 compared with Cherubini et al. 2009)

6 The efficiency of a plant indicates how much electricity (MJel or kWhel) is produced from a MJ
of primary energy, the energy contained in the fuel. The efficiency is thus a percentage with
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costs—such as the construction of the power plant and the transport of the coal—
are not incorporated into the plant efficiency, but should be incorporated into the
life-cycle energy use. In other words, the inverse of the efficiency can be seen as an
indicator of maximal energy efficiency. The data in Table 6 seem to confirm this
statement. It can be seen that the lowest FER’s for fossil technologies are related to
relatively high efficiencies of 40–45 % (1/0.45 = 2.2).7

5.2.2 Discussion

The FER is similar to the inverse of the NER, there are, however, some important
differences. First, the FER only takes into account the nonrenewable part of the
energy needed, whereas the NER includes the total amount of energy. Second, the
unit of the FER is kWh/kWhel and does not take into account the conversion
efficiency. The unit of the NER is kWhprim/kWhprim and, since it is calculated from
the EPT, does incorporate the conversion efficiency. It is important to be aware of
these differences and avoid misinterpretations.

In a recent report, the IPCC published some data on the energy efficiency of
various technologies that could lead to such misinterpretations (Special Report
Renewable Energy Sources). In chapter 9 of their report, the sustainability of
renewables is examined in detail, based on an extensive literature review (IPCC
2011). The IPCC mentions energy ratios (ER) [kWhel/kWhprim]—which are the
inverse of the above-mentioned FER’s—for fossil-fueled technologies that are

Table 6 Fossil energy requirement for various technologies

FER (kWhprim/kWhel) Min Average Max

PV 0.10 0.32 0.63
Wind Onshore 0.01 0.05 0.13

Offshore 0.03 0.03 0.03
Biomass Pellets/Waste Dedicated 0.06 0.19 0.40

Co-Firing 0.05 0.12 0.20
Geo. 0.01 0.06 0.15
Hydro Small 0.01 0.02 0.04

Big 0.03 0.03 0.03
Nuclear 2.80 3.05 3.30
Gas 1.70 2.35 3.00
Coal 2.14 2.84 4.20

Sources calculations based on data from (Pehnt 2006; Varun et al. 2009a; Viebahn et al. 2007;
Lenzen and Munksgaard 2002; Manish et al. 2006; Cherubini et al. 2009; Djomo et al. 2011)

(Footnote 6 continued)
kWhprim/kWhel or MJprim/MJel as a unit. As shown, the FER has the inverse as unit (MJel/MJprim).
This is why the inverse of the efficiency is a rough indicator of the FER.
7 The very low minimal FER for gas was found in Cherubini et al. 2009, however, an
explanation for this low value is not given in the paper.
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between 2 and 20. This is equivalent to a FER of 0.5–0.05. These numbers indicate
a technology that is renewable, since the electricity produced (kWhel) exceeds the
primary energy consumed (kWhprim). The reason for these high-energy ratios is
that the report does not include the energy content of the fuel, which is somewhat
surprising, and results in the strange notion that the energy ratio of a fossil tech-
nology can be higher than one.

The above discussion illustrates the difficulties that arise when there is a lack of
general methodology and definitions. The need, thus, for a more uniform approach
seems clear. The approach followed by Cherubini et al. (2009) seems to be a good
way forward, in the authors’ opinion. By mentioning both the renewable
(Renewable Energy Requirement) and nonrenewable (Fossil Energy Requirement)
energy need, a more balanced view of the environmental impact of the technology
is provided. In general, the definition of an energy indicator should always be
stated clearly such that misinterpretations can be avoided; unfortunately, this is not
always the case.

5.3 Global Warming Potential of 1 kWh of electricity

5.3.1 GWP of 1 kWh of PV electricity

Figure 11 shows that both the estimated lifetime and the irradiation have a strong
impact on the global warming potential of a PV-produced kWh of electricity. A PV
system installed in Belgium (BE) with an estimated lifetime of only 20 years pro-
duces electricity with a GWP of 116 gCO2-eq per kWh. This is almost twice the
impact of a kWh produced in Switzerland (CH) with a PV system that has an expected
lifetime of 30 years (66 gCO2-eq). Under optimal conditions—a PV system installed
in Spain with a lifetime of 30 years—the GWP could be reduced to 44 gCO2-eq.

The bottom part of Fig. 11 shows that results from Ecoinvent data are similar to
the literature. However, one can still find authors claiming that GHG emissions
could be as high as 160 gCO2-eq per kWh. This seems to be very pessimistic and is
not in line with Ecoinvent data, nor with most of the literature. Overall, we can
safely conclude that the GHG emissions from a kWh of crystalline PV systems
produced electricity are likely to be in the range of 50–100 gCO2-eq/kWh, with the
lower end being valid for sunny regions like Spain and Italy, and the higher value
being valid for regions like Belgium, the United Kingdom, and Germany.

5.3.2 Global Warming Potential of 1 kWh of Electricity

In this section, the results for the GHG emissions of a residential PV system are
compared with results from various renewable and nonrenewable electricity pro-
duction technologies. The data in Table 7 show that, overall, the emissions from
PV systems are much lower than emissions from fossil-fueled electricity
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Fig. 11 The impact of lifetime on the global warming potential of 1 kWh of PV electricity in
Belgium, Switzerland and Spain (sources Ecoinvent, and the literature (Cherubini et al. 2009;
Odeh and Cockerill 2008; Weisser 2007; Azapagic 2009; Manish et al. 2006; Pehnt 2006). UK
United Kingdom, DE Germany, Pess pessimistic estimate, Opt optimistic estimate

Table 7 Life-cycle GHG emissions for various technologies

GHG emissions (g CO2-eq/kWh) Min Average Max

PV 50 99 160
Wind Onshore 4 17 40

Offshore 9 13 17
Biomass Pellet/Waste Dedicated 2 66 122

Co-Firing 7 55 150
Geothermal 7 39 90
Hydro Small 2 16 43

Big 10 14 18
Nuclear 8 34 108
Gas 360 474 720

CCS 114 121 130
Coal 800 1,019 1800

CCS 130 190 280
Lignite 900 1,000 1100

CCS 130 165 200
Oil 662 815 1080

Sources (Cherubini et al. 2009; Odeh and Cockerill 2008; Weisser 2007; Azapagic 2009; Manish
et al. 2006; Pehnt 2006; Viebahn et al. 2007; Djomo et al. 2011; Martinez et al. 2009a; The
Environment Agency 2009; Varun et al. 2009a, b; Varun et al. 2009a; Lenzen 2010; Jaramillo
et al. 2007)
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technologies. The emissions from a coal plant are about 10 times higher. Emis-
sions from gas are roughly 5 times higher. It is also interesting to note that CCS
(Carbon Capture and Storage) technology will only reduce emissions down to
about 200 gCO2-eq/kWh, which is about twice the average of PV emissions
(Jaramillo et al. 2007; Viebahn et al. 2007; Weisser 2007). This is food for thought
given the increasing interest in CCS technology to reach climate goals.

PV thus seems to have relatively low GHG emissions. However, compared with
other renewables, wind and hydro are better options. Especially, wind technology
seems to have very low per kWh GHG emissions from a life-cycle perspective
(Martinez et al. 2009a; Martinez et al. 2009b; Varun et al. 2009a).

Nuclear also has a relatively low GHG impact, since almost no emissions occur
during the process of nuclear fission. Also, one nuclear plant can produce a lot of
electricity, thus the emissions released during construction are divided over a huge
number of kWh’s, resulting in a low per kWh greenhouse gas impact. On the other
hand, the advantage of nuclear with regard to GHG emissions is overshadowed by
the big debate on its safety. Nuclear appeared to be an option to fight climate
change a few years ago, however, since the Fukushima accident the political
feasibility of nuclear had decreased dramatically.

The GHG emissions related to biomass electricity production are in the same
range as PV, according to most of the literature. Biomass is, however, a special
case, since a lot of the emissions can be attributed to the harvesting and transport
phases. Lowering GHG emissions in these steps is thus crucial to obtain a low-
carbon energy source. Many factors influence the overall GHG-balance of a kWh
of biomass electricity. Land use change, for example, can significantly contribute
to the overall emissions, be it in a positive (carbon capture and soil improvement)
or very negative way (such as the burning of rainforest to replace it with biomass
plantations) (IPCC 2011). The big influence of the assumed land-use impact partly
explains the large variations in emissions that can be found in the literature. In the
papers mentioned here, the emissions vary from 2 to 150 gCO2-eq/kWh. The
variation reported by the IPCC (IPCC 2011) is even larger, ranging from -600
gCO2-eq/kWh up to +300 gCO2-eq/kWh, depending on which assumptions and
methods were applied. These figures suggest that the debate on the sustainability
of biomass for electricity production is not likely to end soon.

5.4 Eco-Indicator 99 Analysis of 1 kWh of Electricity

5.4.1 Comparing Different Perspectives

The results that were found using the EI 99 method for a residential 3 kWp PV
system in Sect. 3.4.2 varied greatly depending on the selected perspective.
Figure 12 shows that this observation remains valid for the comparison of different
energy technologies. In order to simplify the results, only the three main impact
categories (resource depletion, human health, and ecosystem quality) are shown.
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Generally speaking, resource depletion is the most important contributor to the
overall environmental impact score, except for hard coal electricity generation,
where impact on human health is more important.

The Individualist (I,I) prefers natural gas and puts a high weight on the resource
depletion related to the production of PV systems. Not surprisingly, as the indi-
vidualist is very much concerned with human health, the score related to human
health impact for coal is very high since the burning coal is related to unhealthy
emissions. The results in the Hierarchist (H,A) and Egalitarian (E,E) views are
rather similar, with the exception of the impact score for hard coal. Coal will only
become scarce in the very long term; this could explain the relatively high impact
according to the Egalitarian view since it is more considered about long term
effects (see Table 3). Notice that coal generally has the highest impact score, even
higher than Individualists’ estimate for PV systems, assuming the latter are
installed in sunny regions.

The view of the Hierarchist and the Egalitarian is very clear; they prefer PV
systems as electricity sources instead of fossil-based electricity production.
According to these two perspectives, the overall score for PV is many times smaller
compared with natural gas or coal. The score for gas is much higher here, since fossil
fuel depletion is considered to have an unfavorable impact on future generations’
ability to obtain sufficient amounts of natural gas with a reasonable effort.

In a recent article by Martínez et al. (2009a), an EI 99 score of about 0.001
points is assigned to 1 kWh of wind energy from a 2 MW turbine in Spain. This is
about 3 times lower than the score we found for PV systems in the most optimistic
case (0.003 eco points, high solar irradiation, and a 30 years life expectance) using
the Hierarchist perspective. According to our results, PV systems have good
properties, but according to Martínez et al. (2009a), the use of wind turbines has
less environmental impact. Unfortunately, only one perspective was used by
Martínez et al. (2009a), the impact of different perspectives was not analyzed.

Jungbluth (2005) has also compared the LCA results from PV systems with
those of wind, hydro, biomass and gas plants (and others). In his paper, the EI 99

Fig. 12 EI 99 results for PV in Belgium (BE) and Spain (ES) with assumed lifetimes of 20 or 30
years, compared with gas and coal (based on data from Ecoinvent v2.0)
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perspective is compared with other indicators, such as the GWP, the ‘‘ecological
scarcity 97’’ Index and the CEDnonren. He finds that PV has a better profile
compared with natural gas when using EI 99, GWP, and CEDnonren methods, the
score for scarcity is, however, similar. When compared to the other renewables,
PV had the worst score for all the selected LCIA methods.

5.4.2 Mineral Extraction for 1 kWh of Electricity

The total amount of minerals needed for the production of a 3 kWp PV system is
relatively high (Table 5). If the data from table 5 is divided by the total amount of
electricity produced, the ‘‘per kWh mineral use’’ is obtained. In Fig. 13, this is
compared with the ‘‘per kWh mineral use’’ of other technologies. The results from
the Ecoinvent database (v2.0) show that the amount of copper and aluminum ore
extraction is much higher for PV-electricity, compared with the fossil-based
technologies. This clearly indicates that PV has a big impact on mineral depletion,
compared with the other technologies, especially for the more expensive metals
like copper (Cu) and aluminum (Al). The results for iron depletion (Fe), on the
other hand, are similar to the results for gas and coal.

When comparing Figs. 13 and 12, it is clear that, according to the Individualist,
the energy technologies that are very mineral-intensive (such as PV) have a high
environmental impact. Technologies that need very small amounts of minerals,
such as gas, have the lowest score. Despite the fact that most of the metals are
considered to be recyclable, the impact of PV systems on mineral depletion is not
to be ignored. Our results indicate that about 2 grams of iron ore and 1.5 grams of
aluminum ore (Bauxite) are needed for the production of 1 kWh of PV electricity.
An article by Pehnt (Pehnt 2006) mentions comparable figures of 3.3 g of iron ore
and 1.2 grams of Bauxite. If PV systems are to become a major contributor to the
electricity supply, an efficient recycling program would be advisable. Fortunately,
this issue is receiving increasing attention.8

Fig. 13 Mineral ore depletion results for PV in Belgium (BE) and Spain (ES) with assumed
lifetimes of 20 or 30 years, compared with gas and coal (based on data from Ecoinvent v2.0)

8 For more information see http://www.pvcycle.org/.
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6 Conclusions and Discussion

In this chapter, the environmental impact of residential 3 kWp PV systems is
evaluated using various life-cycle impact assessment methods (LCIA methods). In
general, the results indicate that, relative to fossil-based energy sources, PV sys-
tems have a lower environmental impact, even in regions with a low solar irra-
diation, and even if only lifetimes of 20 years are assumed. However, when
compared to other renewables, the results are not that promising. Wind technol-
ogy, for example, seems to have an impact that is significantly lower. Biomass has
an impact that is on average similar, although one must keep in mind that the
sustainability of biomass is still a heavily debated topic.

The energy payback time (EPT) of residential PV systems is less than 5 years in
regions with a low solar irradiation, such as Belgium and the United Kingdom and
about 2–3 years in regions with a high irradiation (such as the South of Europe and
central/south U.S.). As most authors consider lifetimes of PV systems to be at least
20 years, we can conclude that they are indeed a renewable source of electricity,
since more energy is produced than consumed. The lifetime energy production is
roughly 5 times higher than the lifetime energy consumption in region with little
sun. This could rise up to 12 times in sunny regions. Other energy efficiency
indicators such as the Fossil Energy Requirement (FER) confirm that PV tech-
nology is indeed a renewable technology, with FER’s lower than 1 in even the
most pessimistic case.

Since minimizing global warming is a frequently mentioned reason for gov-
ernments to stimulate the use of PV systems, the Global Warming Potential
(GWP) of PV was estimated and compared with other energy technologies. We
found that the GWP of 1 kWh of PV electricity is on average much lower than that
of fossil power plants, similar to biomass, but higher than wind or hydro plants.

The EI 99 method with three perspectives offers a much broader perspective
when compared to one-dimensional indicators. However, the EI 99 results differ
greatly depending on the used perspective. The Individualist view, that considers
fossil fuels to be unlimited and only looks at the short term effects, puts a high
weight on the amount of mineral extraction that comes with PV production.
According to the Individualist, gas fired power plants are a better option for
electricity production than PV systems. The Hierarchist and Egalitarian views,
however, do consider the use of fossil fuels to have a negative impact on the well-
being of future generations. According to these latter perspectives, PV systems are
a better option than gas or coal fired plants.

It is important to stress that the results obtained by the EI’99 method can be
misleading, since it involves a weighting step that can be considered quite arbi-
trary. One can argue that the very high weight that the Individualist gives to
mineral extraction is far from what most people would consider logical or rational.
It does, however, point out aspects that a one-dimensional indicator does not. The
EI 99 method showed us that other aspects then GHG emissions and energy
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efficiency are also relevant. In the case of PV, the EI 99 method stressed that PV
systems are quite mineral-intensive compared with fossil fuel alternatives.

A closer look at the aspect of mineral extraction revealed that about 1.6 grams
of iron ore and 1.2 grams of aluminum ore are necessary for the production of
1 kWh of PV electricity, this relatively high amount of minerals that are needed
for the production of a PV system should be acknowledged. This fact is not
mentioned nor stressed in much of the literature, which mainly focuses on
emissions.

This chapter has tried to show that one cannot overstress the fact that LCIA
methods should always be evaluated with care. The chosen methodology and
assumptions clearly have a major impact on the overall conclusions drawn from a
LCA. Most reviews mention only energy efficiency and greenhouse gas parameters
or only mention results for PV systems in regions with a high irradiation. Hope-
fully, this chapter will contribute to a more careful and complete approach toward
life cycle analysis in the renewable energy literature.
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Abstract Hydropower studies are among the least discussed themes concerning
energy systems life-cycle assessments (LCA). This scarcity may be related both to
the relevance of this energy source in only a small group of countries and to the
difficulty in obtaining the necessary data to conduct those evaluations. The present
chapter gives some useful insights regarding specifically the construction of
hydropower life-cycle inventories (LCI), aiming to help LCA practitioners
involved with environmental evaluation of this source of electricity. Starting with
a brief review of the available studies, methodological considerations are given,
separated by each LCI methodological step. These recommendations are illus-
trated with a case study of Itaipu Hydroelectric Power Plant, the largest energy
plant in operation worldwide, leading to conclusions and recommendations for
further studies. With the present chapter, the authors hope not only to guide, but
encourage the conduction of new hydropower plants LCIs, in order to improve the
actual LCA databases used for renewable energy sources comparison.
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1 Introduction

With the growing interest on environmental issues, fostered by academic, gov-
ernmental, and private initiatives, life-cycle assessment (LCA) has become an
increasingly prominent tool in evaluating the environmental performance of
products and services, presenting benefits in comparison with more conservatives
and less holistic approaches.

Notwithstanding their diverse benefits, LCA’s ability to support and influence
decision-making processes in which the environmental dimension is taken into
account is conditioned to some structural factors of the methodology, such as data
quality and representativeness. Moreover, the interest of potential LCA users
depends on the relationship of cost and duration of the study versus its precision
and depth. Those aspects led LCA practitioners to make some investments on
databases development, which are constructed, generally, by life-cycle inventories
(LCI), which can be understood as a set of information regarding material and
energetic flows consumed from the environment, or disposed in it, from an
anthropic activity. Among the most requested LCIs are those dealing with energy
sources. Every material or product needs energy in different stages of their life
cycles. This energy can be obtained from various sources in different locations.

Since the beginning of LCA studies, during the 1970s, energetic LCIs have
been developed for systems located in developed countries, in which the electricity
generation is usually focused on thermal sources (by fossil fuels like coal, gas, and
oil) and nuclear. On this context, very few countries use hydropower as a sig-
nificant source of electricity, and consequently, LCIs for hydropower are quite
scarce. Complementarily, the greatest parts of the existent studies focus on very
few aspects—generally greenhouse gas (GHG) emissions from the reservoir
flooding.

In terms of LCA, hydropower is not a traditional subject, because most of the
total environmental load relies on civil construction, and not on a transformation
process that could be described in terms of an input/output balance. Besides due to
the intrinsic characteristics of hydropower generation, one study can hardly be
representative of any other enterprise or plant in the same segment. Hydropower
uses the local land relief to create the dam and associated reservoir. Each project
has its own conception and methods, significantly altering the environmental
burdens associated with the construction procedures and materials choices, deeply
changing both the construction machines used and the materials consumption,
modifying their associated life cycle.

This chapter aims to give a contribution for LCA practitioners presenting and
discussing methodological considerations about LCI for hydropower in order to
better understand the subject. It starts with a brief review of the most prominent
studies on the area and some general considerations regarding each specific def-
inition within the ‘‘scope definition’’ step of the LCA methodology, focusing on
materials and energy flows (and not only on greenhouse gas emissions). Special
attention is given for the requirements for product system modeling. In order to
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illustrate those arguments, a case study is also presented. It is based on a Brazilian
LCI study of Itaipu Plant, which was the largest hydropower installation in the
world (Ribeiro and Silva 2010) during the period in which the study was per-
formed. In the topic regarding final recommendations, some suggestions about
future and complementary developments related to the topic are made.

2 Review of Available Hydropower LCI0s

A remarkable initiative on the area of LCA of energy systems was the workshop
conducted by the Organization for Economic Co-operation and Development
(OECD) on 1992 (OECD 1992). At that time, a very important discussion was
conducted regarding the importance and the difficulties of this kind of study,
including the necessity of local data collection to obtain representativeness of the
results.

In 1994, a study of Oak Ridge National Laboratory (ORNL) was published
(ORNL 1994). This study, contracted by the United States Department of Energy,
first quantifies the environmental and social costs for six USA hydropower plants,
adopting a life-cycle approach, in order to establish monetary value for them
afterward.

Similar to this initiative, and using the ORNL methodology, the European
Union launched an ambitious project called ExternE. In an effort involving more
than 50 teams from 15 countries during 3 years, the project estimates the exter-
nalities of different energy options in Europe, considering their life-cycle. In 1995,
the report of hydropower generations was launched (EUROPEAN COMISSION
1995), but it contained very little quantitative information, since the study intended
to work with monetary values for the externalities.

Something different from these initiatives was the analysis conducted by Vat-
tenfall AB, a Nordic energy company which decided to carry out an LCA study of
its electricity generation options with the purpose to inform its customers
regarding their environmental performance. The first study, published on 1996
(Brännstrom-Norberg et al. 1996), describes the product system of hydropower
generation, presents elements of scope definitions and bring some inventory data.

A literature survey focusing environmental analysis of hydropower generation
systems revealed two important studies: the first published in 1999 (Swedish
Environmental Management Council 2002a), and the other on 2002 (Swedish
Environmental Management Council 2002b). Both are considered by many experts
the most complete LCA for hydropower published up to now. These studies
contain definitions, inventory results, impact assessment and conclusions.

The International Energy Agency (IEA) has also two publications where LCA
of energy generation is discussed. The first one (IEA 1998), dated from 1998, is a
discussion about the environmental implication of renewable energy options. The
second one (IEA 2000), from 2000, proposes mitigation measures for hydropower
schemes. Nevertheless, these two publications do not perform the LCA in its
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methodological fullness. In any case, the considerations made by both studies lead
to important conclusions for life-cycle impacts of hydropower and also give some
typical range of values for environmental burdens.

A remarkable project was published on 2000 by the Scientific Certification
System (SCS) of California to the Washington Public Utility District. In this study,
a methodological approach based on LCA, called Life-Cycle Stressor Effect
Assessment was proposed as an alternative for environmental certification of
electricity enterprises (Carringnton 2000). The technique is basically composed by
definition and inventory steps, followed by a peculiar impact assessment, which
makes the difference from traditional LCA. In order to demonstrate the method, a
case study was conducted on Lake Cheelan Hydropower Plant, using some of the
definitions from the Vatenfall’s case (Vattenfall 1999).

In 2001, some attention was given to the theme of energy systems LCI’s, since
its relevance as source of environmental burdens had risen up. To foment the
discussion on this theme, the United States Environmental Protection Agency
(USEPA) promoted a workshop (USEPA 2001), where various experts debated
practical questions regarding electricity data for LCI. Based on different studies,
the experts concluded that each case demands a proper evaluation. However,
depending on the use to which the results of the study are provided, some generic
considerations could be made.

One last remarkable reference was published on 2002 in which some
researchers adopted LCA results obtained from literature, to make a comparison of
various electricity generation options (Gagnon et al. 2002). For each of the elec-
tricity sources, the authors compiled emission values, land use indexes, and the
energy payback ratios, presenting the results as typical values of environmental
performance for hydroelectric projects.

3 Methodology Recommendations for Hydropower
Life-Cycle Inventory Scope Definition Modeling

Even though each hydropower represents a different case, it is possible to con-
solidate some methodological considerations for hydropower LCI development,
based on the experience from literature studies, the Itaipu LCI, and also from two
conferences on energy LCI0s: the first one held in 1992 at Paris, France (OECD
1992); and, the second in 2001 at Cincinnati, United States (USEPA 2001).

The results of these conferences—that are not exclusive to hydropower, but for
energy LCI0s in general terms—revealed that besides the inherent complexity of
electricity generation systems, some specific factors bring additional difficulties to
develop electricity LCI. They are related to geographical extension; the large
seasonal variation of energy supply; significant differences of energy sources and
plant configurations (even when the method of generation is the same); rapid
technological evolution; and long-time scenarios (Krewitt 2001). These factors
lead LCI experts to establish general conventions.
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Although there are some studies using a life-cycle perspective to evaluate
hydropower, most of them are limited to a few environmental impacts, mainly
GHG emissions and the energy pay-back (ORNL 1994; IEA 2000; Carrignton
2000). Other studies are focused on establishing monetary values to environmental
impacts (ORNL 1994; EUROPEAN COMMISSION 1995); and very few are
designed to produce a complete LCI dedicated to hydropower (Brännstrom-Nor-
berg et al. 1996; Vattenfall 1999). Evaluating those studies, the most relevant
findings are presented in the following.

3.1 Product System Modeling

As already commented, many initiatives have been taken to define a ‘‘typical’’
process for hydropower construction and operation. However, local and techno-
logical differences between plants make the results of those attempts inaccurate.

It was verified that all the founded hydropower LCI studies first obtain the
inventory of a single plant, generally the one with the higher installed power, and
then, the whole system was approximated by an extrapolation of its results. As a
second step, those analyses develop LCIs for other plants, combining them in order
to obtain an average inventory, based on installed power acting as a weighting
factor.

Only one of the found studies went beyond this, using two LCI0s for different
dams installed on the same river, in order to establish an average between them,
representing an improvement over the present situation (Swedish Environemntal
Management Council 2002a, 2002b). However, criteria used to perform the
average were not deeply described. Studies performed for hydropower generation
systems have the tendency to follow the LCA’s attributional approach. This focus
can be justified due to the fact that it generally makes part of broader projects
focused on electricity database development.

3.2 Function and Functional Unit

Even though some hydropower plants use their reservoirs to purposes other than
electricity generation, all the LCA consider this as the single function of an energy
production unit. Because of this, no allocation was made on any case.

Taking into account both requirements—the electricity generation as the only
function of the product system, and the attributional approach of LCA—the
Functional Unit (FU) of an LCA study for hydropower generation should neces-
sarily match ‘‘to generate a certain amount of energy’’. In general, the amount of
energy produced by the system is expressed either in Megawatt–hour (MWh), or
Mega joule (MJ). It seems in fact that MWh is preferable because it is more
familiar in electricity studies.
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3.3 Product System Boundaries Definition

Boundary definition is probably the most controversial step in the development of
a hydropower LCI, generally divided into two separate definitions: time boundary
and spatial boundary.

Regarding time boundary, hydropower LCI0s must consider the process that
occurs within the power plant, and also the capital investments in materials, and
the energy required to build and to operate the dam. This approach is recom-
mended since the construction phase is claimed to be the most relevant source of
environmental load.

Hydropower dams are expected to ‘‘last forever’’, if proper maintenance
practices would be applied. So, construction impacts should be distributed to all
the energy produced by the plant during its whole operative lifetime. Thus, the
definition of how long the plant will last, or the amount of energy generated by the
system, is decisive in terms of scope definition. This question is, maybe, the most
controversial aspect of hydropower LCA. The solution commonly adopted by the
examined studies was to establish a fixed value.

Originally, this value was determined as being 60 years (Brännstrom-Norberg
et al.1996); however, after a review of the time horizons of systems under oper-
ation, a 100 years of operation has been considered more adequate (Swedish
Environemntal Management Council 2002a, b, 1999; IEA 1998, 2000). As a
requirement, all environmental burdens associated with maintenance activities
must be included.

Another important definition on this kind of studies refers to the stages to be
considered in the whole life cycle. In general, the studies used to separate it on
construction and operation of the power plants. Demolition was not considered on
any case, and mainly, because it is recognized that the dismantling of a dam could
lead to severe environmental impacts, once the local ecosystems are adapted to the
lacustrine situation. Thus, hydropower dismantling is not included, except on
special cases when public security is endangered.

The spatial boundaries of hydropower LCIs are the same for the consulted
studies. The refinement of boundaries is considered a key element on hydropower
LCI development because of the large amount of mass and energy flows
exchanged between the product system and the environment, especially during the
construction stage of the project. In fact, all the considered studies had started their
LCA screening adopting Vattenfall’s boundary definition (Brännstrom-Norberg
et al. 1996).

According to that procedure, the initial boundaries included material and energy
flows from: the operation of civil work machines; extraction and/or production of
construction materials (cement, sand, aggregate, rocks, steel, and diesel); and
materials transportation. It were also included within the boundaries the envi-
ronmental aspects associated with the production and the transportation of the
materials necessary to manufacture the most important equipment (as steel, cop-
per, lubricant, etc.), and also aspects related to civil workers transportation,
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greenhouse gases (GHG) emissions from the flooded biomass, and energy con-
sumption during the operation stage.

Figure 1 illustrates the resultant boundary definition.
Besides, equipment, fuels, and materials life cycles should also be included

(Krewitt 2001; Virtanen and Lubkert 1992; Frischknetcht 2001; Curran 2001).
Capital goods—e.g., the turbine—are admitted into the boundaries. Generally,
they are permanently allocated into the system. On the other hand, equipment
temporarily used—such as lifting cranes—should not be included (USEPA 2001;
Frischknetcht 2001).

It is also important to consider the environmental and the economic costs of
maintenance and replacement of the electromechanical equipment, since the time
horizon for the plant is higher than that defined for the equipment. This insertion is
even more important due to the general agreement of not including the dismantling
of the plant within the boundary; this is in accord with the hypothesis that the
equipment should be able to operate in perfect conditions at the end of the time
horizon, as recommended in the literature (Virtanen and Lubkert 1992; Setterwall
2001).
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Fig. 1 Vattenfall’s boundary definition [adapted from (Brännstrom-Norberg et al. 1996)]
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For many authors (OECD 1992; Krewitt 2001; Frischknetcht 2001), the life
cycles of construction materials and civil works, as well as emissions of particulate
matter from earthworks, and GHG emissions from flooded areas, should not be
disregarded. So a complete data collection must be conducted in these life-cycles
processes.

Other important aspect of hydropower modeling for LCI purposes is the allo-
cation procedure. Even though in many cases it could be observed a multiplicity of
usages for the hydropower reservoir—e.g., recreation, fishing, etc.—it is recom-
mended not to adopt any allocation procedure for this case (Curran 2001).

An important alert regarding environmental impacts associated with land
occupation and transformation in hydropower systems should be done. Notwith-
standing social impacts of building a dam and the environmental impacts of
flooding the same area, only primary flows of mass and energy tend to be con-
sidered for this class of LCI. In order to establish an indicator of these social and
environmental impacts, it is suggested to include an accounting of areas with
potential of occupation and transformation. However, the authors are fully aware
that this strategy does not fulfill the need for a broad environmental impact study,
which should evaluate the burdens of the hydropower generation such as people
displacement, ecosystem modifications, agriculturally productive land loss, and so
on. This approach will certainly be one of the main challenges for the LCA
community in the near future.

3.4 Data Sources

International experience reveals that the data collection for LCI of hydropower can
be divided in two steps. The first one is performed in order to quantify the con-
sumptions and emissions—i.e., inputs and outputs flows—associated with building
and maintenance of the power plant. In this case, it is usual to include the amounts
of cement, sand, gravel, iron and steel, water, copper, diesel oil, plus all the
transport operations, and civil work machines employed either in its construction
or operation. This part of the data collection is usually conducted based on primary
data, i.e., collecting information directly from the constructor of the dam and other
manufacturers and suppliers.

In the second step, the life cycle of those materials, products and services is
estimated. In the cases in which there are no databases available, or even if the
existing information is not representative, complementary data should be collected
in technical literature, and a treatment process of the same information must be
performed in order to provide consistency and representativeness for the whole
LCI. Access to this information may be difficult or even impossible and even with
all these precautions one should take care to avoid incorporating uncertainties to
the study.

In all the studies consulted in this literature review, primary data were used on
the power plant demand for material and energy—e.g., consumptions of cement,
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rocks, steel, copper, etc. They were collected in collaboration with the plant
contractor. However, data on the life cycle of these inputs were obtained on
available LCA databases that do not always correspond to the construction reality.
This seems to be a limitation that studies of this class invariably have to face. On
lack of data, it is widely recommended to make conservative estimations based on
consultation of experts and other adequate and pertinent sources.

4 Case Study: Itaipu Hydropower LCI

4.1 The Brazilian Electricity Matrix

Due to its geographic and geologic conditions, hydroelectricity was strongly
emphasized in Brazil from the beginning of its social and industrial development.
The existence of large rivers, most of them running on uninhabited areas, led the
government to build some of the biggest electricity generation structures in the
world. This prevalence is evidenced by the majority of hydropower installed
capacity, in comparison with other electricity generation modals. Table 1 presents
the Brazilian electricity matrix in 2000, the reference year for the study.

Besides its prevalence over other generation options, Brazilian hydropower
plants have in their size another important characteristic. According to records of
the Brazilian National Agency for Electricity (ANEEL) (ANEEL 2001), in 2001
the country possessed 130 hydropower plants with more than 30 MW. From this
group, exactly twenty-four units counted with 1.0 GW or more of installed power.
Among them, the Itaipu Power Plant is the biggest one, with 12.6 GW. Its
expressive capability in terms of installed power makes Itaipu nowadays the
largest power plant in the world.

In terms of energy production, Itaipu achieved 93.4 GWh in 2000. It is
equivalent to burn 434,000 barrels of petroleum per day in a thermoelectric plant
and amounted to 23.8 % of the total electricity consumption in Brazil in the same
period, or approximately one-third of actual USA hydro-power generation (Itaipu
Binacional 2009). The case study of Itaipu power plant was developed as a
research project, which aimed to generate a first approximation of Brazilian LCA
electricity database. In spite of having a large reservoir Itaipu shows a high effi-
ciency in terms of material and energy use per energy unit produced, due to its

Table 1 Brazilian electricity Matrix 2000 [adapted from ANEEL (2001)]

Electricity generation modals Number of power plants Installed power (kW) % of the total

Hydropower 134 62,063,752 81.7
Thermal 614 11,006,848 14.5
Wind 7 21,200 0.03
Nuclear 2 1,966,000 2.6
Small hydro 313 861,271 1.1
Total 1,070 75, 919,071
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magnitude—economic scale—favorable land relief and high capacity factor with a
usage up to 75 %.

4.2 Itaipu Power Plant Description

Located on the Parana River, the seventh most voluminous river in the world, on
the border between Brazil and Paraguay, the Itaipu Power Plant was planned
during the 1960s, when these countries experienced fast economic growth, which
demanded great amounts of electricity to the region. An international agreement
was signed in 1966, and after a long period of planning and local condition
evaluation, in 1974 a company named Itaipu Binacional was established, in order
to manage the construction and operation of the power plant (Itaipu Binacional
1994). The civil works to construct the dam were started in 1975 and finished
during 1986. However, the first turbine began to operate some years earlier, in
1984. Some civil works continued till 2004, when the two last turbines were
installed—raising the system’s capacity to 14.0 GW (Itaipu Binacional 2009).

Itaipu Power Plant takes advantage of the large flow of Parana River and of the
local topography, which creates a lake of 1,350 km2 of area, and volume of more than
29 km3 resulting in a coefficient of 9.33 MW/km2—higher than any other Brazilian
hydropower plants of its class: Tucurui (1.75 MW/km2), Furnas (0.90 MW/km2),
Sobradinho (0.25 MW/km2), or Balbina (0.11 MW/km2) (Itaipu Binacional 2009).

Dam’s construction demanded important civil works as: excavation of the
deviation channel (with dimensions of 2 km length, 150 m width, and 90 m depth
through basalt rock); earthen and gravel dams (7.7 km of length, and 225 m of
average height); and construction of concrete installations (main dam, spillway,
power house, etc). To manage all those civil works, two construction sites were
installed, on both sides of the river. Both units had centers for silage, gravel
production, ice production, woodworks and ironworks, for concrete reinforcing,
and concrete mixing and transport, among other services. The development also
led to the establishment of a city of over 9,000 houses, lodgings, schools, clubs,
markets and stores, services of entertainment, and hospitals, where more than
30,000 civil workers lived along 10 years (Itaipu Binacional 1994). All of these
processes and capital goods were considered on the study, as part of the LCI.
Detailed description of these structures and information about their environmental
burdens can be obtained on the original study (Ribeiro 2003).

4.3 Research Development and Method

After a literature review on hydropower LCA, LCI of Itaipu power plant was
developed. The project was carried out along three years and produced a master
degree dissertation (Ribeiro 2003). Due to the limited human and financial
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resources, a literature review was carried out instead of screening procedures for
the LCI’s development. Initially, a broad search for information about power
plants was performed. A visit to the Itaipu power plant made possible the col-
lection of field data and contact with the technical staff from the time of the
construction. A former consultant was interviewed, bringing a clear picture of the
building site, but also quantitative data, and relevant information about the ven-
ture. From these procedures, it was possible to establish the scope of the study.

The project’s second step comprised the application of data collection proce-
dure. The activity was divided on two parts: obtaining information on consump-
tions of materials and energy; and, afterwards, data able to express the most
important environmental burdens of the life-cycle processes of this material and
energy inputs were estimated. The first of these steps used information previously
collected, from specific literature on the dam. On the other hand, second step
demanded a new literature review, from which data of the inputs life-cycle pro-
cesses were collected from the time of the construction in the 1970s. Subsequently,
both estimations were joined with the help of a software proper to support LCA
studies. As the objective of the study was to develop a database, no impact
assessment was planned. The complete set of hypothesis and assumptions, data,
and calculations, results and conclusions, apart from the LCI itself, are available
for consultation (Ribeiro and Silva 2010). Some methodological aspects were also
previously published in a conference paper by the authors (Ribeiro and Silva
2004).

4.4 Life-Cycle Inventory of Itaipu Hydropower Plant

As general guideline, the development of the LCI for Itaipu Power Plant followed
the ISO standards for LCA (ISO 1997, 1998). To this framework, all previous
methodological recommendations were added . In order to fulfill the formal
structure proposed by ISO, the study outcomes are presented according to the
normative steps on the following.

4.4.1 Goal and Scope Definitions

In terms of goal definition, the study had intended to develop a representative LCI
for hydropower generation in Brazil. From this effort, it was expected to fulfill a
gap in LCA studies developed in the country, where international databases were
used in order to express environmental burdens associated to electricity. LCA
practitioners are the target readership of the study.

According to ISO statements, the first step in terms of scope definition
embraces the establishment of the function and the functional unit for the study. As
recommended by international experience, the function considered for the power
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plant is ‘‘the generation of electricity’’. In order to measure this function, a
Functional Unit (FU) of ‘‘generation of 1 MWh of electricity’’ was selected.

Operationally, the process of boundary definition was a major challenge. The
core of the product system is the Itaipu Power Plant itself. However, the product
system’s boundaries also encompassed processes involved in delivery of materials
for the construction and operation of the plant—such as cement, steel, copper,
diesel oil, and lubricants. Moreover, it should be highlighted that the LCI
addresses the construction and operation of the plant, but not the dam dismantling.
So, in terms of temporal boundaries, the first statement was the division of the
power plant life-cycle into two phases: construction and operation. The con-
struction phase started with the beginning of the civil works. The operation step
lasts for a 100-year period—according to temporal coverage originally defined—
counted from 1984. For estimation and data collection of environmental loads of
consumed materials, the base year of 1977 was selected. The greatest part of the
materials was acquired on that period.

The spatial boundaries of the product system should include not only the dam
and its related structures, but also the residential and construction site, which
demanded energy and materials to be built. However, after a first screening, it was
possible to verify that the amount of consumed materials and civil works needed to
construct the residential site was not significant in comparison with the whole civil
work conducted, and thus it was excluded (Ribeiro 2003). Moreover, it should be
considered that all of these residences and support structures were incorporated
afterwards into the city. On the other hand, the construction site equipment and
structures that were fully dedicated to the power plant construction had its envi-
ronmental burdens included within the LCI. Apart from consumption and emis-
sions occurred during the operation phase, it was decided to consider also the
consumption of steel, concrete and electricity to build the dam, and their life
cycles.

The definition regarding inclusion of other unit processes within the system’s
boundaries was much more complex. This adjustment was initially made by taking
a boundary definition from international studies (Brännstrom-Norberg et al. 1996;
Swedish Environemntal Management Council 2002a, b, 1999; Vattenfall 1999),
which was modified through a screening process, based on an extensive literature
review, complemented by a personal interview with the professionals who took
part in Itaipu’s construction.

Figure 2 presents the final boundary for the product system.
No allocation procedure was conducted, due to the consideration of only one

product and one function for the dam. Also, considering that only the ‘‘Definition’’
and ‘‘Inventory’’ phases of LCA were conducted, no impact assessment criteria
definition was made.

4.4.2 Life-Cycle Inventory

Data collection
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Itaipu0s LCI data collection was performed in two sequential steps: Itaipu
Power Plant data; and material and energy life-cycles data. Both are described in
more details in the following paragraphs.

Itaipu Power Plant data
The first part of data collection was the adjustment of the product system model

from international studies, to Itaipu0s reality.
In order to obtain information for the essential considerations, personal inter-

views were conducted during a field trip to the dam, with some civil work spe-
cialists who had worked in Itaipu0s project and construction. The information
collected by interview was completed by an extensive literature review carried out
on the first part of the study. This included power plant construction reports (from
1977 to 2003); lists of materials and equipment; original blueprints; reports from
the different engineering companies that worked in the power plant project and
construction; and technical articles published on a monthly civil engineering
magazine (editions from 1976 to 1983). All of these data, together with the pre-
vious collected information, made it possible to conduct the necessary calcula-
tions, summarized in the annexes of the original study (Ribeiro 2003).
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Fig. 2 Simplified product system boundary for Itaipu power plant LCI (Ribeiro 2003)
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In order to estimate the most relevant inputs and outputs related to the venture’s
construction, the following processes were considered: concrete production;
operation of construction machines; excavations (on rock and earth); use of steel;
truck transportation; bus transportations (for workers); and equipment production.
For the operation of a 100-year period, it was considered: land use; replacement
and maintenance of equipment; electrical consumption; and GHG emissions.

The GHG emission estimation was done using official data from the Brazilian
government (Santos 2000; MCT 2002). Based on field measurements performed
on Itaipu’s reservoir, an emission factor was generated in order to estimate
emissions of carbon dioxide (CO2)—of 9.64E ? 04 t/yr—, and methane (CH4)—
of 1.18E ? 04 t/yr. Those values, however, are over-estimated, because they do
not take into account the decaying of the emissions rate over time. Data collection
and treatment resulted in a list of inputs and outputs for the Itaipu Power Plant Life
Cycle, presented in Table 2.

Materials and energy life-cycles data
To obtain the LCI from data presented on Table 2, it was necessary to detail the

materials and energy life cycles for each of the consumed items. This activity is
usually done using datasets and, thus, by secondary data. However, considering the
time horizon for the venture’s construction, and the peculiarities of Brazilian
industrial system at that time, there were no representative databases for the dif-
ferent materials and energy inputs of Itaipu0s LCI. Due to this limitation, additional
data collection procedures were made, in order to estimate the environmental
burdens of the processes of: generation of electricity; transportation (by truck, bus,
train, and ship); and the production of cement, steel, copper, diesel oil, and
lubricant oil.

For estimation of the life-cycle environmental burdens of the consumed
materials, 1977 was considered to be the reference year for data collection. In this
period, the greatest part of the materials was acquired. Data sources varied from
primary data—from the factories that produced to Itaipu Power Plant—to inter-
national emission factors and industrial surveys of Brazilian industry, i.e., sec-
ondary data. The main data sources are summarized below:

• Diesel and lubricant oil: a previous adaptation from international LCA dat-
abases was used to obtain the environmental load of diesel fuel and lubricant;

• Electricity: the Brazilian electricity mix that prevailed in 1977 was modeled by
an international LCI dataset for thermal generation;

• Transport: different transportation modals were used in the model: trucks of
about 30 t load of capacity; buses; trains; petroleum and cargo ships. Emission
factors were applied for road transportation considering 1977 technologies, and
international datasets were used for ship displacements;

• Cement: after a literature review, it was concluded that the Brazilian cement
production in 1977 could not be estimated using recent LCA databases. So, an
independent data collection was conducted. It was based on data from manu-
facturers, technical reports, and sector analysis from official research agencies,
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in order to produce an inventory minimally representative for cement production
at that period;

• Steel: once again, none of the international steel production LCA databases were
suitable for representing the Brazilian production in 1977, mainly due to the
large use of charcoal. In this context and analogous to the cement case another
independent LCI based again on data from manufacturers, technical reports and
sector analysis from official research agencies was developed;

• Copper: all of its consumption was estimated using international databases,
considering only imports from Chile.

Calculation procedures and data presentation

Once representative LCIs for Itaipu Power Plant were obtained, either a calcula-
tion procedure, or some adjustments were done in order to improve LCI’s clarity.
In an initial analysis, it was noticed that different terminologies were used for
similar burdens. This required nomenclature adequacy, mainly for air emissions
accountability: SO2 emissions were expressed as SOx; the same was done with NO
and NO2 emissions, consolidated as NOx. Solid emissions, independently of the
particles size were consolidated as ‘‘particulate matter’’. Besides, due to the dif-
ferent solid waste flows, all of them were indicated as ‘‘solid waste’’. Energy
resources were expressed as energetic content through the High Heat Value
(HHV). At last, consumption of earth and rock were converted from volumetric to
mass units. Table 3 presents the complete consolidated LCI for Itaipu Power Plant.

Simplified Itaipu Power Plant LCI

Even though a complete LCI was the final objective of the study, an interpretative
analysis of the dataset was conducted. It starts with an evaluation of the most
significant environmental burdens of the LCI. Following the ISO standard (ISO
1998) a cutoff criteria was applied, in order to exclude material and energy con-
sumptions and emissions with cumulative contribution of less than 1.0 %. This
procedure generated a ‘‘Simplified LCI’’. It made possible to conclude that just six
elementary flows—water, rock (basalt), earth, calcite, sand, and iron ore—were, in
fact, significant. Regarding to energy, only four natural resources contributed with
more than 1.0 % of the total: crude oil, coal, hydropower, and natural gas. In terms
of atmospheric emissions CO2, CH4, CO, Particulate Matter, SOx and NOx con-
tributed amounted together 99.9 % of the totals for this class. In order to complete
the simplified LCI, ‘‘land use’’ was included, due to the importance of this
parameter to the environmental and social impacts of hydropower. Table 4 pre-
sents the simplified LCI for Itaipu Power Plant, with environmental loads
expressed per functional unit.

This simplified LCI was carried out according to clear and adequate method-
ological procedures and was based on international experiences (OEDC 1992;
ORNL 1994; European Commission 1995; Brännstrom-Norberg et al. 1996;
Swedish Management Council Environmental 1999, 2002a, 2002b; IEA 1998,
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Table 3 Consolidated LCI for Itaipu power plant (Ribeiro 2003)

Environmental loads Unit ( / UF = 1MWh) Total Construction Operation

Material resources consumption
Water kg 8.90E+00 7.16E+00 1.74E+00
Air kg 1.24E-05 7.86E-06 4.55E-06
Sand kg 4.12E-01 4.12E-01 X
Clay kg 8.34E-02 8.34E-02 4.15E-07
Basalt kg 5.47E+00 5.47E+00 X
Bauxite kg 4.00E-05 3.56E-05 4.36E-06
Calcite kg 4.86E-01 4.70E-01 1.62E-02
Dolomite kg 9.69E-04 6.14E-04 3.55E-04
Fluorspar kg 6.63E-04 4.20E-04 2.43E-04
Gipsite kg 8.33E-03 8.33E-03 X
Wood kg 1.44E-01 9.13E-02 5.25E-02
Copper ore kg 2.01E-03 5.47E-04 1.46E-03
Iron ore kg 1.66E-01 1.05E-01 6.10E-02
Manganese ore kg 1.27E-03 8.04E-04 4.65E-04
Quartzite kg 2.54E-03 1.61E-03 9.31E-04
Salt kg 1.90E-05 1.69E-05 2.07E-06
Iron scrap kg 6.53E-02 4.14E-02 2.39E-02
Copper scrap kg 2.93E-04 7.99E-05 2.13E-04
Earth kg 3.05E+00 3.05E+00 X
Energy resources consumption
Coal MJ 1.65335 1.038186 0.615164
Energy (inesp.) MJ 4.33E-02 3.86E-02 4.73E-03
Uranium energy MJ 9.50E-04 8.46E-04 1.04E-04
Hydroelectricity MJ 1.46E+00 1.36E+00 9.61E-02
Natural gas MJ 0.285592 0.23958 0.045512
Crude oil MJ 5.4753 4.7862 0.69368
Air emissions
1.3 Butadiene kg 1.40E-07 1.28E-07 1.17E-08
Aldehyde kg 3.40E-05 3.40E-05 X
Ammonia kg 2.16E-07 1.36E-07 8.06E-08
Benzene kg 1.64E-05 1.60E-05 4.17E-07
Benzopyrene kg 2.42E-09 1.52E-09 9.00E-10
CaO Kg 1.21E-03 7.69E-04 4.45E-04
CH4 kg 1.32E-01 4.50E-04 1.32E-01
Pb kg 1.65E-11 1.04E-11 6.10E-12
CO kg 1.12E-01 7.12E-02 4.08E-02
CO2 kg 1.56E+00 4.45E-01 1.12E+00
VOC kg 3.74E-04 2.75E-04 9.87E-05
Etene kg 3.70E-05 2.34E-05 1.36E-05
F2 kg 7.65E-08 4.80E-08 2.85E-08
FeO kg 8.18E-04 5.18E-04 3.00E-04
Fluoretene kg 2.42E-08 1.52E-08 9.00E-09
Fluoride kg 1.72E-06 1.10E-06 6.19E-07
H2 kg 1.83E-04 1.16E-04 6.70E-05

(continued)
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Table 3 (continued)

Environmental loads Unit ( / UF = 1MWh) Total Construction Operation

H2S kg 1.10E-05 6.98E-06 4.07E-06
HCl kg 4.97E-08 4.42E-08 5.42E-09
Hydrocarbons kg 4.21E-04 3.74E-04 4.72E-05
Inespec. Kg 1.03E-05 6.47E-06 3.84E-06
Particulate matter kg 2.49E-02 1.96E-02 5.32E-03
Hg kg 8.27E-15 5.22E-15 3.05E-15
Heavy metals kg 9.50E-08 8.46E-08 1.04E-08
Methyl mercaptan Kg 1.35E-09 1.20E-09 1.47E-10
N2O kg 5.89E-07 5.77E-07 1.21E-08
NOx kg 2.98E-03 2.71E-03 2.70E-04
Crude oil kg 1.79E-05 1.60E-05 1.95E-06
SOx kg 3.76E-03 2.10E-03 1.66E-03
Toluene kg 1.05E-07 6.57E-08 3.90E-08
Xilene kg 1.13E-07 7.07E-08 4.20E-08
Water discharges
Acetic acid kg 5.80E-03 3.68E-03 2.13E-03
Acetaldehyde kg 8.09E-05 5.12E-05 2.96E-05
Acetone kg 1.50E-04 9.52E-05 5.51E-05
Acid (H+) kg 2.85E-06 2.54E-06 3.11E-07
Tar kg 1.39E-02 8.79E-03 5.08E-03
Ammoniac kg 5.19E-08 3.29E-08 1.90E-08
Lead kg 4.03E-09 2.53E-09 1.50E-09
Cyanide kg 3.18E-07 2.02E-07 1.17E-07
Cl- kg 3.75E-06 3.34E-06 4.09E-07
Cu kg 1.21E-09 7.58E-10 4.50E-10
Chromium3+ kg 1.47E-09 9.32E-10 5.39E-10
COD kg 2.46E-07 2.19E-07 2.68E-08
Phenol kg 5.37E-07 3.41E-07 1.95E-07
Fe kg 5.38E-06 3.41E-06 1.97E-06
Fluoride kg 2.23E-06 1.41E-06 8.16E-07
H2 kg 1.54E-07 1.37E-07 1.68E-08
Hexane kg 5.36E-08 3.40E-08 1.97E-08
Hydrocarbons kg 2.10E-06 1.82E-06 2.82E-07
General inorganic kg 6.36E-03 1.73E-03 4.63E-03
Metalic ions kg 5.00E-07 4.45E-07 5.45E-08
Manganese kg 1.15E-07 7.28E-08 4.21E-08
Hg kg 2.42E-10 1.52E-10 9.00E-11
Metanol kg 2.10E-03 1.33E-03 7.71E-04
Methyl acetate kg 1.85E-04 1.17E-04 6.78E-05
N total kg 4.03E-08 2.53E-08 1.50E-08
NH3 kg 4.76E-06 3.02E-06 1.75E-06
Nitrate kg 4.75E-06 3.01E-06 1.74E-06
Oil kg 1.34E-05 8.67E-06 4.69E-06
Dissolved organic kg 1.90E-06 1.69E-06 2.07E-07
PAH kg 4.03E-10 2.53E-10 1.50E-10

(continued)
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2000; Carrignton 2000; Vattenfall 1999; USEPA 2001; Gagnon 2002. However,
from detailed LCIA (ISO 1997), it would be possible to measure the quality losses
imposed by the process of exclusion to the simplified version.

4.5 Results Discussion

4.5.1 Environmental Hotspots

An additional purpose of this study consisted to analyze the environmental hot-
spots of the Itaipu LCI. Figure 3 shows a bar graph with the contributions of the
main processes in terms of environmental burdens.

Figure 3 evidences that the ‘‘Reservoir filling’’—with emissions of CO2 and
CH4, and land use; the ‘Steel life-cycle’—with water and energy consumption, and
emissions of CO, particulate matter, SOx and NOx; ‘Cement life-cycle’—with
emissions of CO2 and particulate, and water and energy consumption; and the
‘Operation of civil construction machines’—with diesel consumption; and NOx
emissions—are the most important contributors to the environmental profile of
Itaipu.

4.5.2 Comparison with international results

A compilation of the LCI results from different power plants selected on literature
showed a wide variability. This phenomenon seems to have different origins,
mainly on methodological assumptions, and on differences on the constructive

Table 3 (continued)

Environmental loads Unit ( / UF = 1MWh) Total Construction Operation

Crude oil kg 2.22E-06 1.98E-06 2.43E-07
Sodium kg 1.88E-06 1.67E-06 2.05E-07
Dissolved solids kg 6.30E-06 3.99E-06 2.31E-06
Suspended solids kg 1.92E-05 1.21E-05 7.03E-06
Dissolved subst. kg 9.50E-07 8.46E-07 1.04E-07
Suspended subst. kg 6.65E-06 5.93E-06 7.26E-07
Sulfite kg 3.56E-07 2.25E-07 1.30E-07
Zn kg 1.78E-05 1.13E-05 6.53E-06
Other
Solid waste kg 3.10E-01 8.75E-02 2.23E-01
Heat loss (air) MJ 1.24E-02 9.44E-03 2.91E-03
Heat loss (water) MJ 6.35E-02 4.85E-02 1.50E-02
Land use m2 1.52E-01 6.64E-04 1.52E-01
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aspects—size, capability, age, technological level, construction material, and
others.

In order to check Itaipu LCI values together with other hydropower studies,
Table 5 presents a comparison with some international experiences.

These data evidence that even with a large variability between the different
studies most of the results are inside the same order of magnitude. However, in the
comparison of the results for each environmental burden, it is possible to identify a
clear environmental performance advantage of Itaipu among the other hydropower
plants. This prevalence can be explained by the economic scale of the venture—
due to the great capacity factor, the plant generates a huge amount of energy for
each unit of capital investment. This assumption must be taken with care, since the
studies used in this comparison were developed with different objectives and
methodologies and, most of them, were not full LCIs. The environmental gains of
Itaipu are still more evident on the energy pay-back, parameter which measures the
ratio between the energy output and input.

4.5.3 Time horizon sensitiveness

Time horizon is one of the important definitions of the study once the environ-
mental burdens of construction were calculated proportionally to the energy

Table 4 Simplified LCI for Itaipu power plant (UF = 1 MWh) (Ribeiro 2003)

Unit (/FU) Total Construction Operation (100-year)

Material resources consumption
Water kg 8.90E+00 7.16E+00 1.74E+00
Sand kg 4.12E-01 4.12E-01 x
Basalt kg 5.47E+00 5.47E+00 x
Calcite kg 4.86E-01 4.70E-01 1.62E-02
Iron Ore kg 1.66E-01 1.05E-01 6.10E-02
Earth kg 3.05E+00 3.05E+00 x
Energetic resources consumption
Coal MJ 1.65335 1.038186 0.615164
Hydroelectricity MJ 1.46E+00 1.36E+00 9.61E-02
Natural gas MJ 0.285592 0.23958 0.045512
Oil MJ 5.4753 4.7862 0.69368
Atmospheric emissions
CH4 kg 1.32E-01 4.50E-04 1.32E-01
CO kg 1.12E-01 7.12E-02 4.08E-02
CO2 kg 1.56E+00 4.45E-01 1.12E+00
Particulate kg 2.49E-02 1.96E-02 5.32E – 03
NOx kg 2.98E-03 2.71E-03 2.70E-04
SOx kg 3.76E-03 2.10E-03 1.66E-03
Nonmaterial burdens
Land use m2 1.52E-01 6.64E-04 1.52E-01
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generated on the whole period. As mentioned before, this parameter was defined as
100 years. Nevertheless, some simulations were developed changing the time
horizon to 60 years, and afterwards to 200 years.

The results of these tests not only had confirmed the high influence of the time
horizon over the environmental profile but also indicated that if the LCI results do
not vary so much, it was because the greatest part of the environmental loads
comes from a life-cycle phase that is not time-dependent. The obvious conclusion
was that the dam construction occurs on this phase.

4.5.4 Comments regarding the magnitude of the LCI results

A screening on the LCI results showed that the most part of the environmental
burdens would not be significant, if a cutoff criteria had been applied. This pro-
cedure was not adopted on the study due to its objective and resources restrictions,
but it is recommended on LCAs which intends to use this LCI as an electricity
database.

A comparison with LCIs of other electric generation options pointed out that
hydropower seems to present a better environmental performance than others, such
as natural gas thermal plants, but one should consider that there are plenty of social

Fig. 3 Process contributions to the most important environmental burdens (Ribeiro and Silva
2010)
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and environmental burdens and impacts that are not included on this study, like
people displacement, ecosystem substitution, etc., impacts that certainly have high
social and environmental importance.

4.5.5 Most relevant limitations of the study

A detailed analysis of the final version of Itaipu LCI reveals that the most
important limitation of the study is related to the LCA itself as an environmental
evaluation tool for hydropower projects, mainly in the Brazilian condition. As
stated earlier in this document, the LCI process was not expected to cover all the
environmental or social impacts of hydropower—e.g. impacts on population dis-
placement; local climate; ecosystem modifications; hydrology and so on—for
which international impact assessment studies and methodologies are available.
The scope of the present LCI is limited to the environmental loads associated to
the life cycle of the power plant in terms of exchanges of mass and energy with the
environment, and the impacts caused by land occupation and transformation.

Regarding to data quality, the most significant uncertainties are related to GHG
emission. It was assumed that GHG emissions over the whole area of the reservoir
would be the same during all the life time of the venture. This assumption, taken in
previous studies (Coltro 2003), is surely a rough estimation; on the other hand,
until the moment, there are no reliable models able to estimate such losses con-
sistently with the conditions in which they occur. Still in this same approach, some
other suggestions to improve data quality could be:

• Update the estimation of the total energy production during the 100-year
operation period, from the start of the operation of Itaipu in 1984 up to the date
of the study;

• Conduct a more detailed data collection on the use of chemical products for
power plant maintenance;

• Better modeling the air emissions from civil work machines. The calculations
were performed using USEPA emission factors, which were applied to the total
amount of consumed fuel. The power of the engines was used as criterion for the
allocation. Furthermore, it was assumed that all machines had worked during the
same period of time;

• Seek for more homogenous sources of data.

Finally, other relevant limitation was the impossibility to carry on another data
collection in order to refine the boundaries of product system. Some processes
were excluded from the boundaries based only on the international experience,
which not always correspond to the Brazilian situation. So, processes like elec-
tromechanical equipment fabrication, explosives production and use, other mate-
rials life cycles, and so on, were not investigated.
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5 Conclusion and Recommendations

The Itaipu LCI case study brought some information on scope definition and
inventory development that could be useful to future LCA practitioners. This topic
draws conclusions and presents some recommendations.

Regarding the proposed objective, it can be considered that the study achieved
the objective to develop a hydropower LCI representative of Brazilian conditions.
This result is useful as a basis for the extrapolation of the whole Brazilian grid,
following international practice. Nevertheless, the values presented must be taken
with care, given that each hydropower scheme is different from another. Moreover,
it should be noted that the evaluation of environmental and social impacts was not
conducted in this study, given the original objective developing a LCI.

After evaluating the results, it is possible to verify that hydropower LCI results
are very sensitive to the time horizon definition, which leads the authors to con-
clude that the huge contributions for environmental load of hydropower, derives
from the construction phase, confirming a general assumption. Also, it was pos-
sible to find that the most important sources of environmental burdens are as
follows: reservoir filling; steel life-cycle; cement life-cycle; and the operation of
civil work machines.

Regarding the results, it was possible to conclude that some level of cutoff
criteria should be applied, in order to ensure that environmental burdens that are
not representative are excluded from the LCI, avoiding misunderstandings.
Moreover, an extra care must be taken on data collection, in order to ensure quality
in terms of consistency and confidence between the different data sources.

A first conclusion in terms of the magnitude of the values refers to the relevance
of the time horizon and, more than this, the mathematical evidence of the con-
struction phase predominance on the life cycle, as a major source of environmental
load to the LCI. Another important conclusion on this topic is the verification of
the position of Itaipu results within the range of international values for hydro-
power life-cycle consumption and emissions as very favorable, which indicates,
with high probability, the inverse proportion between the magnitude of the
hydropower plant and the environmental load per unit of generated electricity.

In the absence of the impact analysis step of the LCA methodology, a dis-
cussion based on hot spots was performed in order to verify the contribution of
each part of the product system to the whole LCI, as already described.

The analysis—based on Itaipu results and in international experience—reveals
that the most important unit processes of the product system are the following:
reservoir filling, steel life cycle, cement life cycle and civil work machines
operation, besides the energy consumption on the building site operation, specif-
ically on concrete production. In future studies, these processes are not recom-
mended to be excluded, mainly when considering the electromechanical
equipment manufacture, maintenance and substitution within 100 years of
operation.

264 G. A. da Silva et al.



A last observation regarding process is that compared with the civil works
machine operation, the unit process of transports included on the materials life
cycle had proved to be not significant. This conclusion must be observed carefully,
owing to the huge amount of civil work on Itaipu case, which should not be
directly repeated in other hydropower schemes.

The initiative was considered successful once it opens the perspective to make
more precise Brazilian LCIs, which are actually on development. It is believed that
the availability of representative datasets for Brazilian conditions will improve
readiness, quality, and accuracy to LCA studies, all of them, indispensable con-
ditions to incorporate this important tool into the Brazilian environmental man-
agement community.

5.1 General Guidelines for the Elaboration
of a Hydropower LCI

From the conclusion obtained from the Itaipu case study, it was possible to pro-
pose some guidelines for LCI to be performed hereafter over the hydropower
domain. The most remarkable recommendations are as follows:

• Use ‘‘generated electricity’’ as the product system function. Do not include other
uses of the reservoir as function of the product system, except on the case the
reservoir had a previous usage other than generate energy;

• Establish the Functional Unit (FU) using the electricity unit of measure;
• Adopt the period of 100 years as a standard time horizon. In this frame,

maintenance operation required to keep the plant operative along the period
must be considered;

• Focus the attention on data collection on the processes of: civil machines
operations; steel, cement, diesel, and copper life-cycles; materials used by the
electromechanical equipment; transportation of raw materials and employees;
land occupation and transformation; and GHG emissions from the reservoir
filling;

• Develop the LCI with procedures that search for homogeneity of criteria on data
collection;

• Conduct procedures as Muster Pedigree and Monte Carlo Analysis, in order to
estimate uncertainties of the LCI. The use of LCIA can be an important kick off
on this kind of analysis; and

• Develop the LCI with a multidisciplinary team of practitioners, with task-spe-
cific focus and frequent meetings to share impressions, discuss results and
debate hypothesis to be used.

The recommendations above must be taken carefully, considering that each
case study differs from the others.
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The realization of Itaipu case study resulted not only on the first Brazilian
electricity LCA database developed with primary data, but also gave unaffordable
experience on inventory development, essential to the future of LCA on the
country.
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A Comparison of Life Cycle Assessment
Studies of Different Biofuels

Dheeraj Rathore, Deepak Pant and Anoop Singh

Abstract The intensive increase of biofuel demand has pushed the researchers to
find a sustainable biofuel production system. LCA is the most accepted tool to assess
the sustainability of biofuel production systems. The functional unit, scope, system
boundary, reference system, data source, and allocation are the most important steps
of an LCA study. Variations in these steps between studies affect the results sig-
nificantly. Previous studies have shown that different biofuel feedstocks have dif-
ferent environmental burden hot spots, which refer to elevated greenhouse gas
(GHG) emissions associated with a specific life cycle stage or facility process. The
present chapter is an effort to compare various LCA studies on different biofuels. The
well-to-wheel (cradle-to-grave) system is recommended for the assessment of bio-
fuels production system. An LCA study of biofuels can demonstrate their sustain-
ability and can guide the policy makers in adopting the policies for their promotions.

1 Introduction

Biofuels are plant-derived energy sources that can either be burnt directly for heat
or converted to a liquid fuel such as ethanol, biodiesel, biogas, biohydrogen (Davis
et al. 2009; Nigam and Singh 2011). The global biofuel sector has grown
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considerably in the recent years, driven primarily by concerns about fossil fuel
prices and availability. Large-scale biofuel industries are being promoted to
decrease reliance on petroleum in response to an abrupt rise in oil prices and to
develop transportation fuels that reduce greenhouse gas (GHG) emissions com-
pared to conventional fuel (IPCC 2007). This growing interest in biofuels is a
means of ‘‘modernizing’’ biomass use and providing greater access to clean liquid
fuels while helping to address energy costs, energy security, and global warming
concerns associated with petroleum fuels. Industrial use of biofuels, particularly in
North America and Latin America, has been expanding over the past century
(Fernandes et al. 2007). However, the energetic use of biomass also causes impacts
on climate change and, furthermore, different environmental issues arise, such as
land-use and agricultural emissions, acidification, and eutrophication (Emmeneg-
ger et al. 2012; Dressler et al. 2012). Therefore, the environmental and climate
benefits of bioenergies must be verified according to life cycle assessment (LCA)
methods (ISO 14040 2006; ISO 14044 2006) to make them a sustainable energy
source.

The environmental performance of products and processes has become a key
issue, which influences some companies to investigate ways to minimize their
effects on the environment. Many companies have found it advantageous to
explore ways of moving beyond compliance using pollution prevention strategies
and environmental management systems to improve their environmental perfor-
mance. One such tool is LCA. This concept considers the entire life cycle of a
product (Curran 1996). Life cycle assessment is a tool for assessing the environ-
mental impacts of a product, process, or service from design to disposal, i.e.,
across its entire lifecycle, a so-called cradle-to-grave approach. The impacts may
be beneficial or adverse depending on a variety of factors most of which has been
discussed in great detail in the previous chapters. These impacts are sometimes
referred to as the ‘‘environmental footprint’’ of a product or service. The results of
an LCA study depend on several factors, e.g., consideration of system boundaries,
functional unit, data sources, impact categories, allocation. This chapter is an effort
to compare different LCA studies of biofuels to highlight the main unresolved
problems in performing an LCA study for biofuel production systems.

2 Role of LCA in Improvement of Biofuels Production
System

Modern bioenergy can be a mechanism for economic development, enabling local
communities to secure the energy they need, with farmers earning additional
income and achieving greater price stability for their production (UNEP/GRID-
Arendal 2011). Cultivation of the energy crops has raised concerns due to their
high consumption of conventional fuels, fertilizers, and pesticides, their impacts
on ecosystems and competition for arable land with food crops. Safeguards are
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needed and special emphasis should be given to options that help mitigate risks
and create positive effects and co-benefits (UNEP/GRID-Arendal 2011).
Responding to these challenges effectively requires a life cycle perspective of the
biofuel production pathway/system. Since biofuels are considered a major alter-
native for the future energy demands, several LCA studies were carried out for the
enhancement of biofuel production system (Muys and Quizano 2002; Kim and
Dale 2009; Chiaramonti and Racchia 2010; Dressler et al. 2012). If biofuels are to
become a major alternative to petroleum, it has to be both environmentally and
economically advantageous. LCAs of these transitions will require much stronger
integration between economists and systems engineers to address what happens
during the transition phase when large-scale changes occur in many components of
a complex, market driven, technological system (McKone et al. 2011). To achieve
the target as per EC Directive 2009/28/EC (EC 2008), i.e., GHG savings of 60 %
by 2020, selection of feedstock for considering local factors and land utilization,
process technology, and consumption perspective are major steps to be considered
under LCA for improvement in production system. LCA studies conducted in the
recent past reported the process phases that can be improved by advancing the
technology to consider a product as biofuel according to European Directive 2009/
28/EC (Watson et al. 1996; Kaltschmitt et al. 1997; CONCAWE 2004; Larson
et al. 2006; Larson 2006; Korres et al. 2010). A generalized scheme for LCA of
biofuel production is presented in Fig. 1.

By the LCA study of energy crops, Emmenegger et al. (2011) concluded that
producing biofuels can reduce the fossil fuel use and GHG emissions when
compared to a fossil reference. The focus on GHG emissions of the main regu-
latory schemes neglects other relevant environmental impacts and may provide the
wrong incentives. Thus, water consumption may become a major concern, off-
setting the benefits of biofuel use with respect to climate change. McKone et al.
(2011) explained the following seven grand challenges that must be confronted to
enable LCA to effectively evaluate the environmental footprint of biofuel
alternatives.

(a) understanding farmers, feedstock options, and land use
(b) predicting biofuel production technologies and practices
(c) characterizing tailpipe emissions and their health consequences
(d) incorporating spatial heterogeneity in inventories and assessments
(e) accounting for time in impact assessments
(f) assessing transitions as well as end states
(g) confronting uncertainty and variability

Dressler et al. (2012) conducted LCA study of biogas from maize at three
different sites and find a variation in results due to local factor suggesting con-
sideration of local and regional factors before selecting energy crops. In a study
with biofuel from grass, Korres et al. (2010) consider that agronomy and digester
use are the biggest issues for controlling the GHG savings.
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3 Comparison of Different LCA Studies of Biofuels

Bioethanol and biodiesel are the most commonly produced biofuels, and currently
these are derived mainly from food crops such as maize, soya, and sugarcane.
Biofuels derived from food crops are known as first-generation biofuels. New
technologies in advanced stages of development will allow alternative feedstocks
to be used for bioenergy production and are known as second-generation and third-
generation biofuels (IEA 2008; Maltitz et al. 2009; Nigam and Singh 2011, Singh
et al. 2011). Over 200 feedstocks have been listed for the biofuel family. Use of
biofuel over the fossil fuel requires a critical assessment for actual benefit from it.
Various LCA studies showed variable results with different energy crop and
products (Davis et al. 2009). A comparison of several LCA studies conducted by
different researchers focusing on different biofuel for different purpose is presented
in Table 1.

Huo et al. (2009) analyzed four different biofuels scenarios, produced from
soybean oil. It was identified that allocation methods for coproducts and avoided
emissions are critical to the outcome of the study. Additionally, it was also pointed

Fig. 1 A generalized scheme for LCA of biofuel production
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out that by using displacement approach, all four soybean-based fuels can achieve
a modest to significant reduction in well-to-wheel GHG emissions (64–174 %)
versus petroleum-based fuels. In this study, Huo and co-worker concluded that the
method used to calculate coproduct credits is a crucial issue in biofuel LCA that
should be carefully addressed and extensive efforts must be made to identify the
most reasonable approach for dealing with the coproducts of biofuel production
system. Finco et al. (2012) conducted an LCA study on rapeseed and reported a
56 % less CO2 equivalent GHG emission from the rapeseed biodiesel than diesel.
However, this study does not include negative impact caused by land use partic-
ularly from the use of N fertilizer. N2O emissions, a by-product of N fertilization
in agriculture, as one responsible factor to enhanced GHG emissions compared to
consumption of fossil fuels (Crutzen et al. 2008) and can overrule the benefit of
biofuel. Halleux et al. (2008) conducted a detail comparative LCA between eth-
anol from sugar beet and methyl ester from rapeseed and concluded an advantage
of rapeseed over sugar beet biofuel in terms of total environment impact and GHG
emission. Table 1 is explaining the environmental potentiality of various feedstock
biofuels over reference fuel (i.e., mostly fossil diesel or fossil gasoline).

Result of Stucki et al. (2012) on LCA of biogas from different purchased
substrates and energy crops viz. sugar beet, fodder beet, beet residues, maize
silage, molasses, and glycerin shows that the environmental impacts of biogas
from purchased substrates are in the same range than those from liquid biofuels.
Chandrashekar et al. (2012) find 1.25 times negative global warming potential of
Pongamia pinnata compared to fossil fuel and Jatropha biodiesel, and nil acidi-
fication and eutrophication potential. However, variations in the LCA result are
also observed by the differences in selection of scope, system boundary, and other
phases of LCA (Table 1). These issues were reviewed in detailed by Reap et al.
(2008a, b) and Singh et al. (2010).

The life cycle stages can have harmful effects or benefits of different envi-
ronmental, economical, and social dimensions. Therefore, an assessment of the
complete fuel chains from different perspectives is of crucial importance in order
to achieve sustainable biofuels (Markevicius et al. 2010). Comprehensive LCA of
biofuels illustrating environmental benefits and impacts can be a tool for policy
decisions and for technology development.

Current disagreements about the performance of biofuels rest on different
approaches and assumptions used by the investigators (Farrell et al. 2006). The use
of different input data, functional units, allocation methods, reference systems and
other assumptions complicates comparisons of LCA bioenergy studies and
uncertainties and use of specific local factors for indirect effects (e.g., land-use
change and N-based soil emissions) may give rise to wide ranges of final results
(Cherubini and Strømman 2011). The system choice for comparing different
biofuels must be identical because different systems could results improper results,
e.g., the choice of passenger car, the efficiency and emissions of EURO V and
EURO III varied a lot, so different passenger car, bus, and other transportation
vehicles could not be identical to compare different biofuels. The system bound-
aries of different biofuels also need to be identical, as inclusion and exclusion of
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coproduct use changed the whole results of the study. Liska and Cassman (2008)
revealed that the prediction of emerging biofuel system’s performance can pose
additional challenges for LCA due to insufficient data of commercial-scale feed-
stock production and conversion systems. LCA of biofuel systems is currently
depending on laboratory- or pilot-scale data. Extrapolation of these laboratory-/
pilot-scale results to commercial-scale deployment must be made with caution
because of multiple unknowns that introduce significant uncertainty in the esti-
mation of life cycle energy efficiencies and GHG emissions (Liska and Cassman
2008). Standardized LCA methods and agreement on the most relevant metrics for
assessing different biofuel systems are essential to forge a consensus in the sci-
entific community, industrialist, and local people. That would help advance public
policy initiatives to encourage development of commercial-scale biofuel
industries.

There are two issues with regard to standardization. The first is choosing the
appropriate metric for the goal of the assessment, and the second is the appropriate
analysis framework to support the selected metric. Standardization procedure for
regulatory LCA metrics for GHG and energy balances of biofuel systems is
summarized by Liska and Cassman (2008) and presented in Table 2. The LCA
quantifies the potential benefits and environmental impacts of biofuels but existing
methods limit direct comparison of different processes within the biofuel pro-
duction system and between different biofuel production systems due to incon-
sistencies in performance metrics, system boundaries, and available data.
Therefore, the standardization of LCA methods, metrics, and tools are critically
needed to evaluate biofuel production systems for estimating the net GHG miti-
gation of an individual biofuel production system.

Table 2 Standardization procedure for regulatory LCA metrics for GHG and energy balances of
biofuel systems (adapted from Liska and Cassman 2008)

LCA element Standardization procedure

Biofuel system boundaries Explicit definition of system components and metrics for each
component and the entire system

Input parameters Evaluate variability, justify which are considered constant or
variable, use most recent and directly measured values where
possible

Crop production system Most appropriate county, state, or regional data depending on the
most appropriate scale and data availability for the biorefinery
facility under evaluation

Coproduct credits Based on representative coproduct use for the facility
Soil carbon emissions

balance
Based on measured changes in soil, if not available, an estimated

by appropriate ecosystem models
Nitrous oxide emissions Based on measured emissions, if not available, use estimated by

IPCC guidelines
Land-use change indirect

GHG emissions
Estimated using an appropriate global econometric model

depending on accepted national or international standards for
allocating these effects
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4 Key Issues

Life cycle assessment is carried out in phases (ISO 14044 2006; European
Commission 2010a, b), and different phases of LCA are presented in Fig. 2.
Various key issues in a LCA system of any process to product such as biofuel are
scope and functional unit, reference system, system boundary, data source, allo-
cation, inventory analysis, impact assessment, and sensitivity analysis (Singh et al.
2010; Askham 2012).

Fig. 2 Various phases of life cycle assessment
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4.1 Scope and Functional Unit

First step of a LCA system requires a well-defined scope of the study, which
should be compatible to the goal. Functional unit sets the scale for comparison of
two or more products, provides a reference to which the input and output data are
normalized, and harmonizes the establishment of the inventory (Jensen et al.
1997). The main goal for LCA of biofuels is to evaluate the environmental impacts
of the system under examination and to quantify the ecological benefits from the
replacement of the reference system basically conventional fossil fuels. It may also
provide a tool for policy makers and consumers to determine the optimum eco-
friendly fuel (Singh et al. 2010).

Functional unit is the ‘‘quantified performance of a product system for use as a
reference unit’’ (ISO 14044 2006). The functional unit, depending on the goal of
the study, must be expressed in terms of per unit output. LCA practitioners con-
sider four types of functional units for bioenergy studies, i.e., input unit related (per
tone biomass), output unit related (per MJ), unit agricultural land (per ha), and unit
time (per year) (Cherubini and Strømman 2011). Output-related unit most fre-
quently used in bioenergy studies. For energy production, functional unit can be
expressed as ‘‘per kWh energy produced’’ and for transport, it can be ‘‘per km
distance travelled’’ basis. For transport services, the functional unit should not be
expressed in ‘‘unit energy at fuel tank’’; as mechanical efficiency varies from one
fuel to another and from one engine type to another (Power and Murphy 2009).
Scale, if not properly chosen, could be a problem in modeling LCA studies
(Addiscott 2005). Thus, adequate selection of functional unit is of prime emphasis
because different functional units could lead to different results for the same
product systems (Hischier and Reichart 2003; Kim and Dale 2006) and products
cannot be compared accurately.

4.2 Reference System

System analysis is possible by comparing the biofuel system with a targeted
(conventional) reference system. The goal of the study determines the choice of
the reference system (e.g., whether biofuel is intended to replace conventional
transport fuel or coal for electricity or wood pellets for heat). The choice of
reference system influences the results of LCA study; therefore, it is important to
choose an identical reference system to the conventional system (Singh and Olsen
2011). In most biofuel studies, reference system is limited to a fossil fuel system. It
should be noticed that when production of feedstocks for bioenergy uses land
previously dedicated to other purposes or when the same feedstock is used for
another task, the reference system should include an alternative land-use or an
alternative biomass use, respectively (Cherubini and Strømman 2011). In fact,
fossil-derived electricity can be assumed to be produced from oil, natural gas, coal,
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or other sources, all of which having different GHG emission factors (Cherubini
and Strømman 2011). The impact of different reference system can be observed in
the study conducted by Pettersson and Harvey 2010), where GHG emission sav-
ings of bioelectricity production from black liquor are estimated using electricity
coming from different fossil sources as reference. The Renewable Energy Direc-
tive (EC 2008) requires a 60 % savings in GHG emissions as compared to the
fossil fuel it replaces to allow the biofuel to be used for national renewable energy
targets after 2017. Thus, a detailed description and impact analysis of the reference
system is crucial as well as mandatory for comparing the results of biofuel LCA
(Singh et al. 2010).

4.3 System Boundary

On the basis of goal and scope, initial boundaries of the system are determined.
Davis et al. (2009) concluded that different system boundaries among various
studies of biofuel production from biomass have caused considerable variation in
LCA estimates since they vary not only according to start and end points (e.g., well
to tank and well to wheel) but also over space and time in a way that can dra-
matically affect energy and GHG balances.

Many researchers use the ‘‘well-to-tank’’ system boundary to compare envi-
ronmental impact of biofuels with fossil fuels (Luo et al. 2009; Monti et al. 2009),
while others use ‘‘well-to-wheel’’ or ‘‘cradle-to-grave’’ system (Sheehan et al.
2004; Spatari et al. 2005; Power and Murphy 2009; Stichnothe and Azapagic 2009;
Korres et al. 2010).

The risk of improper boundaries selection include that LCA results may either
not reflect reality well enough and lead to incorrect interpretations and compari-
sons (Graedel 1998; Lee et al. 1995) or provide the perception to the decision
maker that it does not excogitate actual results and thus lower the confidence level
of policy maker in making decisions based on the results (Reap et al. 2008a).
Inconsistency of system boundaries in LCA analysis of biofuel through omission
of the production of various inputs (e.g., enzymes which is used to degrade cel-
lulosic feedstock, fertilizer, pesticides, lime), and utilization of bioethanol (Luo
et al. 2009; Gnansounou et al. 2009) could cause a significant variation on the
outcome of the analysis. A recent example of such problem can be observed in the
debate surrounding the energy balance of ethanol where criteria for the selection of
boundaries (like the inclusion of corn-based ethanol coproducts or energy from
combustion of lignin in cellulosic ethanol) are strong enough to change the results
significantly (Farrell et al. 2006; Hammerschlag 2006). A uniform and clear
determination of system boundaries is necessary to accurately estimate the pos-
sible environmental impacts including GHG emissions in LCA comparisons
between biofuels and conventional fuels (Farrell et al. 2006).
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4.4 Data Source and Quality

The use of fixed databases such as ecoinvent, Edu DB, Xergi, NOVAOL srl for
conducting an LCA study of bioenergy is not enough because the available dat-
abases do not have all processes required for LCA study of bioenergy. Monti et al.
(2009) also realized that available databases were generic for specific agricultural
problems during conducting the LCA of four potential energy crops (i.e., giant
reed, miscanthus, switchgrass, and Cynara cardunculus or Artichoke thistle) in
comparison with conventional wheat/maize rotation and clarify that external data
from scientific literature should be obtained for life cycle inventory (LCI)
enhancement and accurate representation of the system.

In a survey of approaches to improve reliability Björklund (2002) identifies the
main types of uncertainty due to data quality, e.g., badly measured data/inaccurate
data, data gaps, unrepresentative (proxy) data, model uncertainty, and uncertainty
about LCA methodological choices. Standardized LCA databases are sought to
reduce the burdens of data collection (UNEP 2003). There are few established,
standardized, or consistent ways to assess and maintain data quality (Vigon and
Jensen 1995). Data can become outdated, compiled at different times corre-
sponding to different materials produced over broadly different time periods
(Jensen et al. 1997), could be due to technology shift, new invention, etc. LCI data
may be unrepresentative because it could be taken from similar but not identical
processes (Björklund 2002). In general, the literature tends to agree that data for
life cycle inventories are not widely available nor of high quality (Ayres 1995;
Ehrenfeld 1997; Owens 1997), due to that during inventory analysis data with gaps
are sometimes ignored, assumed, or estimated (Graedel 1998; Lent 2003), and
LCA practitioners may extrapolate data based on limited data sets (Owens 1997).
Such assumptions and/or extrapolation resulted inappropriate interpretation and/or
huge uncertainty for decision makers.

4.5 Allocation

Allocation is the process of assigning to each of the functions of a multiple-
function system only those environmental burdens associated with that function
(Azapagic and Clift 1999). Allocation can be done on the basis of mass, volume,
energy or carbon content or economic value of the coproducts if the inputs and
outputs of the system should be partitioned between different products or functions
based on physical relationships, i.e., they shall reflect the way in which the inputs
and outputs are changed by quantitative changes in the products or functions
delivered by the system (SAIC 2006). It is recommended that allocation, if pos-
sible, should be avoided (ISO 14044 2006) through subdivision of processes, if
possible, or system expansion. Allocation on a mass basis relates products and
coproducts using a physical property that is easy to interpret (Singh et al. 2010),
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although some researchers argued that it cannot be an accurate measure of energy
functions (Malça and Freire 2006; Shapouri et al. 2002) and it is not a measure of
environmental impacts also. When physical properties alone cannot be established
or used, allocation may be based on the economic value of the products although
price variation, subsidies, and market interferences could imply difficulties in its
implementation (Luo et al. 2009).

In a study of soybean-derived biodiesel, Huo et al. (2009) compared five
approaches to address the coproduct issues for various coproducts including pro-
tein products (such as soy meal), industrial feedstock (such as glycerin), and
energy products (such as propane fuel mix and heavy oils). These five approaches
includes the displacement approach, an energy-based allocation approach, a
market-value based allocation approach, hybrid approach I, which employs both
the displacement method (for soy meal and glycerin) and the allocation method
(for other energy coproducts) and hybrid approach II, which is exactly like hybrid
approach I except that it addresses soy meal with a market-value-based allocation
method. The results of the displacement approach are influenced significantly by
the extent of the energy and carbon intensity of the products chosen to be displaced
and argued that soy meal displacement could introduce uncertainties because soy
meal can displace many kinds of fodder and each fodder could have different
energy and carbon intensities. Huo and coworker suggested that when the choice is
between the displacement method and the allocation method, the displacement
method tends to be chosen if the uncertainties and difficulties associated with it are
solved, because it can reflect the energy use and emissions actually saved as a
result of the coproducts replacing other equivalent products. They also pointed out
that ‘‘energy-value-based allocation method is a favorable choice for a system in
which the value of all the primary product and coproducts can be determined on
the basis of their energy content, such as the production processes of renewable
fuels. If a non-energy coproduct is involved and there are difficulties associated
with using the displacement approach, the market-value-based allocation method
could be an acceptable choice, although the fluctuation of prices could affect the
results.’’ Huo et al. (2009) concluded that the integration of displacement method
and allocation method (hybrid approaches) could be the most reasonable choice of
allocation method for every coproduct. The results of the two hybrid approaches
were very close in terms of GHG emissions, indicating that the uncertainty
associated with using soy meal to displace soybeans would be in an acceptable
range. Reap et al. (2008b) observe that allocation failures hide or exaggerate
burdens associated with a product system, effectively biasing all downstream
results with an artifact of the analysis.

A number of scientific literatures are available which addresses the allocation
issue in LCA and describe the alternative approaches to allocation (Frischknecht
2000; Wang et al. 2004; Curran 2007; Luo et al. 2009). Wang (2005) showed
significant impact on overall energy and emission results of alternative allocation
methods for corn ethanol LCA, ranging from benefits relative to petroleum of
16–52 % in the case when the ethanol is made by a wet milling process. In another
study, Fergusson (2003) also found somewhat smaller (but nevertheless
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significant) range in GHG results for biofuels when different coproduct allocation
methods are used. The expansion of system for use of coproducts within the
system is recommended for biofuel production system. If allocation cannot be
avoided, then allocation could be done on the basis of carbon content of all
products as the target of biofuel production is to minimize the GHG emission and
the mass/volume of products is not a precise measure of energy/emission and
economic value is fluctuating with the market.

4.6 Inventory Analysis

A LCI is a process of quantifying energy and raw material requirements, envi-
ronmental pollution for the entire life cycle of a product, process, or activity (SAIC
2006). The inventory analysis requires data on the physical inputs and outputs of
the processes of the product system, regarding product flows as well as elementary
flows (Singh and Olsen 2011). The main issue of inventory analysis includes data
collection and estimations, validation of data and relating data to the specific
processes within the system boundaries. After the initial data collection, of which
the source should be clearly declared, the system boundaries can be refined as a
result of decisions on exclusion of subsystems, exclusion of material flows or
inclusion of new unit processes. The validation of data as a mean of data quality
improvement or the need for supplementary data would improve the outcome of
the analysis (Jensen et al. 1997). The inventory analysis requires very extensive
data. The outcome of the study totally depends on the availability and quality of
the datasets. So that, there is a great need to collection of standardized data,
especially for background processes (Singh and Olsen 2011).

4.7 Impact Assessment

Impact assessment establishes a relationship between the product or process and its
potential impacts on human health, environment, and sources depletion (SAIC
2006). ISO developed a standard for conducting an impact assessment entitled ISO
14042, LCIA (ISO 1998). Life cycle impact assessment (LCIA) is structured in
classification, characterization, normalization, and weighting. The first three steps
are mandatory steps for the determination of impact categories, which corresponds
to an important environmental problem (e.g., eutrophication, depletion of non-
renewable energy resources, and ozone depletion) (Singh and Olsen 2011). There
is no standardized list of impact categories (IFEU 2000). Guinée et al. (2002) has
tabulated most of the impact categories in the ‘‘Handbook of LCA.’’ The main
problems faced during LCIA result from the need to connect the right burdens with
the right impacts at the correct time and place (Reap et al. 2008b), in this regard,
impact category selection is the most important step which can influence results
significantly.
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Finnveden (2000) noted the slightly different impact category lists that have
been proposed by different organizations. The lack of standardization of some
impact categories is demonstrated in the recent debate as to whether certain impact
categories such as soil salinity, desiccation, and erosion should be their own
category or part of another category such as land-use impact and freshwater
depletion (Jolliet et al. 2004). McKone et al. (2011) pointed out a key challenge for
applying LCA to a broadly distributed system (e.g., biofuels) is to rationally select
appropriate spatial and temporal scales for different impact categories without
adding unnecessary complexity and data management challenges as significant
geographical and temporal variability among locations over time could influence
not only the health impacts of air pollutant emissions, but also soil carbon impacts
and water demand consequences, among other factors. McKone and co-worker
suggested that accurate assessments must not only capture spatial and variation at
appropriate scales (from global to farm-level), but also provide a process to
aggregate spatial variability into impact metrics that can be applied at all geo-
graphical scales. The selection of midpoint or end point (damage) impact cate-
gories is another potential result affecting criteria for both the level of confidence
or relevance for decision making on the basis of LCA study results (Reap et al.
2008b). End point categories are less comprehensive and have much higher levels
of uncertainty than the better defined midpoint categories (UNEP 2003), and
midpoint categories, on the other hand, are harder to interpret because they do not
deal directly with an end point associated with an area of protection (Udo de Haes
et al. 2002) that may be more relevant for decision making (UNEP 2003).

The International Program on Chemical Safety (WHO 2006) proposed four
tiers, ranging from the use of default assumptions to sophisticated probabilistic
assessment to address uncertainty in risk assessment:

Tier 0: Default assumptions; single value of result
Tier 1: Qualitative but systematic identification and characterization of

uncertainties
Tier 2: Quantitative evaluation of uncertainty making use of bounding values,

interval analysis, and sensitivity analysis
Tier 3: Probabilistic assessments with single or multiple outcome distributions

reflecting uncertainty and variability.

Cherubini and Strømman (2011) reviewed several biofuel LCA studies and
found that very few studies (about 9 %) included land-use category in their impact
assessment. This is an important indicator particularly for bioenergy systems based
on dedicated crops or forest resources, since land use may lead to substantial
impacts, especially on biodiversity and on soil quality. This is mainly due to the
fact that there is no widely accepted methodology for including land-use impacts
in LCA, despite some recent efforts (Dubreuil et al. 2007; Koellner and Scholz
2008; Scholz 2007). Cherubini and Strømman (2011) also stated that for the same
reason, none of the reviewed studies included in the assessment the potential
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impact of bioenergy on biodiversity, despite an existing accurate methodology
(Michelsen 2008).

Tokunaga et al. (2012) concluded that by ignoring emissions associated with
land-use change, significant emissions savings could achieve via biofuel use,
ranging from 10 to 80 % reductions than fossil fuel emissions. The land-use
changes could significantly increase life cycle emissions, while byproduct credits
could significantly reduce life cycle emissions. Emmenegger et al. (2011) reported
that the use of marginal arid land for cultivation reduces land-use impacts but
induces a higher demand for irrigation, which finally compensates for the envi-
ronmental benefits. Emmenegger and co-worker concluded that changing from
petrol to biofuels results in a shift of environmental burdens from fossil fuel
resource depletion to ecosystem quality damages.

4.8 Sensitivity Analysis

The key purpose of sensitivity analysis is to identify and focus on key data and
assumptions that have the most influence on a result. It can be used to simplify data
collection and analysis without compromising the robustness of a result or to
identify crucial data that must be thoroughly investigated. According to IFEU
(2000), the sensitivity analysis can typically be carried out in three ways, i.e., data
uncertainty analysis, different system boundaries, and different life cycle com-
parisons. The identification of lower and upper values of the process parameters
could introduce subjectivity to the analysis and will reflect better on the charac-
teristics of the parameter analyzed (Fukushima and Chen 2009).

Reap and co-workers summarize their opinions about severity and solution
adequacy using a simple ordinal scale (Table 3). ‘‘Each number represents a

Table 3 Problems in LCA qualitatively rated by severity and adequacy of current solutions (1,
minimal severity while 5, severe; 1, problem solved while 5, problem largely unaddressed)
(adapted from Reap et al. 2008b)

Problem Severity Solution adequacy

Functional unit definition 4 3
Boundary selection 4 3
Alternative scenario considerations 1 5
Allocation 5 3
Negligible contribution criteria 3 3
Local technical uniqueness 2 2
Impact category selection 3 3
Spatial variation 5 3
Local environmental uniqueness 5 3
Dynamics of the environment 3 4
Time horizons 2 3
Weighting and valuation 4 2
Uncertainty in the decision process 3 3
Data availability and quality 5 3
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qualitative estimate. Severity represents a combination of problem magnitude,
likelihood of occurrence, and chances of detecting the error should it occur. For
instance, spatial variations can lead to multiple order of magnitude differences in
characterization factors for commonly used impact categories such as acidificat-
ion. Solution adequacy integrates capacity to address the discussed problem and
difficulty of using available solutions.’’ (Reap et al. 2008b).

McKone et al. (2011) indicated that in developing and applying LCA to assess
the environmental sustainability of transportation fuels, LCA practitioners com-
monly address the climate forcing, other pollutant emissions and impacts, water-
resource impacts, land-use changes, nutrient needs, human and ecological health
impacts, and other external costs. McKone and co-worker suggested that LCA
practitioners may also consider social impacts and economic factors for more
accurate sustainability assessment of transportation fuel.

5 Conclusion

The most critical issue for the development of biofuel support policies includes
environmental and social sustainability of biofuel production and use. The LCA
methodology is most acceptable tool for the estimation of the impact of biofuel
chains, even in quantitative terms, which ultimately reflects the sustainability of
biofuels. Conducting LCA of bioenergy production systems is challenging task
because it attempts to combine disparate quantities in ways that require considerable
explanation and interpretation as well requires large amounts of practical infor-
mation. The biofuel LCA studies must have cradle-to-grave approach and function
unit should be unit energy utilization as conversion efficiency varies greatly.
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