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Chapter 8
Biodiesel Production and Consumption:
Life Cycle Assessment (LCA) Approach

Mohammad Ali Rajaeifar, Meisam Tabatabaei, Mortaza Aghbashlo,
Saeed Sadeghzadeh Hemayati and Reinout Heijungs

Abstract Like all energy carriers including renewable energies, the production to
combustion cycle of biodiesel should also be assessed from the sustainability point
of view. Life cycle assessment (LCA) is a promising approach capable of assisting
decision makers to find the environmental consequences of the existing or future
biodiesel production plans. For instance, for different feedstocks, production
technologies, downstream processes implemented, etc., an LCA of biodiesel pro-
duction cycles could result in different recommendations ranging from agricultural
practices to production and combustion stages. Despite the fact that an ISO standard
is available for conducting LCA studies, there are still many challenging issues
faced when performing LCA studies concerning biodiesel production and con-
sumption. These challenges include the functional unit, the choice of system
boundaries, the impact categories to be assessed, the treatment of land use change,
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and biogenic carbon. The present chapter provides a systematic overview of the
above-mentioned topics with the aim of shedding light on various aspects of LCA
of biodiesel production and consumption cycle.

8.1 Introduction

The modern world is heavily dependent on fossil fuels for satisfying its primary
needs, particularly, in the industrial and transportation sectors (Rajaeifar et al.
2017a, b). In fact, more than 80% of the current world’s energy consumption is
fossil-based and projections indicate a continuation of this trend till at least the year
2040 (Ashokkumar et al. 2017). Although concerns with respect to fossil fuel
depletion have been considered over time, the major challenge regarding the huge
consumption rate of fossil fuels is the environmental consequences caused by their
combustion. More specifically, air pollution and the subsequent risks for human
health and the environment on one hand and anthropogenic GHG emissions and
their subsequent global warming impacts on the other hand are among the most
grave challenges faced on a worldwide scale (Hosenuzzaman et al. 2015; Nicoletti
et al. 2015; Aghbashlo et al. 2017).

Alternative energy carriers such as biofuels have been widely considered as
replacement for fossil sources in order to address the above-mentioned challenges.
Biofuels offer numerous advantages including non-toxicity, biodegradability, better
emission profiles, renewability, domestic production in many countries, capability
to be used as transportation fuels, stimulating the agricultural sector and improving
its economic balance, creation of new job opportunities, and providing energy
security (Demirbas 2009; Wiloso and Heijungs 2013; Rajaeifar et al. 2016).
Nevertheless, there are controversial sides to biofuel production and consumption
as well which have been the subject of debates among the global scientific com-
munity. These controversies include (1) competition with agricultural food/feed/
fiber products and their impacts on the food/feed/fiber price and (2) direct and
indirect land use change impacts (Wiloso and Heijungs 2013) which could sig-
nificantly affect their GHG reduction benefits (Malça and Freire 2011). Moreover,
the relatively high cost of biofuels production has necessitated government supports
for their promotion (e.g., through subsidies, price guaranteed, lower taxes or tax
exemptions) (Rajaeifar et al. 2013).

Among different commercial biofuels, biodiesel is a promising alternative for
petroleum diesel and has recently attracted a huge deal of attention in the trans-
portation fleets around the world (Demirbas 2009; Jiaqiang et al. 2016). Biodiesel,
also known as mono-alkyl esters of different long chain fatty acids, is derived from
a variety of renewable lipid sources (Ghobadian et al. 2009). Possible feedstocks
used for biodiesel production are generally classified into three different groups, i.e.,
(1) first-generation feedstock (mainly edible oils), (2) second-generation feedstock
(mainly nonedible or waste oils), and (3) third-generation feedstock (mainly related
to algal biomass but to a certain extent linked to utilization of CO2 as feedstock

162 M. A. Rajaeifar et al.



(Lee and Lavoie 2013)). First-generation biodiesels are readily available and widely
used due to the fact that they can be produced from a wide range of feedstocks and
through well-developed production technologies. Nevertheless, their production
and development has triggered a debate on controversial competition with agri-
cultural food/feed/fiber products while it has also led to direct and indirect land use
change impacts.

The second-generation biodiesel fuels have been able to rectify the problems
associated with their first-generation counterparts, but they may also create an
indirect competition between the biodiesel industry and the industries in which
waste feedstocks are currently used. Moreover, nonedible and waste-oriented oil
feedstocks generally require several extra energy-intensive processes during feed-
stock preparation, which could also potentially increases indirect land use change
impacts (Singh et al. 2011). The third-generation biodiesels are assumed to be free
of such problems. However, several studies have shown that industrial-scale algal
cultivation also requires a considerable deal of nitrogen and phosphorous supple-
mentation used in form of fertilizers. This may seriously endanger the potential
advantages of the third-generation feedstocks since the upstream activities of fer-
tilizer production impose heavy burdens on the environment. For example, in
comparison to rapeseed biodiesel, biodiesel from microalgae needs 55–111 times
more nitrogen fertilizer—i.e., 8–16 tons/ha/year (Demirbas 2011). Such consider-
ations suggest that even when biodiesel would be environmentally superior during
combustion; it may have downsides during production. As such, a life cycle per-
spective is needed. In addition to that, given the free-fall of the prices of petroleum
products in response to the recent developments, e.g., emerging of the shale oil
extraction technology, the economic viability of algal biodiesel for short-term and
medium-term applications is also questionable.

Among the advantages of biodiesel is its environmentally friendly emission
profile compared with petroleum diesel, i.e., decreased emissions of CO, unburned
hydrocarbons (UHC), and particulate matter (PM), as well as decreased smoke
opacity (Kumara et al. 2009; Lee et al. 2011). Moreover, biodiesel contains no
sulfur and aromatic compounds in its chemical structure leading to a cleaner
combustion compared with its diesel counterpart. Nevertheless, it has been reported
that biodiesel generally increases tailpipe emissions of CO2 and NOx (Sheehan et al.
1998; Mohammadi et al. 2012).

In spite of all the mentioned benefits associated with biofuels utilization as an
alternative for fossil fuels, sustainability assessments criteria should still be taken
into account during decision-making and policy-making processes. Based on the
definition presented by the World Commission on Environment and Development,
the term ‘‘sustainable development’’ is defined as ‘‘development that meets the
needs of the present without compromising the ability of future generations to meet
their own needs’’(UNCED 1992). Accordingly, three important dimensions of
sustainability, namely social, environmental and economic form the backbone of
sustainability standards which must be considered in sustainability assessment of
any products or services as much as possible (Elkington 1997). Similarly, the
general principles of sustainable biofuel production and consumption could be
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easily defined but establishing a sound framework in order to efficiently charac-
terize these impacts is quite challenging due to the complicated interactions among
these three different dimensions (Singh et al. 2013).

Currently, environmental assessments—consisting of their very own frameworks
—are generally accompanied by the other types of sustainability assessments, e.g.,
social and economic assessments, or they are solely used for environmental sus-
tainability assessment purposes. Life cycle assessment (LCA) is one of the
assessment methods widely used for inspecting the environmental impacts of a
product/system (Guinée and Heijungs 2017) and is also the most widely used
technique for assessing the environmental balance in biofuel production and con-
sumption chains.

LCA is generally defined as a tool or approach that helps to assess the envi-
ronmental impacts of a product/service throughout its life cycle (Guinée 2002; Lin
et al. 2013). More specifically, it is capable of attributing the possible consequent
threats to the human health, natural ecosystems, and resources through different
damage assessment mechanisms. From the methodological point of view, LCA
deals with such questions by using a system approach, i.e., considering the product
(in this case biodiesel) as “a product system” or in better words, as “a function
system”. In fact, this approach considers the entire life cycle of a product/service,
from extraction of natural resources to the final waste management of the disposed
product, or so-called from “cradle to grave” (Guinée and Heijungs 2017). Of
course, a legitimate question may arise about the necessity of employing LCA in
some cases where the best scenario could be easily found by intuition. The answer
is that even when dealing with the simplest problems, the reality could be much
more complex and a systems approach is required to map the whole life cycle and
all potentially relevant environmental impacts (Guinée and Heijungs 2017). For
instance, it may be advocated that using electric vehicles is simply way better than
driving gasoline-driven vehicles from the environmental perspective because they
are “zero emission” vehicles. However, an LCA study showed that the results could
be heavily dependent on the source of electricity and/or consumer’s behavior
(Hawkins et al. 2013).

ISO standards–14040-46—proposed a standardized method for conducting LCA
studies, in which many criteria have been defined and guidelines have been pro-
posed ranging from basic issues, i.e., goal and scope definition, inventory analysis,
life cycle impact assessment, and interpretation to emerging crucial and compli-
cated problems, i.e., eco-efficiency assessment (ISO14045 2012) and water foot-
print (ISO14046 2014). In fact, the ISO series 14040 has been the most successful
attempt in harmonizing LCA studies to date. Nevertheless, there are still many
challenging issues faced when performing LCA studies in practice concerning
bioenergy feedstocks. This is due to the fact that such systems directly or indirectly
involve an agricultural stage which brings some complex and challenging issues in
estimating the real environmental impacts. Moreover, indirect inclusion of agri-
cultural stage implies more agricultural cultivation in other parts of the world, and
thus increases the uncertainty in the environmental impacts calculations. There are
also many other complicated factors coupled with an increased agricultural
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cultivation including economic, market, land occupation, and agricultural man-
agement issues which may add to the uncertainty level of the cycle. In addition to
that defining a functional unit, choosing of system boundaries, selecting impact
categories, and the treatment of land use change as well as biogenic carbon are the
most prominent technical and practical issues which should be tackled in order to
increase quality and usefulness of LCA results.

The present chapter provides a systematic overview of the above-mentioned
topics with the aim of shedding light on various aspects of LCA of biodiesel
production and consumption cycles. Section 8.2 discusses the general stages in life
cycle of different biodiesels including the main area in data collection and scenario
design in LCA studies. In Sect. 8.3, some issues and challenges faced in conducting
LCA of biodiesel production/consumption systems are comprehensively elaborated.
Finally, some recommendations to perform more accurate LCA studies on biodiesel
production/consumption systems are included in Sects. 8.2 and 8.3.

8.2 Biodiesel Life Cycle Stages: A Brief Description

Before conducting an LCA study on a given biofuel, it is very important to
understand and determine every stage of the life cycle. This could help to perform a
comprehensive LCA in form of “well-to-wheel” in case of biofuels. More specif-
ically, this would avoid overlooking a stage/substage in the life cycle and could also
help with detailed inventory data collection at the time of performing the project or
collecting data from databases. Neglecting a stage/substage in the life cycle causes
increased uncertainty, increased time and costs related to recalculating the neglected
stage/substage in the life cycle while also making the comparison of the results
incorrect or impossible. Overlooking one or some of the stages/substages involved
in the life cycle is an error observed in some studies on LCA of biodiesel (Rajaeifar
et al. 2017b). For example, there are studies in which the scope of the study did not
clearly define the inclusion of the combustion stage, while other studies failed to
define transportation of diesel and biodiesel from the production source to the point
of use, transportation of goods (input materials) to the agricultural farms, etc.
Therefore, all stages involved in the life cycle of a given biodiesel must be
determined before conducting an LCA study and those stages must be clearly
mentioned through the scope of the study and illustrated in the proposed system
boundary.

Stages involved in the life cycle of biodiesel may be defined based on the
feedstock used for biodiesel production, i.e., from the first- to third-generations.
Figures 8.1, 8.2, and 8.3 briefly show the possible stages involved in the life cycle
of these three biodiesel generations. It should be mentioned that different tech-
nologies may include more or fewer substages, but the general scheme of the stages
involved in different biodiesel generations is similar to the ones presented in these
figures. Based on Fig. 8.1, LCA of biodiesel production/consumption using
first-generation feedstock generally encompasses the following main stages:
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Fig. 8.1 Simplified flow diagram of the well-to-wheel processes involved in the first-generation
biodiesels’ life cycle

Fig. 8.2 Simplified flow diagram of the well-to-wheel processes involved in the
second-generation biodiesel life cycle (a waste oils and b animal fat)

Fig. 8.3 Simplified flow diagram of the well-to-wheel processes involved in the third-generation
biodiesel life cycle
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agricultural cultivation, transportation, oil milling (oil extraction), as well as bio-
diesel production and combustion. The agricultural cultivation stage could further
be divided into the following substages: upstream activities for the production of
agricultural inputs (e.g., seed, fertilizers, pesticides, fuels, etc.), production of
capital goods (e.g., agricultural buildings and machinery), and fieldwork operations
(e.g., land preparation, planting of seed/seedlings, fertilizing, tillage, harvesting,
etc.). It should be mentioned that there is a difference between annual and perennial
crops in the agricultural cultivation substages. In other words, perennial crops
generally need pre-nursery, nursery, and immature plantation (or two of these)
substages before annual plantation activities. These substages may take place
during several years and must be included in the assessment. In this regard, the
consumption of agricultural inputs, emissions originated from upstream activities
for the production of these inputs as well as emissions originated from the
above-mentioned pre-cultivation substages should also be considered. More
specifically, all the agricultural activities (from pre-nursery activities to the agri-
cultural actives in each cultivation season) should be taken into account throughout
the lifetime of a crop (e.g., 25–28 years for palm oil trees and 25–30 years for olive
trees) and the inventory for a cultivation year should be obtained as the average of
these years. This approach has been well employed by many researchers (Schmidt
2007; Choo et al. 2011; Van Zutphen and Wijbrans 2012; Rajaeifar et al. 2016)
while there are also a number of studies in which these substages were left out.

Since the second-generation biodiesel feedstocks are generally considered to be
waste, useless or low price fat/oils, analyses do not include the agricultural culti-
vation stage, and thus no environmental burdens are carried from their first life
(Fig. 8.2a, b). It should be noted that in the case of nonedible oil feedstock
specifically cultivated for biodiesel production, their agricultural cultivation stage
should also be included. As for animal fats (Fig. 8.2b), the upstream activities
related to animal husbandry and slaughterhouse are generally excluded since fat is
usually traded at far lower prices in comparison with meat (i.e., an increase in
demands for animal fats would not serve as a motivation for meat producers to
increase their meat production) and moreover, a proportion of animal fats is gen-
erally subjected to disposal in many parts of the world. This approach has been used
by many reports published previously (Dufour and Iribarren 2012; Jørgensen et al.
2012; Escobar et al. 2014; Rajaeifar et al. 2017b). For the third-generation bio-
diesels (Fig. 8.3), the agricultural cultivation stage includes the cultivation of algae
in pounds. In such systems, a pre-cultivation stage, i.e., the cultivation of an algal
strain in photo-bioreactors/indoor ponds to be used as inoculum (seed culture) for
the open ponds, should also be considered (Sander and Murthy 2010). It should also
be noted that dewatering is a different stage, which must be inventoried separately.

In the transportation stage, all the relevant transportation activities are included
and the inventory data generally include the consumption of materials by vehicles
(from fuels to engine oils and filters), production of capital goods, and construction
of the infrastructure. However, the calculation of the last two items is difficult and
could bring about uncertainties since vehicles or roads used could, in general, have
other applications rather than being solely used for biodiesel transportation. Based
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on Fig. 8.1, transportation of the agricultural outputs to the oil mill plant, trans-
portation of the extracted oil to the biodiesel production plant, and transportation of
biodiesel to the point of use are the main substages which are generally included in
the assessment. It is also worth quoting that transportation of agricultural inputs to
the farms as well as transportation of input materials to the oil mill and biodiesel
production plants are generally included in their related stages rather than in the
transportation stage (Escobar et al. 2014; Rajaeifar et al. 2014). The transportation
substages for the third-generation feedstocks are the same as those of the
first-generation ones (Fig. 8.3). However, for the second-generation biodiesels
(Fig. 8.2a, b), there is no agricultural output transportation and instead, collection
and transportation of feedstock from the point of generation to biodiesel production
plants (or in the case of animal fats, the transportation of feedstock to rendering
plants and then to biodiesel production plants) are considered. Nevertheless, if a
consequential approach is employed, agricultural stage and its relevant substages
might also be potentially included for the second-generation biodiesels as well.
Overall, a more detailed inventory data for transportation in a life cycle could be
helpful in further optimizing the transportation distances based on the final results
and the environmental hotspots found in the life cycle.

In the oil mill stage, the agricultural output is converted into oil and meal. There
are many oil extraction methods such as cold pressing, pressing and extraction by
organic solvents, microwave or ultrasound-assisted methods (Moreno et al. 2003;
Shah et al. 2005; Rajaeifar et al. 2013) with their own pros and cons. It should be
mentioned that most modern oil extraction technologies are based on lowering the
volume of wastewater produced in the oil milling process, while more efficient
methods for treating the generated wastewater are also in development (Hodaifa
et al. 2013; Lim et al. 2014; Liew et al. 2015; Yu et al. 2017). From the LCA point
of view, the oil mill stage could further be divided into the following substages:
upstream activities for the production of input materials needed for oil milling (e.g.,
chemicals, fuels, electricity, etc.), production of capital goods, and oil mill plant
operations (e.g., oil extraction, wastewater treatment, meal drying, etc.). This is also
applicable to the third-generation feedstocks (Fig. 8.3). As mentioned earlier,
transportation of the input materials to the oil mill plant is generally included in this
stage as well. For the second-generation feedstocks, there is generally no oil mill
stage included unless in the case of animal fats where further rendering is required
(Fig. 8.2b).

The oil extracted in oil mill stage is transported for further conversion into
biodiesel in the biodiesel production stage. The type of the conversion technology
used for a dedicated biofuel may have a significant impact on its life cycle emis-
sions, at a lower magnitude in comparison with feedstock production (i.e., agri-
cultural cultivation) stage though (Wiloso and Heijungs 2013; Altamirano et al.
2016). Among the different methods used for biodiesel production, transesterifi-
cation has been considered by far as the best method (Baskar and Aiswarya 2016)
and is the most prominent technology used at commercial scale as well (Stojković
et al. 2014). More specifically, transesterification is the reaction of triglyceride
molecules present in fat or oils with an alcohol resulting in the formation of
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mono-alkyl esters (biodiesel) and glycerol (Ma and Hanna 1999). The conventional
transesterification reaction is mainly highlighted by heating and stirring the reaction
mixture (to stimulate a quick contact between reagents), consumption of a high
amount of energy for heating and stirring, relatively high temperature (i.e., slightly
below methanol boiling point of 65 °C), and using homogeneous/heterogeneous
acid or base catalysts (Sáez-Bastante et al. 2015; Rajaeifar et al. 2017a). However,
different attempts have been made with an aim of introducing new techniques in
order to further enhance conventional biodiesel production from different aspects of
energy consumption, time, biodiesel conversion efficiency, wastewater generation,
and production costs. Some of these techniques include nanocatalytic technology,
ultrasound-assisted, microwave-assisted, in situ transesterification, supercritical
(catalytic or non-catalytic), subcritical, and membrane-assisted techniques
(Georgogianni et al. 2008; Motasemi and Ani 2012; Sáez-Bastante et al. 2015;
Rajaeifar et al. 2017a; Tran et al. 2017). The biodiesel production stage can further
be divided into substages, such as upstream activities for the production of input
materials needed for biodiesel production (e.g., chemicals, electricity, etc.), pro-
duction of capital goods and biodiesel production plant operations (e.g., biodiesel
production, biodiesel refining, wastewater treatment, etc.). This is also applicable to
the second- and third-generation feedstocks. Similar to the oil mill stage, trans-
portation of the input materials to the biodiesel production plant is generally
included in this stage as well.

The combustion stage is the final stage in a ‘well-to-wheel’ life cycle of bio-
diesel in which tailpipe emissions from stationary or mobile engines running on
biodiesel are measured. The required inventory data on tailpipe emissions can be
collected through laboratory chassis dynamometer tests (steady-state operation also
known as bench-scale examination) or real-world tests. Laboratory chassis
dynamometer tests are commonly performed based on standard driving cycles at
considerably less costs and experimental burdens while real-world tests need rig-
orous operational considerations and impose higher costs for monitoring emissions
when the vehicle is in motion. The combustion stage only considers tailpipe
emissions, and thus has no further substages. It is also worth quoting that in case of
using biodiesel–diesel blends or additives in biodiesel, the upstream activities
related to diesel or additive production and transportation must also be inventoried
separately (Xue et al. 2012; Rajaeifar et al. 2017b). Moreover, there is no difference
between the different generation feedstock in preparing the inventory data for this
stage.
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8.3 LCA and Biodiesel Production/Consumption Systems:
Some Issues and Challenges

At the first glance, applying LCA in biodiesel production/consumption systems
seems like the other products or services in which LCA could be practically
applied. In another word, the choices within the four main phases of LCA (i.e., goal
and scope definition, inventory analysis, impact assessment, and interpretation)
seem clear and apparently easy to be made, similar to LCAs of other products.
However, a more in-depth look would reveal that in practice, conducting an LCA of
biodiesel production/consumption systems is more difficult and complicated due to
data variability (mainly in the agriculture, biodiesel production, and combustion
stages) as well as the additional challenges and uncertainties in the currently used
methodological approaches. More specifically, such systems mainly involve an
agricultural stage, or they would imply more agricultural cultivation in other parts
of the world, thus introducing challenges and complexities in the calculation
methods as well as increasing the level of uncertainty in the environmental impacts
calculations. The other reason is that biodiesel development is coupled with many
other complicated factors originated from changes in demand and supply chains in
the market (locally or globally) or agricultural land occupation. Moreover, there are
also technical and practical issues in the methodology of LCA; some of which are
still the subjects of ongoing discussions among academics (i.e., functional unit, the
choice of system boundaries, the impact categories to be assessed, the treatment of
land use change, and biogenic carbon). These issues and challenges have also
caused a wide range of outcomes even for apparently similar biofuel life cycles. The
present section provides a systematic overview of the above-mentioned topics and
challenges.

8.3.1 Goal and Scope Definition

The goal and scope definition is a very important initial step in every LCA study.
This is due to the fact that goal and scope definition is the starting point of a
research work which could directly affect many choices used throughout the course
of the study. Choosing attributional or consequential approach alongside choosing
the system boundaries, functional unit and dealing with multifunctional processes,
as well as the types of required inventory data are among the methodological
choices which follow the goal and scope definition (Wiloso and Heijungs 2013).
The goal of an LCA study determines the context of the study, its intended
application, and targeted audience while the scope definition outlines the type of
methodology to be used in the subsequent modeling (Baumann and Tillman 2004;
Wolf et al. 2010).

It should also be noted that a well-defined scope and boundaries are essential for
guaranteeing a well-defined goal (Curran 2017). Therefore, the following six
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aspects are recommended to be addressed and documented during the goal defi-
nition process (Wolf et al. 2010):

• The intended application(s)
• The reasons for carrying out the study
• Limitations regarding the method, assumptions, and impact categories used
• The intended audience
• Whether the results are to be used in comparative assertions and planned to be

disclosed to the public
• The commissioner of the study and other influential actors.

Scope definition embraces a set of major choices which must be clearly
explained through the course of each LCA study, i.e., studied system or process and
its function, system boundaries, functional unit, modeling approach (consequential
or attributional), as well as the reference system or flow to be used. Moreover,
scope definition should lead to the determination of the following issues: the type of
required inventory data and the data quality requirements, life cycle inventory
(LCI) modeling framework, treatment of multifunctional processes and products,
impact categories to be covered, selection of life cycle impact assessment (LCIA)
method and if included—data normalization and weighting factors, and treatment of
uncertainties (Wolf et al. 2010; Heijungs and Wiloso 2014). Moreover, neglecting,
removing or merging stages/substages must be clearly explained in the scope
definition as it could be misleading when interpreting the results. It is worth quoting
that unlike what is suggested by the ISO standard on goal and scope definition, no
concrete details on system boundaries, impact categories, and treatment of uncer-
tainty are allowed to be implemented at this stage (Heijungs and Wiloso 2014). In
better words, such details should be collected and analyzed in the inventory phase
and the impact assessment phase of the study, respectively, and not in the goal and
scope definition.

8.3.1.1 System Boundaries

As one of the most important aspects of the goal and scope definition, system
boundaries influence data collection, background data choices, and foreground
modeling aspects (Baitz 2017). System boundaries must be well designed in a way
that correctly present an overall perspective of the life cycle stages involved, main
relevant (unit) processes/flows, main input(s)/output(s), excluded activities (stages/
substages), as well as included and excluded emissions from different flows (e.g.,
tailpipe emissions, wastewater emissions, emission to air/water/soil). Based on the
ISO definitions, system boundaries simultaneously separate the analyzed system
from the rest of the technosphere as well as the ecosphere (Wolf et al. 2010). Other
dimensions beside technical aspects need to be specified clearly as well, i.e.,
geographic (spatial) and time (temporal) boundaries (Curran 2017). It is also worth
quoting that excluding any stages/substages/processes/emissions during an LCA is
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only permitted if they are estimated to have no significant impacts on the overall
conclusions of the study. Examples are construction of capital goods in some cases,
human labor, some internal transportation of materials within production facilities,
manufacture and transport of packaging materials which are not associated with the
final product, maintenance and operation of support equipment, identical stage/
substage/process/emissions in comparative LCA studies, or in cases where cutoff
may be the only solution (i.e., when the system is theoretically infinitely large). The
brief description presented in the previous section could help in arranging conve-
nient system boundaries in LCA of different biodiesel feedstocks and prevent
arbitrary system boundaries definition. A word of warning should also be added
regarding the importance of the inclusion of a reference system when defining and
describing the system boundaries of a study. This generally applies when the goal
of an LCA study encompasses a comparison between the main system under
investigation and the other systems of comparison value.

8.3.1.2 Functional Unit

The product or process being studied through LCA is described and quantified
through a functional unit (FU) specified in relation to the nature of a system,
geographical, and time boundaries. In other words, the functional unit is a quan-
tified description of the performance of a product system (Weidema et al. 2004). An
appropriate functional unit is the one that positively reflects the reality of the
problem. This, in fact, could be achieved when the FU is driven by the main
questions or goals of the LCA study. Choosing a proper FU is very important in
LCA studies since different choices of functional units from the same system may
lead to different results when compared to each other (Wiloso and Heijungs 2013).
For instance, comparing two types of paint on a per liter basis may yield a different
preference compared to comparing the same paints on a per square meter basis.
For LCA of biodiesel systems, the most common FU used in the studies are
generally classified into the following four groups (Cherubini and Strømman 2011):

Input-oriented FUs: these types of FUs describe the performance of a system based
on input biomass (either in mass or energy unit) and are appropriate to show the
best uses for a given biomass feedstock. Examples of such FU applications are 1 kg
corn produced, 1 kg or barrel of waste cooking oil collected and transported, and,
etc.
Output-oriented FUs: calculating and evaluating the performance of a system
based on the unit of output delivered is performed through these types of FUs. It is
regularly reported that output-oriented FUs are the most common type in LCA of
bioenergy and seems the best option for these systems (Cherubini and Strømman
2011) unless the system delivers multi-outputs and need an allocation procedure
like what generally happens in biorefineries. Such FUs generally show the per-
formance of a given biodiesel based on the calorific value of biodiesel (MJ, kWh),
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mass or volume of biodiesel produced (kg or L), or driving distance of a vehicle (in
km) fueled by a given biodiesel blend.
Agricultural land use oriented FUs: here the evaluation of a biodiesel system is
performed based on the hectare of land area required to produce the biodiesel
feedstocks. This type of FU is convenient for the first-generation feedstocks.
Although the application of this type of FU was rarely reported in the literature, it
could lead to driving helpful results at policy level since the biomass could bring a
competition in land occupation with food/feed/fiber products. Moreover, this type
of FU directly shows the efficiency of agricultural management in a dedicated
occupied agricultural land. Cherubini and Strømman (2011) remarked that relative
land use efficiency (i.e. the use of scarce land resources as efficiently as possible) is
found using this type of FU. An example of using agricultural land use as an FU
could be found in Lim and Lee (2011) study in which 1-year use of one-hectare
palm oil plantation was considered as a FU to produce both biodiesel and
bioethanol.
Time-oriented FUs: these types of FUs refer to a period of activity performed by a
system, e.g., yearly, monthly or based on a season activity.

Input- and time-oriented FUs as well as the ones based on the unit of agricultural
land use do not facilitate a proper comparison between biofuels and their fossil
counterparts. Probably, for this reason, output-oriented FUs are the most common
type used in the LCA of bioenergy systems (Cherubini and Strømman 2011). This
also applies to LCA of biodiesels, for which results based on the volume of bio-
diesel produced (or combusted) (in liters) seems more perceptible for the public as
they see and understand what they finally pay for. This is also the case for policy
makers as they are generally offered reports in which consumption of fossil fuels as
well as projected substitutions by alternative fuels is presented on a volume basis
(i.e., in liters). Nevertheless, it has been reported that when the best use of a given
biomass feedstock as bioenergy (heat, electricity, biofuel) is the main question of
the study, functional units in the form of one MJ or kWh are more appropriate
(Wiloso and Heijungs 2013). Based on literature studies, there are two different
perceptions of FU as a unit of energy: (1) the calorific value of biodiesel in forms of
MJ and (2) MJ or kWh of useful energy. It is worth quoting that only the second
perspective lead to find the best use of a given biomass feedstock as bioenergy since
they consider the efficiency of different systems, e.g., efficiency of diesel engines in
power plants alongside conversion and transmission losses, while the first per-
spective only help to find the best technologies, treatment methods or feedstock for
biodiesel production.

For LCA studies in which the combustion stage is included or comparing bio-
diesel and petroleum diesel for transportation is the main question, FUs in the form
of distance traveled (in km or miles) by vehicles is more appropriate. However,
when measuring tailpipe emissions, the working conditions must be completely
similar in order to be able to compare systems based on this type of FU. Moreover,
all the experimental details regarding the vehicle traveling must also be reported,
e.g., the type of vehicle (s) used along with their model and age, vehicle speed,
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passenger load (number), and route specifications including the length and grade of
the road used in the experiments. Overall, in order to enhance understanding of the
system under study and avoid misleading conclusions, using several functional
units could be more helpful. This important issue is commonly neglected by the
methodological standards for bioenergy systems (Cherubini and Strømman 2011).

8.3.1.3 Attributional and Consequential LCA

In developing LCA methodologies, the distinction between attributional LCA
(ALCA) and consequential LCA (CLCA) should be taken into consideration. The
specification of the type of LCA used should be firstly shown in goal and scope
definition step. This could further influence methodological and data choices for the
LCI and LCIA as subsequent steps. The goal of an ALCA study is to assess the
environmental burdens attributed to a product/service assuming the current situation
(of technology, market, economy, and supply chains) or so-called ‘a status quo
situation’(Wiloso and Heijungs 2013). This approach describes the environmentally
relevant physical flows to and from a life cycle and its subsystems (Ekvall and
Weidema 2004). A complete set of procedures and recommendation for a clear goal
and scope definition when ALCA is applied were introduced by Martin (2017). It
should be highlighted that the static nature of ALCA would not permit this type of
LCA to be the central core in decision-making processes for policy makers espe-
cially in case of biofuels such as biodiesel and bioethanol. This is due to the fact
that this approach does not have the capability of showing the possible changes in
environmental impacts regarding possible choices, especially indirect land use
change (iLUC) impacts originated from biofuel development. However, ALCA is
useful in highlighting the environmental hotspots of the current production systems
and determining the differences between feedstocks, production processes, and
efficiencies with respect to the overall environmental burdens (Wiloso and Heijungs
2013).

CLCA, on the other hand, expands the system boundaries of an attributional
approach so as to embrace possible external consequences in response to possible
decisions and changes, and consequently estimates their effects on environmental
flows (resource use and emissions) of a given product/service (Finnveden et al.
2009). Therefore, CLCA is in principle more effective and attractive for strategic
planning when biodiesel and bioethanol development is the main concern. This
approach mainly relies on additional economic data like marginal production costs,
elasticity of supply and demand (Ibenholt 2002). The CLCA methodology differs
from ALCA not only in goal and scope definition, but also in system boundaries,
FU, LCI, and treatment of multifunctional processes (Thomassen et al. 2008). More
importantly, CLCA encompasses the indirect effects especially ones related to the
land use changes and it employs marginal data while ALCA does not include the
indirect effects and it uses average data. This specification has a twofold structure,
one which shows CLCA as a more comprehensive method with its advantages. The
other aspect shows the complexity of modeling the indirect effects and thus
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increased uncertainty introduced by this method which may cause to remove the
advantages came from this approach. More specifically, the results made by CLCA
are strongly sensitive to the assumptions employed by the modeling. Therefore, all
the assumptions should be kept tracked rigorously and should be clearly identified
in the final assessment report (Prox and Curran 2017). Figure 8.4 shows two dif-
ferent approaches employed for assessing the environmental impacts of using waste
cooking oil (WCO) and poultry fat (PF) based biodiesel blends in urban buses in
Iran (Rajaeifar et al. 2017b). Based on the figure, when considering ALCA of WCO
and PF biodiesel blends, feedstock collection, transportation, biodiesel production
and combustion stages are considered inside the system boundaries of the study. In
such situation, all the relevant (background and foreground) data need to be col-
lected as average data considering the current technologies while changes in
demands and supply chains in the market as a result of biodiesel development are
not considered.

By contrast, considering a CLCA of WCO and PF biodiesel blends (Fig. 8.4),
the indirect effects of using these fuels are included in addition to the mentioned
stages. More specifically, when using WCO and PF for biodiesel production, their
demand in the market is bound to increase and consequently (in the most likely
situation) their previous users should find alternative oils or so-called ‘marginal
oils’. Accordingly, removed WCO is compensated by palm oil while removed PF is
substituted by a mixture of palm and soybean oils (Jørgensen et al. 2012; Rajaeifar

Fig. 8.4 Attributional and consequential approaches in assessing the environmental impacts of
using waste cooking oil (WCO)- and poultry fat (PF)-based biodiesel blends in urban buses in Iran.
With Permission from Rajaeifar et al. (2017b)
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et al. 2017b). In this regard, Malaysia was identified as the marginal producer of
palm oil in the global market while Argentina was identified as the marginal
supplier of soybean oil to Iran. Therefore, the compensation of removed WCO oil
and rendered PF (for biodiesel production) from the market implies more agricul-
tural cultivation in these countries. Consequently, this leads to an increase in the
production of some coproducts (i.e., palm kernel meal in Malaysia and soybean
meal in Argentina). Increased production of such coproducts has also an indirect
effect, i.e., decreased production of their marginal products. Since Brazil was
identified as the marginal producer of soybean meal in the global market, the
increased agricultural cultivation and consequent increase in the production of palm
kernel meal and soybean meal leads to a decrease in the production of soybean meal
(as well as its soybean oil) in Brazil. In this LCA approach, the indirect land use
change impacts are also included and the marginal (background and foreground)
data are collected considering the futuristic technologies.

Overall, while the main challenges in performing ALCA for biofuel systems
(including biodiesels) focus on allocation procedures, the main challenges when
using CLCA approach are generally attributed to quantifying the indirect effects of
developing biofuels on the other cycles, i.e., food/feed/fiber (Wiloso and Heijungs
2013). This mainly includes quantifying/modeling the iLUC impacts as one of the
major challenges faced by regulators when making specific choices among various
biofuel alternatives s (Plevin et al. 2015). This issue has been neglected by many
research studies on LCA of biofuels while taking into account such impacts could
undermine the benefits attributed to the substitution of biofuels with their fossil
counterparts (Searchinger et al. 2008; Zamagni et al. 2012; Ben Aoun and Gabrielle
2016). Likewise, unresolved debates in direct/indirect impacts from agricultural
cultivation as well as allocation of coproducts have caused problems leading no
clear distinction between ALCA and CLCA in most regionalized policy guidelines
(Brander et al. 2008; van Dam et al. 2010). It seems that improving the global
economic interaction models as well as developing the methods for more accurately
calculating land use change emissions are the master keys for these challenges.

8.3.2 Inventory Analysis

LCI is the phase of collecting and quantifying inputs and outputs (as a flow model
including all the emissions) inside the defined system boundary of a product
throughout its life cycle. Accordingly, the quality of collected data as well as
methods for quantifying emissions are the main concerns in the inventory analysis
(Heijungs and Wiloso 2014). Therefore, data sources, quality, and their collection
procedure as well as methodology applied to calculate emissions must be clearly
and unambiguously presented in this stage from the starting point of a given life
cycle to its end. Below, some typical LCI-related problems faced in biodiesel
studies are discussed.
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8.3.2.1 Agricultural Field Emissions

One of the most important steps in the LCI of biodiesel systems is the estimation of
agricultural field emissions. The stage may be involved as the main stage like what
is usually happened in first-generation feedstocks or may be indirectly involved in
such agricultural activities happened as an indirect effect of some second-generation
biodiesels. In the case of third-generation feedstock, agricultural cultivation stage
mainly includes the cultivation of algae in pounds which is also an important but
less complex issue.

The agricultural stage has been identified as the stage which introduces a lot of
complexity and uncertainty in LCA of biofuel systems (Wiloso and Heijungs 2013).
The complexity is the result of interactions between soil–water–air and chemical/
organic nutrients. The uncertainty encompasses a wider concept related to indirect
land use change impacts while also in the simplest form (without considering any
indirect effect), the variability in soil structure and climate as well as in agricultural
practice management scenarios could lead to substantial variations in LCA results.

In order to calculate field crop emissions, the nutrient balance must be identified
by focusing on the most important nutrient inputs to and outputs from a farm. The
main cycles which generally must be considered are carbon and nitrogen as well as
the other elements such as phosphorous and potassium. Moreover, there are some
undesirable inputs such as heavy metals which must be inventoried as well. The
main activities responsible for the field crop emissions (or so-called ‘on site
emissions’) are applying fertilizers/pesticides and land transformation. It is also
worth quoting that soil and climate conditions affect the level of emissions as well.
Overall, the following emissions are generally considered (Harris et al. 2015;
Nemecek et al. 2016; Khoshnevisan et al. 2017):

1. Carbon dioxide emissions (to air) due to urea application (if any urea fertilizer
is used).

2. Carbon dioxide emissions (to air) due to changes in carbon pools as a result of
land transformation, occupation and restoration activities.

3. N2O and CH4 emissions (to air) as a result of land use change.
4. NH3 and NOx emissions (to air) as well as direct and indirect N2O emissions (to

air) due to the application of N-based fertilizers.
5. Nitrate leaching (to groundwater) due to the application of N-based fertilizers.
6. Nitrate run-off (to surface water) due to the application of N-based fertilizers.
7. Phosphorus leaching (to groundwater) due to the application of P-based

fertilizers.
8. Phosphate run-off (to surface water) due to the application of P-based

fertilizers.
9. Heavy metal emissions (to agricultural soil) and groundwater due to the

application of N, P, and K-based fertilizers.
10. Tailpipe emissions (to air) from diesel/gasoline combustion during farm

operations.
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11. Emissions of pesticides (to agricultural soil).

There are three approaches for determining the field crop emissions, i.e.,
(1) measuring actual emission rates from the studied system, (2) applying emission
values derived from literature in a case-by-case procedure, and (3) estimating
potential emission rates through structured estimation methods (Brentrup et al.
2000). Using the first approach in order to determine field crop emissions is money-
and time-consuming, and not applicable for many types of emissions. Moreover,
field measurements generally show great variations and generally are representative
of specific conditions at the time of measurement which is not necessarily appro-
priate for LCA purposes. A new update of emission values is often required when
using emission values from the literature (the second approach) while the quality of
the values is questioned (Brentrup et al. 2000).

The third approach, i.e., using structured estimation methods in order to estimate
emission rates, is the most employed approach in LCA studies in which field crop
emissions are considered. The term ‘structured’ refers to considering different
impacts of soil condition, climate and agricultural practices alongside the dosage of
a given nutrient as input. These types of methods can easily be employed with less
effort, cost and uncertainty compared to direct measurements or values derived from
the literature. Moreover, since the estimation methods simplify the complex con-
ditions using structured frameworks, the quality of the estimated emission rates can
be updated and improved in time. There are many types of models and guidelines
for estimating the field crop emissions, some of them only model limited number of
emissions, while others model most of emissions. Some examples are IPCC (2006),
Nemecek et al. (2016), Birkved and Hauschild (2006), etc.

While methods for estimating field crop emissions are being further developed
consistently, becoming more accurate on a daily basis, many challenges still remain
in calculating agricultural field emissions mainly due to the (1) data gaps in
long-term soil quality dynamics, (2) lack of LCIs on many active ingredients of
pesticides, (3) lack of understanding of the pesticides’ emissions mechanism when
used in field operations, (4) inclusion of N2O and CH4 emissions from land use
change activities, (5) modeling the emissions of NO3 based on different
pedo-climatic conditions and different management options as well as (6) adopting
data related to the periods before and after agriculture in the assessments.

8.3.2.2 Land Use and Land Use Change

The issue of land use and land use change has become a very critical and important
issue since it has been identified as a great contributor to global GHG emissions
(Watson et al. 2000). The term land use is generally used for land transformation
(period before agricultural activities), land occupation (period during agricultural
activities), and land restoration (period after agricultural activities). Although there
is no exact place for land use and land use change in the LCA framework, most of
the studies and guidelines consider land transformation and land restoration
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activities as land use changes (Wiloso and Heijungs 2013), while land occupation is
generally considered as land use activities. The main issue is not about the use of
these terms instead of each other, but rather quantifying the impact of land use
change using a sound and accurate framework is the current challenge in LCA
studies. More specifically, despite the existing consensus on the inclusion of land
use change impacts when assessing the environmental impacts of biofuel devel-
opment, the resulting indicators suffer from a considerable deal of heterogeneity,
significant inaccuracies, as well as high uncertainties (Cherubini and Strømman
2011; Fritz et al. 2013).

In the case of first-generation biodiesels (as well as the other first-generation
biofuels), the increase of biodiesel usage will lead to an increase in the demand for
the feedstock used for biodiesel production, with a subsequent feedstock shortage,
and thus increased market prices of the feedstocks used. This situation would
motivate those active in the agriculture industry, e.g., farmers for increasing their
outputs through different mechanisms, i.e., (1) intensifying crop management
systems to improve yields, (2) transforming uncultivated lands into agricultural
land, and (3) substituting food/feed/fiber crops by energy crops (Ben Aoun and
Gabrielle 2016). The second and third approaches could trigger land use change
mechanisms either in direct or indirect ways. It is also worth quoting that the
development of second-generation biodiesels could also result in such land use
change impacts when the feedstock used for biodiesel production, e.g., PF and
WCO, would also be used as raw materials in other industries. In such cases, the
removed WCO or PF must be compensated by producing and importing oil crops
elsewhere, presumably mainly fulfilled by the second and third mechanisms.

Direct Land Use Change (dLUC)

In biodiesel production/consumption systems, direct land use change (dLUC for
short) takes place when new agricultural land is assigned to the production of
feedstock for biodiesel production and the feedstock displaces a prior land use (e.g.,
conversion of degraded tropical rainforest or alang-alang grass lands to oil palm
plantation). This substitution in land use may include the situation in which feed-
stock for biodiesel displaces other crops (used for food/feed/fiber purposes) in a
cropping system. These situations as dLUC may cause changes in the carbon stock
of the assigned land and result in global warming impact. The carbon stock gen-
erally exists in five different pools, i.e., above ground vegetation, below ground
vegetation, dead wood, litter, and (most importantly) soil (Cherubini and Strømman
2011).

Depending on which type of land is transformed for the production of biodiesel
feedstock, the net carbon emissions due to dLUC can be positive or negative. More
specifically, when land with a high carbon stock (e.g., natural forest areas, pasture,
and peatlands) is converted to agricultural land, a loss of carbon stocks may affect
the whole carbon balance, strongly undermining the environmental performance of
the given biodiesel compared with its fossil counterpart (Reijnders and Huijbregts
2008; Panichelli et al. 2009). Moreover, these types of transformation would lead to
a decrease in biodiversity (Salaa et al. 2009). On the contrary, if biodiesel
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feedstocks are grown on set-aside or degraded lands or when perennial crops (e.g.,
oil palm) replace annual row crops, dLUC can contribute to increases in the carbon
stock, and thus has a positive effect on the GHG balance of the biodiesel system
(Styles and Jones 2007; Wu et al. 2008).

It is also worth quoting that the changes in carbon stocks are highly dependent
on the previous and current agricultural practices, post-harvest activities, climate,
and soil characteristics (Cherubini and Strømman 2011), and thus they require
site-specific quantification. Nevertheless, methods have been developed to gener-
alize and estimate changes in carbon pools by means of literature references, default
values, or software tools capable of modeling soil carbon dynamics.

Indirect Land Use Change (iLUC)

Indirect land use change (iLUC for short) occurs when developments in biodiesel
production cause changes in land use elsewhere. This situation generally happens
when feedstock production for biodiesel takes place on lands currently used for
food/feed/fiber crops and the demand for the former land use (i.e., food, feed, fiber)
remains. Therefore, the removed agricultural production will relocate to other
places in order to maintain the balance in the global market and prevent competi-
tions among biodiesel and food/feed/fiber production domains (Gnansounou et al.
2008). Clearly, market mechanisms are the core of agricultural cultivation dis-
placement. The existing challenges in quantifying iLUC impacts is mainly due to
the complexity and speculative nature of the mechanisms involved in land use
change. Such shortcomings could result in (1) lack of consensus on using one
method for estimating iLUC impacts, (2) variability in iLUCs results, and
(3) uncertainty of the LCA conclusions.

Although increased pressure on land worldwide, and thus the creation of iLUC
impacts has been mainly associated with the development of first-generation
feedstock (Ben Aoun and Gabrielle 2016), the development of second-generation
feedstock may also bring about such effects when the feedstock is already used by
other sectors rather than biofuels sector. For example, when the development of
WCO and PF biodiesel is considered (Fig. 8.4), demands for WCO and rendered
PF in the market are bound to increase and consequently (under the most possible
circumstances) their previous users will inevitably try to find alternative sources of
oil. Accordingly, the removed WCO could be compensated for instance, by palm
oil while a mixture of palm and soybean oils could substitute removed PF. This
situation necessitates more agricultural production elsewhere which causes iLUC
impacts (Rajaeifar et al. 2017b). If the cultivation of feedstock for biodiesel pro-
duction takes place on fallow, marginal, or degraded lands where no conventional
crops are grown, no iLUC happens and the GHG balance can turn out to be more
favorable (Cherubini and Strømman 2011).

There are three main approaches in dealing with iLUC effects including (1) use
of historical data and statistical analysis, (2) using experts’ opinion, and (3) ap-
plying economic equilibrium models. The first approach employs historical data
from different sources and statistically analyzes them in order to identify possible
relationships between the rate of feedstock production (for biofuels including
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biodiesel) in a given country and land use change (Ben Aoun and Gabrielle 2016).
There are number of studies which employed this approach for estimating land use
change impacts (Kim and Dale 2011; Overmars et al. 2011). In the second
approach, the experts are supposed to have an understanding of the underlying
market mechanisms in order to chase the possible iLUCs location and quality and
predict their magnitude. This generally happens through estimating cause-effect
relations in the market as well as through the simplification of market mechanisms
(Bauen et al. 2010; Ben Aoun et al. 2013). Examples of employing such approaches
are Dalgaard et al. (2008), Schmidt (2010), Reinhard and Zah (2011), Escobar et al.
(2014) and Rajaeifar et al. (2017b).

Compared with the first and second approaches, the third approach could be
more accurate and effective in estimating iLUC impacts since it is capable of
modeling economic processes in the market. In fact, when using historical data or
expert-based opinion approaches, market mechanisms are simplified and some
other activities that can lead to land use change may not be considered. Therefore,
the prediction of iLUC might not be accurate enough (Ben Aoun et al. 2013). The
economic equilibrium models are based on the theory of perfect markets in econ-
omy. Accordingly, the response of supply and demand to price changes creates an
equilibrium in which demand equals supply. This, in fact, forms the basis of the
estimation for the iLUC impacts. The economic equilibrium models generally
include two types of equilibrium models, i.e., partial and general equilibrium
models which have been comprehensively explained by Ben Aoun and Gabrielle
(2016).

Despite the existence of various methods for estimating iLUC impacts, there is a
global interest in using economic models for estimating land use change impacts.
This is ascribed to the fact that these models could generally determine the con-
sequences of additional demands created by the development of biodiesel
production/consumption systems on global land use. Nevertheless, economic
models still need to be substantially improved in order to be more accurate and
reliable. This could be achieved by making the estimation of markets response to
price changes and producers/consumers preferences more realistic and less uncer-
tain. Improving the quality of different databases concerning carbon stocks changes,
fertilizer use, and gaseous emissions of nitrogen could also enhance the accuracy of
the models used and reduce their uncertainty and variations, generally occurring
when using different methods for estimating land use change impacts.

Apart from land use change attributed to biodiesel production, water footprint
should also be taken into consideration. This is further highlighted given the
anticipated water scarcity challenge and the resultant conflicts among countries in
the near future. Therefore, a word of warning should also be added regarding the
importance of the water availability and water footprint assessments in future LCA
frameworks and guidelines. In another word, even if the challenges concerning the
quantifying iLUC impacts will be resolved; the water availability as well as water
footprint of biodiesel production/consumption systems will still be a limiting factor
for future development of this alternative fuel. In this regard, water resources and
availability estimations as well as water footprint assessment must also be included
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in decision-making for anticipating the possible impacts attributed to the indirect
land use effect of biodiesel development.

8.3.2.3 Conversion Processes and Combustion Emissions

Biodiesel production/consumption systems include conversion processes through
which the raw feedstock for biodiesel production is converted into biodiesel.
Inventory data at this stage mainly include the upstream activities for the production
of energy and materials used in the conversion process, emissions from the pro-
duction of capital goods as well as emissions arisen from the conversion reaction
itself. Data gaps and uncertainties in the conversion process are mainly attributed to
developing technological routes, particularly, on an industrial scale. In this regard,
the real impacts of the current production technology or the considered marginal
technology could be under- or overestimated and therefore, a sensitivity analysis
would be necessary.

As mentioned before, the combustion stage is the final stage in a ‘well-to-wheel’
life cycle of biodiesel in which tailpipe emissions from vehicles using biodiesel are
measured. More specifically, the required inventory data on tailpipe emissions can
be collected through laboratory chassis dynamometer tests or real-world tests. The
most important issue when collecting inventory data for this stage is to ensure that
the data would be representative of the real-world conditions. In line with that, the
driving cycles chosen for laboratory chassis dynamometer must be selected or
designed carefully according to the real-world conditions of the area/routes/fleet at
which biodiesel is intended to be used. In case of real-world tests, it is recom-
mended to perform a set of real-driving tests considering statistical criteria (e.g.,
using statistical designs), ambient factors (e.g., temperature, humidity, and pas-
senger counts), and vehicle factors (engine model year, engine type, mileage
traveled before and during the experiments, engine oil type and viscosity).
Moreover, it is suggested to select various routes and various traffic situations in
different weekdays for performing real-world driving tests. These would increase
the validity of and options for extrapolating the results, especially when assessing
tailpipe emissions in a transportation fleet is considered.

8.3.2.4 Biogenic Carbon

Like other biofuel systems, biodiesel production/consumption systems can absorb
and sequester CO2 from the atmosphere. More specifically, agricultural crops are
capable of fixing atmospheric CO2 during their growth period, while the absorbed C
is released when the crops/resultant products are subjected to the combustion
process. Nevertheless, this is not a sufficient reason for assuming biodiesel
production/consumption systems as carbon neutral ones, i.e., assuming all emis-
sions arisen from biodiesel combustion as biogenic. In fact, such systems require a
significant amount of fossil inputs whose consumption (or production) increase the
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atmospheric CO2 level. These fossil inputs are generally consumed during planting,
fertilization, harvesting, oil extraction, transportation, as well as biodiesel produc-
tion and combustion. For example, large amounts of N-based fertilizers are con-
sumed annually for agricultural fertilization and the production of these fertilizers
impose a significant deal of environmental burden, i.e., GHG emissions released to
the atmosphere.

As for biodiesel combustion, it is generally assumed by many studies that all the
CO2 emissions arisen from biodiesel combustion have a biogenic nature. However,
from the chemical point of view, biodiesel is made through a reaction between an
alcohol and triglycerides, and thus the C atoms of the alcohol used also contribute
to the resultant methyl esters. Therefore, if the alcohol such as methanol (the
common alcohol in biodiesel production) used in the biodiesel production stage is
of fossil origin, not all the CO2 emissions from the combustion of biodiesel could be
regarded as biogenic. Therefore, it is important to distinguish the emissions asso-
ciated with the biogenic and non-biogenic carbon moieties; this is not a facile job
though. In better words, it is suggested to calculate their partitioning among all
major carbon-based tailpipe emissions such as CO2, CO, PM and non-methane
hydrocarbons (NMHC) (Sheehan et al. 1998). It is important to take into account all
carbon-based tailpipe emissions due to the fact that under real-world conditions,
engines do not completely combust all the carbon in the fuel, and thus the whole
carbon contained in a given fuel is not combusted as CO2. It is also worth men-
tioning that the carbon emission components other than CO2, could not be con-
sidered as biogenic since they will not be absorbed throughout the cycle, i.e., over
the plant’s growth period.

Another challenging issue in biogenic carbon cycles occurs when the agricultural
production stage results in coproducts (e.g., palm oil and palm kernel oil). Under
such circumstances, a part of the absorbed CO2 is allocated to each of the
coproducts (Wiloso and Heijungs 2013). Using an appropriate allocation method is
the center of current debate among academics and more research is needed in order
to reach a global consensus. The final challenge regarding the biogenic nature of
biodiesel is attributed to a time difference between CO2 fixation and release.
Development of dynamic LCA methods could help to account for such situations.

Although there is no consensus regarding how to treat biogenic carbon, the most
important issue is to avoid double counting of CO2 emissions. To achieve that,
(1) the inclusion or exclusion of carbon sequestration, (2) the inclusion or exclusion
of biogenic carbon, and (3) calculating the share of biomass-oriented carbon in final
CO2 released by biodiesel combustion must be explicitly stated in the inventory
analysis of a study.

8.3.2.5 Multifunctional Unit Processes

The issue of multifunctional unit processes occurs when a unit process yields more
than one functional flow. Multifunctional unit processes can take place under three
main conditions, i.e., coproduction, combined waste processing, and recycling
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(Wiloso and Heijungs 2013). Under such conditions, it is generally preferred to
determine the environmental burdens of a given product among the others. An
example in biodiesel production/consumption systems is biodiesel production from
palm oil in which it is important to determine the environmental burdens attributed
to palm oil and distinguishing it from the environmental burdens related to palm
kernel oil. The ISO standard (ISO14044 2006) describes multifunctionality options
rather not in the goal and scope definition, but in the later stage of the Inventory
analysis. This avoids predefining or dictating a preferred option and instead could
help with considering the relevancy and adequacy of the options quantitatively in
the inventory phase (Baitz 2017).

In order to deal with multifunctional unit processes, there are three approaches
available as suggested by existing guidelines but in different order of priority, i.e.,
subdivision, system expansion (including substitution), and allocation (or parti-
tioning). Based on the ISO standard, it is preferred to avoid burden allocation
mainly using the first two methods. Nevertheless, using subdivision requires precise
separation between the main processes considering the related mass and energy
balances. Furthermore, using system expansion or product displacement could be
more difficult and uncertain, as it requires comprehensive investigation of the whole
market of all the output products, including so-called “avoided” processes.

A major challenge in the third option, i.e., allocation, is determining the criteria
needed for attributing emissions, waste, and upstream inputs to various coproducts.
The criteria often used include ratios of mass, energy, and economic value. There
are also studies which tried to avoid allocation through choosing an appropriate FU,
e.g., input-oriented FUs (Cherubini and Strømman 2011) as well as the two options
elaborated earlier. A detailed discussion of the possible allocation methods, with
their advantages and disadvantages, can be found in the literature (Ekvall and
Finnveden 2001; Curran 2007; Heijungs and Guinée 2007).

8.3.3 Impact Assessment

LCIA is the third phase in conducting a life cycle study. In LCIA, the inventory
data are reflected in the impact categories (Wolf et al. 2010). This phase consists of
a number of activities including the selection of impact category, classification,
characterization, normalization, grouping, weighting, and data quality analysis.
Among these activities, the first three are mandatory, while the rest are optional
(ISO14044 2006). The most important fact about impact assessment is to properly
choose a set of relevant impact categories to measure the potential environmental
burdens of a given biodiesel production/consumption system in all environmental
dimensions, i.e., human health, ecosystem quality, and resources. In this regard, the
set of chosen impact categories must be comprehensive as much as possible.

LCA studies on biodiesel production/consumption systems generally fall into
three types of impact assessment, i.e., energy input–output analysis, global
warming, and other life cycle impact categories (Cherubini and Strømman 2011).
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Energy input–output analysis or energy analysis is aimed at quantifying the effi-
ciency of a given renewable energy production (i.e., biodiesel) and determines the
possible nonrenewable energy savings through biodiesel production. The most
important index in these types of studies is fossil energy ratio (FER) which shows
the actual benefit obtained from a biodiesel production/consumption system by
taking into account the amount of fossil resources consumed in the life cycle of
biodiesel production/consumption. Nevertheless, it should be mentioned that the
energy input–output analysis mostly shows the technical feasibility of the biodiesel
production/consumption systems rather than being an impact assessment method in
principle (Wiloso and Heijungs 2013). However, its respective results could be later
analyzed and interpreted from the environmental point of view. The transportation
distances and methods as well as the type of allocation method used to allocate
energy flow between coproducts (if required) are the most important issues which
could significantly affect the results of energy analysis studies and, therefore, these
must be performed accurately, including a sensitivity analysis.

Global warming is one of the most common indices used in LCA of biodiesels
by which a list of GHG emissions arisen from all the processes involved in the life
cycle are collected and then translated into CO2 equivalents. Although global
warming is included in most of LCA studies performed on biodiesel production/
consumption, the issue of biogenic carbon as well as land use change still remains
as the main challenge, mostly neglected in many research studies as elaborated
previously. These issues could significantly affect the global warming contribution
of a given biodiesel production/consumption system and turn the results from
favorable to unfavorable, or the other way around. Other life cycle impact cate-
gories include a variety of impact categories, e.g., eutrophication, acidification,
aquatic ecotoxicity, terrestrial ecotoxicity, carcinogens, noncarcinogens, respiratory
organics/inorganics, etc., which have been used in a number of LCA studies of
biodiesel (Panichelli et al. 2009; Xue et al. 2012; Rajaeifar et al. 2016; Rajaeifar
et al. 2017a; Sousa et al. 2017).

Overall, a common weakness of most studies conducted on biodiesel LCA is
attributed to the lack of sufficient coverage of impact categories. In fact, failure to
address key impact categories may bring about incomplete or unreliable informa-
tion, creating biased decisions. Therefore, it has been suggested to choose a set of
impact categories in agreement with the goal and scope of the study, while con-
sidering a default minimum in order to reduce the risk of biased decisions (Wiloso
and Heijungs 2013). Moreover, due to the fact that water scarcity challenge is
expected to introduce more serious troubles in the near future, water footprint must
also be included as an important impact category in future LCA studies on biodiesel
production. The most important issue regarding the current impact categories in
LCA studies is the fact that all the current impact categories consider the potential
impact or maximum possible impact only. In this regard, future attempts could also
be devoted to including the exposure effects of different emissions in LCA studies
since a system with higher level of pollution but in low population (humans or
biodiversity) areas may perform environmentally better compared with a system
with lower level of environmental emissions but at more populated areas.
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8.3.3.1 Regionalized Impact Assessment

Regionalization in LCA studies is generally performed for inventories and impact
assessment methods. Collection of activity data as well as region-specific back-
ground data is required in order to accurately show all the relevant processes
involved and to enable the application of geographically explicit impact assessment
models (Morais et al. 2016). In view of the impact assessment methods used, there
are some environmental impacts which could have different effects on the human
health/ecosystem quality depending on the characteristics of the receiving envi-
ronment (i.e., the location of the activity). The variations in the resulting impacts of
such impact categories generally relate to the characteristics of both the emitting
source and the receiving environment (Finnveden et al. 2009).

When the system boundary of a study includes an agricultural stage, the use of
regionalized impact assessment methods could be of importance since the impacts
analyzed are clearly site-dependent. Therefore, impact assessment methods must
meet some criteria which clearly reflect the regional conditions of the agricultural
system included in a biodiesel production/consumption system under investigation.
Regionalization is not of concern for global impact categories such as global
warming or stratospheric ozone depletion since these impacts are independent of
where the emissions occur. Instead, there are some impact categories which are
often regional or even local in nature and thus, they need to be set on regional scale.
Although regionalization in LCA studies is rarely performed in practice (Mutel and
Hellweg 2009), recent developments in regionalization have focused on enhancing
characterization methods for regional impact categories in order to be able to apply
them in a more consistent way in different regions all over the world (Hauschild and
Huijbregts 2015) and to further improve the accuracy of LCIA methods. Among the
attempts aimed at the regionalization of impacts is the implementation of impact
assessment relating to water use (Boulay et al. 2011; Verones et al. 2013) and land
use (Elshout et al. 2014), as well as acidification and terrestrial eutrophication
(Seppälä et al. 2006). Besides, attempts have also been made in developing
site-dependent characterization for LCIA which are appropriate for processes in
Europe, the USA, and some other certain countries (Finnveden et al. 2009).

The main aim in regionalizing an impact category must be devoted to addressing
how the impacts will manifest themselves on local or regional scales. To achieve
this goal, accurate assessments must be performed in order to provide a process
under investigation with spatial variability so that it can be applied on all geo-
graphical scales. Moreover, in order to obtain more representative impact estimates
in relation to location-dependent impacts, the inherent differences associated with
variability in soil types and complex interactions with local climates must be
considered as well (Wiloso and Heijungs 2013).
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8.4 Conclusions

Biodiesel has attracted a great deal of attention throughout the world as a promising
substitute for petroleum diesel. From an LCA point of view, biodiesel production/
consumption systems face similar challenges as other biofuel systems. This is due
to the fact that such systems directly or indirectly involve an agricultural stage
which brings about several complex and challenging issues in estimating the real
environmental impacts. In addition to that, there is a necessity of reaching a con-
sensus on methods used for selecting a functional unit, setting system boundaries,
selecting impact categories, allocating multifunctional processes as well as quan-
tifying land use changes and biogenic carbon. Most importantly, future policy
decisions should be focused on the best use of fertile lands for climate change
mitigation as well as the best use of water for producing goods in the agriculture
sector. Therefore, the quantification of the land use change impacts as well as water
footprint originated from the development of feedstock for biodiesel are very
important issues for the development of more efficient environmentally friendly
biodiesel production/consumption systems in the future. As a consequence, estab-
lishing a sound and scientific framework in order to efficiently characterize land use
change impacts and water use assessments in future LCA frameworks is of prime
importance for future LCA studies.
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