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Chapter 2

Abstract

Although there is an ISO-standardized method for conducting life cycle assessment
(LCA) studies, its application to renewable energy sources, in particular 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.
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2.1 Introduction

Our economy has long been dependent on non-renewable energy carriers, especially
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 (Serensen, 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 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 understandable 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 nonrenewable
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 N,O and CH, in addition to CO,) 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 support as substitutes for fossil energy only
when they make a positive impact on four important objectives: energy security, GHG
emissions, biodiversity, and the sustainability 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
developed 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: methane),
fermentation (fuel: bioethanol), trans-esterification (fuel: biodiesel), and photosynthesis (fuel:
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hydrogen) (IEA-Bioenergy, 2009). These various conversion technologies will dictate overall
environmental performances. For example, 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 Stremman, 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 processes,
data variability, and regionalized impact assessment (Cherubini and Stremman, 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-mentioned 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 Stremman (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:

e Goal and scope definition:
- Attributional and consequential LCA
- Functional unit
e Inventory analysis:
- System boundary
- Land use and land-use change
- Biogenic carbon
- Treatment of multi-functional processes
- Data variability
e Impact assessment:
- Impact categories
- Regionalized impact assessment

A generic bioenergy system that spanned from cradle-to-grave boundaries is
presented in Figure 2.1 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
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of the biomass feedstock with land-use aspects is currently recognized as the central feature
in conducting an LCA of bioenergy systems.

. . ‘ Mostly covered by LCA ‘
Dietary trends Population
l /N ‘ Less covered by LCA ‘
Global food, Global energy Global fiber The least covered by LCA
feed demand demand demand

. Food, feed, energy, fiber .
Indirect |:I‘> \\ / // production technology |::> lnfilrgct
resources emissions
Biomass production somewhere-else

(indirect agricultural land use)

/ \ \ Trade policy

[~ Energy supply and cost

Agricultural Land management Direct
practices policy resources
Production of biomass feedstocks J\ Biomass J\ Biomass J\ Bioenergy J\ Bioenergy
(direct agricultural land use) ‘\/ transport j/ conversion j/ distribution ‘\/ use
Direct

emissions

Figure 2.1. Direct and indirect effects of a generic bioenergy system (modified from
Sheehan, 2009). Different shading intensity indicates present coverage in LCA studies.

2.2 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). Goal and scope definition is an
important initial step since the choice of methodology used depends on the purpose of the
individual study. These methodological 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.

2.2.1 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 general, 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 freedom 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
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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 feedstocks, 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 Figure 2.1 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 emissions) will
change in response to possible decisions (Finnveden et al., 2009). Referring to this definition,
Cherubini and Stremman (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
comparison 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 representing 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 (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 2.1.

Table 2.1. 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

CLCA is, in principle, only preferable within certain limits since the uncertainties in
the modeling stage may outweigh the insight gained from it (Cherubini and Stremman,
2011). This is related to the fact that the reference system should always refer to the scope
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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 biofuel system. Based
on the study of Searchinger et al. (2008), Zamagni et al. (2012) 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 Figure 2.1, 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
displacement 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 interaction. A CLCA was also used
to address problems like the environmental consequences 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 development 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-Renewable Transport Fuel
Obligation (RTFO), EC-Renewable Energy Directive (RED), and US-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, consequently,
an unfair comparison of results derived from different methods (Brander et al., 2009).

2.2.2 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
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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 appropriate to
compare the best use of biomass feedstock for bioenergy of different 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
Stramman, 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 bioenergy 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.

2.3 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 technical 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 environmental loads in relation to the functional unit (Baumann and
Tillman, 2004). There are five key aspects specific to bioenergy systems that need further
elaboration, i.e., system boundary, land use, biogenic carbon, multi-functional processes, and
data variability.

2.3.1 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. 2.2.1, 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 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
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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 comparison 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).

2.3.2 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.

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 (Mild 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
CO, (certain land area occupied for certain period of time). Additionally, 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
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et al., 2011). Although the competition 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 Figure 2.1, while activities, resource use, and emissions typically involved in
land use and land-use change are shown in Figure 2.2.

Land clearing e Land
transformation

e Cultivation and
harvesting of
energy crops

’ ¢ Removal of
biomass residues

Biomass collection from soil

Figure 2.2. Inventory of activities, resource use, and emissions in the agricultural chain
of biomass feedstock.

2.3.2.1 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 Figure 2.2. 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 N,O and CH, in addition to CO,. 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 characterization of these land-
use impact categories, however, is less developed compared to other categories.

2.3.2.2 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
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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 CO, 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 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.

2.3.3 Biogenic carbon

One of the important aspects in bioenergy systems is related to biogenic (shortcycle)
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 initially 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 illustrated in scenario 1 of
Figure 2.3, 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 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 CO, 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.
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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 CO, absorbed
is not released as CO,, instead, as CH,, a greenhouse gas that is much stronger than CO,. This
may happen, for instance, when the biotic feedstock is subject to a process of incomplete
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 CO, 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 CH, does
not arise. However, in cases of chains with co-products, it makes a difference. Allocation
may place the credits for extracted CO, in a different part of the multi-product chain, while
ignoring biogenic CO, 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 CO, fixation and release. A specific dynamic LCA method
has been developed to account for such situations.
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Figure 2.3. Biogenic-carbon cycle versus ‘irreversible’ geologic-carbon emission.
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The most appropriate way to treat carbon cycles is to view them as genuine cycles.
During tree growth, a certain amount of atmospheric CO, is fixed but is ultimately released as
CO, or CH, when the wood is landfilled, is incinerated, or decays naturally. At the systems’
level, the fixation of CO, during tree growth is subtracted from the CO, 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.
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The rationale behind different treatments between biogenic carbon and geologic
carbon is because, for example, forestry (the process that fixates the CO,) is considered as a
unit process. It is an intentional activity, controlled by humans, requiring inputs and
producing outputs. The creation of fossil fuels is a spontaneous 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 sequestration 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 CO, during combustion of biodiesel fuel, while
fixation of CO, 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, CO, 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 CO, 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 photosynthetic 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 CO, 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 (Levasseur et al., 2012b).

2.3.4 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), 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 feedstocks and bioenergy products in LCA should be treated
with proper allocation and recycling procedures to attribute environmental burden of multi-
functional processes 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. Coproduction 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
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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 Figure 2.4. 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 multifunctional 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).

. ] Bioenergy product]*
Biomass product———  Multi-output process ‘

Other product ———| (co-product)

Bioenergy product2*
—— Waste

Biomass waste* ———  Input-output process Bioenergy product*

Other product —— (recycling)

Other waste

Figure 2.4. Relevant multi-functional processes in bioenergy systems (*= functional
flows).

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 distinction 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
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 intervention, goods may rapidly
turn into a waste or the other way around (Heijungs and Wiloso, 2012).

2.3.5 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
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knowledge (through improvements in data collection or model formulation) because of their
spatial and temporal scale and complexity (McKone et al., 2011).

When developing LClIs, 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 continents. 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 pesticide production (Ecoinvent, 2010).

2.3.5.1 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 different
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 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, agricultural 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 agricultural 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).

2.3.5.2 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
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technology shift (McKone et al., 2011). This is especially true for immature technologies
where validation is presently not possible. 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 Figure 2.5. For example, the production of heat by direct
combustion of biomass is historically practiced and still the leading bioenergy 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 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).
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Figure 2.5. State of the art of the conversion technologies for bioenergy (modified from
IEA-Bioenergy, 2009).

2.3.5.3 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 Stremman, 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
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significantly, depending on regional irrigation requirement and practices (Borrion et al.,
2012).

2.4 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 should be mutually
independent in order to avoid double counting of environmental 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.

2.4.1 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 CO, equivalents (so-called carbon footprints). According to the recent review
by Cherubini and Stremman (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 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).
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According to van Dam et al. (2010) in IPCC (2011), environmental impacts of
bioenergy systems can be distinguished by two classifications based on the coverage 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 safeguarding 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.

2.4.2 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 geographical 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 characterization factors (Seppéld et al., 2006). For example,
the variation in acidification impact can be as high as three orders of magnitude between
different countries within Europe (Potting et al., 1998). For eutrophication, the uncertainty
associated with field emissions contributes more than the uncertainty associated with
emissions 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. Similarly, 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.
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2.5 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 Stremman, 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, particularly 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.

2.6 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. Agricultural 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 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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