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ABSTRACT

The current trend in biomass conversion technologies is towards more efficient utilization of
biomass feedstock in multi-product biorefineries. Many life cycle assessment (LCA) studies
of biorefinery systems have been performed, but differ in how they use the LCA
methodology. Based on a review of existing LCA standards and guidelines, this paper
provides recommendations on how to handle key methodological issues when performing
LCA studies of biorefinery systems. Six key issues were identified: (1) goal definition, (2)
functional unit, (3) allocation of biorefinery outputs, (4) allocation of biomass feedstock, (5)
land use, and (6) biogenic carbon and timing of emissions. Many of the standards and
guidelines reviewed here provide only general methodological recommendations. Some make
more specific methodological recommendations, but these often differ between standards. In
this paper we present some clarifications (e.g. examples of research questions and suitable

functional units) and methodological recommendations (e.g. on allocation).

Keywords: Biorefinery; Life cycle assessment; Functional unit; Allocation; Land use;

Biogenic carbon; Review



1 INTRODUCTION

A current trend in biomass conversion technologies is towards more efficient utilization of
biomass feedstock in biorefineries (BRs), where products such as food, feed, bioenergy
(power, heat, and biofuels for transport), and bio-based products (chemicals, materials) can be
produced together. Such synergetic production can allow for high efficiency in terms of
economics, energy, resource use, etc. Attempts have been made to distinguish BRs from other
biomass-processing industries, such as conventional biofuel plants, food industries, or
chemical industries. Berntsson et al.' provide an extensive overview of different definitions of
BR. This paper uses the terms “biorefinery” and “biorefinery system” synonymously for all
types of BR, and include the biomass processing facilities themselves, but also the biomass

feedstock supply system and market for output products.

Life cycle assessment (LCA) is a commonly used method to assess the environmental impact
of systems and products. Many LCAs of BR systems have been performed recently, however
a literature review published in the background report of this paper reveal that the studies vary
widely in how they apply the LCA methodology, leading to inconsistency among studies and
poor comparability. ** Therefore clarification and recommendations on key issues related to
LCA of BR systems are required. There is an extensive scientific literature dealing with
general LCA methodology, and there exist several LCA standards and guidelines, some
specific for bioenergy (Table 1). There is also some literature on LCA methodology for BR
systems. *>%7* However, none of these previous studies provides systematic methodological
recommendations for key LCA issues of BR systems. Moreover, a comprehensive review of
BR related key issues and recommendations in existing standards and guidelines is currently

lacking.



1.1  Aim

This study reviewed existing LCA standards and guidelines in order to identify and assess key
methodological issues for LCA of BR systems. The aim was to reveal the complexities when
performing LCA of BR systems and provide insights useful for LCA practitioners within e.g.,
research, industry, and policymaking. Similarities and differences between the
methodological recommendations relating to BR systems given in existing LCA standards
and guidelines were identified and discussed. A further aim was to provide methodological
recommendations, where possible, on how to handle these critical key issues. Such
recommendations can improve the consistency and comparability of future case studies and

increase the credibility of the results.

1.2 Delimitations

The focus was on key methodological issues that need to be resolved when performing LCA
of products from BR systems, although it is not always possible to give BR-specific
recommendations without discussing general LCA issues. Issues related to the collection and
selection of numerical data in the inventory were excluded. The study was limited to
methodological choices connected to the impact categories energy and climate, however
characterization methods as such were not addressed. This delimitation restricted the number
of key issues, since including e.g., biodiversity or social impacts would raise other
methodological questions. A European perspective was adopted, i.e., some EU regulations

were included. International standards applicable in an EU perspective were also included.

A base of comparison would be to look at equivalent fossil refineries and how they have
handled LCA-issue. However, a previous literature review on this topic’ reveals that
conventional fossil refinery LCA-studies are scarce, and the ones that do exist are not very

transparent regarding methodological choices. Most remaining studies that could be useful to



discuss, all use the same functional unit, same allocation method (physical) and same system

boundaries. Therefore there is a very limited amount of references to fossil refinery studies.

2  Method

Existing standards and guidelines relevant for LCA of BR systems were reviewed (Table 1).
Based on the review and discussions in the project group, six key issues for LCA of BR
systems were identified. These key issues were then described and analyzed in order to make
methodological recommendations. In the following sections, each key issue is introduced, its
importance is explained, and a summary is made of what existing standards and guidelines
say about it, with a discussion of any discrepancies in the recommendations. Each key issue is
then clarified and recommendations are made on how it can be handled in LCA studies of BR
systems. A more detailed description of the key issues is provided in the background report of
this paper. * Note that drawing up recommendations always involves a certain measure of
subjectivity, so those given here should not be seen as a universal truth, but rather a reflection
of the authors’ considered opinion. In the background report, a calculation example of a BR

system is also presented, showing the influence of some of the discussed key issues.

3 Key issues

3.1 Key issue 1: Goal definition
Goal definition is a key issue since it determines several of the methodological choices that
need to be made throughout an LCA. Clear initial goal definition is also essential for correct

interpretation of the results. '*



3.1.1 Review of key issue in standards and guidelines
According to ISO 14040 and ISO 14044, the goal should state the intended application,
reason for the study, intended audience, and whether the results will be used in comparative
statements disclosed to the public. While several existing standards and guidelines emphasize
the importance of goal definition for methodological choices, they give little or no guidance
on this connection. An exception is the GHG Protocol, which is intended to assist companies
in performing a GHG inventory of their products, and therefore only allows for attributional
accounting. According to Zamagni et al. ** attributional LCA (ALCA) accounts for immediate
physical flows in a life cycle, while consequential LCA (CLCA) examines the environmental
consequences of change in a life cycle, often with a market-oriented approach. Another
exception is the ILCD Handbook'?, which links possible aims/applications or decision
situations to methodological mode (attributional or consequential). The ILCD Handbook
identifies three “goal situations”:

* A: Micro-level decisions (products) 2> ALCA

* B: Meso-macro level decisions (policy) 2 CLCA

* C: Accounting (products and policy)

o Cl1: Including interactions with other systems = ALCA
o C2: Excluding interactions with other systems=> ALCA

3.1.2 Discussion and recommendations

An important part of goal definition is formulation of relevant research questions. Not all
types of research question can be answered by performing an LCA of a BR system. In Table 2
we have listed a number of plausible research question for BR LCA-studies. Note that it is not
possible to list all possible research questions, and also that the research questions we put
down are rather simple. A research question can be more detailed and sophisticated like
“What kind of feedstock shall be used for this specific BR and how will this choice impact the

regional and global supply of products and how will this effect global land use change”.



However, Table 2 gives an indication of the type of BR-related questions that can be

answered with LCA methodology.

All questions listed in Table 2 are of a traditional LCA type, i.e., are static, linear, usually
based on historic data, and limited to environmental aspects. Attempts have been made to
develop LCA in other directions, e.g., to be dynamic, non-linear, reflect future performance,

24 In that case, other types of questions can

and include social and economic aspects.
become relevant, e.g.:

*  When should a BR be built?
* What production capacity should a BR have?
* How sustainable is the BR or a specific BR product compared with other products?

The choice of LCA approach (ALCA or CLCA) is closely connected to the research question.
Despite the claims made in the ILCD Handbook, choice of ALCA or CLCA is not always
straight-forward. For example, what appear to be small changes in question formulation can
change an ALCA into a CLCA, and vice versa. Due to the difficulties in classifying research
questions as ALCA or CLCA, we recommend that practitioners describe the research
question, but also state and justify why they intend to use ALCA or CLCA. The choice of
LCA approach should be carefully considered for each specific study, particularly as regards
whether the methodological choices made can supply meaningful answers to the research

questions.

In goal formulation, it is also important to specify the time horizon of the study. Note that
there are several different time horizons in an LCA: how long the results can be used as a
basis for decisions (typically 1-10 years), how far into the future analysis of the socio-

technical system extends (typically 10-100 years for different parts of the system), the time



horizon used to calculate emissions from landfills (often 100 years after deposition), the
climate impact of greenhouse gases (often 100 years after emission), etc. Ideally, all these

time horizons should be specified in the goal and scope definition.

3.2 Key issue 2: Functional unit

Choice and formulation of functional unit is identified as a key aspect in several
publications™, and is important with regard to both the comparability and the interpretation of
results. *° The choice of functional unit is particularly important for BRs, since by definition

they produce more than one product and it may be difficult to identify one main function. >’

3.2.1 Review of key issue in standards and guidelines

ISO 14040 and ISO 14044 list general requirements on the functional unit and state that it
should be consistent with the goal of the study. The ILCD Handbook specifies some concrete
requirements and optional procedures for choosing the functional unit, such as identifying all
the functions of the production system studied. PEF and OEF give guidance on how the
functional unit should be formulated (e.g., by defining it according to the aspects “what”,
“how much”, how well”, and “how long”). The GHG Protocol also gives guidance on
selection of functional unit and several examples. However, no existing standard or guideline

links choice of functional unit to goal definition or any other methodological choice.

Some environmental declaration standards state the functional unit. For example, in the RED
the functional unit is always 1 MJ of fuel and in PCR for basic organic chemicals the
functional unit is 1000 kg of packaged product ready for delivery. However, this is of little

help for BRs, where there are always two or more products.



3.2.2 Discussion and recommendations

Although some authors call for a harmonization of functional units for the sake of
comparability of results™, it is important to realize that the functional unit is closely related to
the study aim. Thus, depending on the research question, different types of functional units
will be suitable. Here we have identified four different categories of functional units (Table

2). For each category we give some examples of functional units and research questions.

The input based functional unit category “use of feedstock™ is suitable for determining the
best use of land or biomass, considering that these are limited resources. It can also be useful

when analyzing different ways of handling waste.

If the aim is to compare the products of a BR, the products themselves or the function of the
products can be used as the functional unit. In a strict interpretation of the ISO-standard, the
function of the products is the appropriate unit. For example when comparing biofuels 1
person-km can be a good choice since fuels have different engine conversion efficiencies;
simply comparing 1 MJ of fuels would not reflect the diversity of the fuels. A product based
functional unit can be useful in some cases, for example when communicating results to end

users, such as environmental labeling of products.

BRs produce several useful products, meaning that selection of one main product may be
difficult. Using several functions (e.g., a combination of output products or 1 BR) as the
functional unit is rather common®, and may be very useful when identifying hotspots,
comparing supply of the same functions based on fossil fuels, or comparing stand-alone plants
with integrated systems (i.e., BRs). However it may be a disadvantage in some situations, not

least when communicating results to consumers, industry etc. For example, it can be difficult



for a consumer or producer to interpret and make informed decisions if the results are
expressed as kg global warming potential per “1 MJ ethanol, 1 kg bio-plastic, and 1 MJ
electricity”. Further, the aggregated results have a limited ability to be compared with other

studies; often one is interested in one of the products, e.g. when comparing different biofuels.

To conclude, it is important to choose a functional unit compatible with the aim of the study.
Sometimes a study can have multiple aims; in this case different functional units can be used
to fulfill the aim. It is however important to highlight which functional unit addresses which

aim.

3.3 Key issue 3: Allocation of biorefinery outputs

A so-called multifunctionality (or allocation) problem arises when two (or more) products
share or partly share a production system. A BR always produces more than one valuable
output, and the choice of method to deal with multifunctionality in BR systems will have a
strong influence on the results. Furthermore, the output products from a BR can have different
functions and physical attributes, e.g., the function of products can be heating, nutritional,
pharmaceutical, packaging, etc., making it difficult to decide on one appropriate allocation

. . . . . . . 29
basis. This is discussed in several previous publications. "

In some cases, the classification (or consideration™) into product, co-product, by-product,
waste, and residue can be very important for choice of allocation basis. For example, in the
RED a by-product should be allocated emissions, while a waste product should not. These

different classifications are described in full in the background report of this paper. *



3.3.1 Review of key issue in standards and guidelines

According to ISO 14040 and ISO 14044, allocation (partitioning) should be avoided if
possible, firstly by increasing the level of detail in the modelling (identifying product-specific
flows) and secondly by system expansion (see below). If allocation cannot be avoided, ISO
14040 and ISO 14044 recommend allocation based on underlying physical relationships, or

on other characteristics such as economic value.

The ILCD Handbook roughly follows the method hierarchy of the ISO standards, but uses the
three different types of goal situations (see Key issue 1) as the basis for its guidance regarding
allocation choices. For situations A, B and Cl1, it recommends that system expansion be used,
or otherwise allocation may be used. For situation C2, it recommends that multifunctionality

be solved with allocation.

The PEF guide is in accordance with ISO, but gives specific examples. For example, system
expansion should only be applied if a direct substitution effect can be robustly modelled. PCR
for basic organic chemicals do not allow system expansion, but are otherwise in accordance
with the ISO standards. However, the RED requires allocation by partitioning, based on the
lower heating value (LHV) of the products, except for excess electricity which is treated with
system expansion. According to the GHG Protocol, companies should avoid allocation
wherever possible by using process subdivision or redefining the functional unit; system

expansion may only be used in a separate report.

3.3.2 Discussion and recommendations

In existing standards and guidelines, recommendations on how to handle multifunctionality

differ and there is a lack of definition of different methods to deal with multifunctionality.
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Therefore it can be helpful to review the different methods for solving multifunctionality
before giving recommendations.

Avoiding allocation by increasing the level of detail

A multifunctional process sometimes comprises several sub-processes, each with a single
functional output. In such cases, allocation can be avoided through an increased level of detail
in modelling within the inventory analysis. In this detailed model, each product is ascribed
emissions only from the sub-processes involved in production of that specific product.
However, this is often not possible in practice, due to lack of detailed data. Moreover, many
processes are impossible to divide into sub-processes. Therefore allocation situations might
not be eliminated by increasing the level of detail. Even when a multifunctional process can
be completely divided into single functional sub-processes, these typically depend on each
other, e.g., to be economically viable. ' For this reason, the method is often unsuitable for
CLCA.

Avoiding allocation by system expansion

There are two forms of system expansion: substitution and enlargement. These have many
similarities and are often confused. The methods are mathematically equivalent, but not
necessarily equal in meaning and interpretation, as they do not study the same functions

(Figure 1). '*7
When substitution is applied in an LCA that includes the main product of the BR, the
environmental burden is calculated as the emissions from the BR minus the avoided

emissions from the avoided production of the products displaced by the BR co-products.

In comparative studies, system boundaries can be expanded so that the systems compared

encompass the same multiple functions. This type of system expansion is called system

11



enlargement according to the ILCD Handbook. However, applying system enlargement does
not solve the original multifunctionality problem that arises with several output products from
the BR, but simply changes the functional unit and the reference flow. Consequently, the
LCA answers a different question. In fact, ISO 14044 describes this method of enlargement in
a section on function and functional units. This approach is suitable when comparing only a
few systems. With an increasing number of systems, it is increasingly difficult to define

relevant systems producing the same output or function. **

Both types of system expansion have a clear advantage; if products with different applications
and features are produced, it can be difficult to perform a physical allocation (image for
example a BR were biofuel, antibiotics and district heating is produced). System expansion
does not need to consider this, since only the use of the by-products in other systems are

studied, independent of it’s physical character.

One of the main challenges when performing system expansion is the high uncertainty
concerning which product systems are affected by changes in the system under study. *°
Besides this, only a certain amount of products can be substituted before a market is saturated.
The substitution is therefore only valid to a certain threshold. For some studies this imposes

little trouble, for others, i.e. when studying larger societal transitions, this is of major

importance. *°

While many authors argue that system expansion is suitable only in CLCA *>*’, Finnveden et
al. ** claim that it can be applied in ALCA if the LCA concept is interpreted as a tool for
investigating not only individual life cycles, but also combinations of life cycles. The ILCD

Handbook states that substitution is applicable for ALCA, but only in situation C1.

12



Allocation

Allocation can be based on underlying physical relationships, or other relationships such as

economic value. ISO 14044 states that:
“a) Where allocation cannot be avoided, the inputs and outputs of the system should
be partitioned between its different products or functions in a way that reflects the
underlying physical relationships between them.
b) Where physical relationship cannot be established or used as the basis for
allocation, the inputs should be allocated between the products and functions in a way
that reflects other relationships between them. For example, input and output data
might be allocated between co-products in proportion to the economic value of the

products.”

One interpretation of case (a) is that it includes processes where the ratio of the output
products is not fixed, but can be changed according to what the producer deems most suitable.
This means that in theory, it should be possible to establish a causal relationship between a
change in each individual output product and the related change in emissions. This
relationship can be expressed in mathematical terms to form the basis for allocation of

emissions between different products.

When the ratio between output products cannot be changed, however, and a change in the
output of one product by necessity leads to a corresponding change in the output of the other
products, there is no underlying physical relationship between this product and the emissions
on which to base allocation, resulting in case (b). The classic example is the production of
chlorine and NaOH through electrolysis. Their relative proportions are decided by the

chemical stoichiometrics of the reaction, and the output ratio cannot be changed.

13



For case (b), other relationships can be used as the basis for allocation. For BRs producing a
diverse set of products, it can be difficult to find a common criterion that is appropriate as an
allocation basis. For example, mass-based allocation can be useful in some cases, but the
mass of a substance does not reflect the composition of a product; 1 kg of wood bark would
be treated exactly as 1 kg of ethanol. ’ Allocation based on energy can also be problematic to
justify, since not all co-products are produced for energy purposes. **° Furthermore, using
LHYV as the basis for allocation (the RED method) can be problematic, since wet materials,
heat and steam have very low and sometimes even negative LHV. Some of these issues can
be resolved by using exergy as the basis for allocation but this has limitations, e.g., the
practical utility of products (e.g., plastics or wood products) is overlooked. ” Allocation based
on economic value could be problematic due to price fluctuations, subsidies, etc.*” However,
economic profit from a system is one of the reasons it exists, and expected revenue has been

. . . . . . 41
proposed as a basis for allocation, since it fluctuates less over time than actual prices.

When modelling a change in demand, as in CLCA, the distinction between cases (a) and (b) is
also important. In case (a), a change in demand for a product might lead to a change in the
combination of output products. In case (b), when the output of the co-products cannot be
independently varied, a change in demand for one co-product will lead to a corresponding
change in the total production volume of the BR. The issue of co-products in CLCA is

described in detail elsewhere, e.g., Weidema et al. 42

A hybrid approach were system expansion and allocation is mixed, has been proposed for use

in BR case studies. ®* In this approach the allocation is based on the environmental reduction
pp

potential of the replaced functions. Depending on the particular goal of the study, different

14



environmental impact categories can be used (e.g. toxicological impacts, acidification,
primary energy consumption) as the basis for the allocation factors. The method is untested
and the authors recommended it to be used in sensitivity analysis as a complementary to other
more traditional ways of handling multifunctionality. **
Recommendations

Based on above discussion, the following order of priority in handling multifunctionality in

BR systems can be recommended:

* Avoid allocation by increasing the level of detail with a sub-process approach
(applicable mainly for ALCA)

* Avoid allocation by system expansion using substitution or system enlargement
(applicable mainly for CLCA)

* Allocate based on the physical relationship between products if possible, or on a
reasonable approximation of the physical relationship (applicable mainly for ALCA)

* Allocate based on other relationship between products, as first choice we recommend
expected revenue as the basis for allocation (applicable mainly for ALCA).

There could be several reasons to diverge from this list of priorities. For example, system
enlargement can be applicable in ALCA if the study is interpreted as analyzing not a single
life cycle, but a combination of life cycles. Allocation based on physical relationships or other
relationships is applicable when it is difficult to identify realistic substitutes for the co-
products and when the allocation problem is not significant for the conclusions of the study. It
could also be a good idea to test different methods of handling multifunctionality or
assumptions of data in the sensitivity analysis, to see if the allocation problem can affect the

conclusions of the study.

3.4 Key issue 4: Allocation of biomass feedstock
Including the environmental impact of cultivation of a dedicated energy crop that does not
yield any residues should be fairly straight-forward, at least in ALCA. ** However agriculture

or forestry biomass production systems often yield more than one product. Also, different

15



wastes, residues, or co-products can be used as BR feedstock. This multifunctionality of the
feedstock-producing system is an important key issue in LCA of BR systems, because the
choice of allocation procedure may have a significant influence on the burdens allocated to

the BR feedstock.

3.4.1 Summary of key issue in standards and guidelines

Several of the standards and guidelines reviewed, e.g., the ISO standards and the ILCD
Handbook, do not explicitly mention how to handle feedstock originating from
multifunctional systems, but in general the recommendations on allocation for multiple output

and end-of-life should apply.

The PEF handbook gives special advice on recycled materials. When these are used as
feedstock, only conversion of recycled materials should be included in the inventory. From
this, it can be concluded that zero burdens should be allocated to recycled materials from
previous life cycle stages. The GHG Protocol also gives special advice on allocation due to
recycling, distinguishing between closed loop and recycled content method. The RED
mentions that wastes and agricultural residues should be considered to have zero life cycle

GHG emissions up to the process of collection of those materials.

3.4.2 Discussion and recommendations

If BR feedstock origins from a multifunctional system, it can be attributed an environmental
impact by use of system expansion or allocation, as recommended in the previous section.
Note, however, that in the case of residues from agriculture and forestry there is seldom
physical causation; e.g., it is not possible to change the amount of bark produced on a tree. If
performing an allocation it has to be based on another relationship between products, as first

choice we recommend expected revenue.

16



If the removal of residues from agriculture or forestry leads to soil carbon losses, these should
be accounted for and allocated fully to the residue, e.g., soil carbon losses due to straw
removal should not be allocated to cereal production. If the input to the BR has a negative
economic value, i.e., if the BR is paid to accept it (e.g., certain wastes), waste treatment is one
of the functions of the BR. In that case, no part of agriculture or forestry should be allocated
to the BR products. Instead, the environmental impact of the BR can be allocated between the

BR products and the waste treatment.

In a CLCA approach, it is relevant to expand the system by studying alternative uses of the
feedstock and the consequences of redirecting this feedstock to the BR. For residue feedstock,
the alternative could be to leave it in the field, or to harvest it for another use. For waste
feedstock, an alternative fate could be e.g., landfilling or incineration. For a dedicated
biorefinery crop, a consequential approach can mean including market-triggered changes in
land use, a separate key issue (see below). Furthermore, any co-products or residues can be

treated by system expansion.

To sum up; choice of allocation method for biomass input allocation issues should be
connected to the aim of the study. It is logic to use the same method for handling
multifunctionality for both the inputs and outputs of the BR system. If a mixture of methods is

used, this should be clearly stated and justified.

3.5 Key issue 5: Land use

By definition, in a BR one or several types of biomass are used as feedstock. Using biomass

generally involves some form of land use. A distinction can be made between land use (LU)

(or ‘land occupation’) and land use change (LUC) (or ‘land transformation’). ** Furthermore,

LUC can be divided into two groups: direct land use change (DLUC) and indirect land use

17



change (ILUC). Direct changes concern the location of the feedstock production itself, while
indirect changes are market-induced effects elsewhere due to the feedstock production
system. ILUC occurs when increased demand for a product leads to displacement or
intensification of agricultural production. ILUC connected to biofuel production has been
heavily debated, with some studies showing that biofuels have a larger climate impact than
fossil fuels when emissions from ILUC are taken into account. *® Therefore, this is an

important key issue in LCA of BR systems.

3.5.1 Summary of key issue in standards and guidelines

Direct land use change is not mentioned in ISO 14040 and ISO 14044, but must be accounted
for according to most other standards and guidelines, e.g., PAS 2050, ISO/TS 14067, ILCD,
and RED. Many standards and guidelines refer to the methodology developed by IPCC for the
calculations and emission factors. The GHG Protocol distinguishes separate methodologies
for DLUC accounting depending on whether the location of the specific land use is known or
unknown. The GHG Protocol generally does not allow for inclusion of ILUC other than in a
special report. In the RED, DLUC must be accounted for, but only under certain conditions,
e.g., if it takes place on land not classified as farmland in January 2008. Discussions continue
on whether ILUC should be included in the RED. *’ Both the ILCD Handbook and PEF
recommend not including ILUC, since there is no methodology available for dealing with

48
such change.

3.5.2 Discussion and recommendations

DLUC is included in many existing standard and guidelines. However, there are great
uncertainties due to difficulties in establishing the status of land before and after the change
and due to uncertainties in quantification of carbon changes, which are variable and site-

specific. Another uncertainty connected with DLUC is how to allocate the impacts over time,
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e.g., the number of years over which the emissions should be distributed after a piece of land

is converted from forestry to agriculture (see Key issue 6).

Quantification of environmental impacts due to ILUC is very different from quantification of

those due to DLUC, as the theory of ILUC is based on expected market reactions to

increasing demand for a product. ILUC is not observable and the only way to quantify it is by

using models. Such quantification is commonly based on global or regional economic
equilibrium modelling and the results from different studies show large variations. *" A
number of aspects need to be considered when combining economic models with LCA (or
adding results from the two types of models); there can be differences in assumptions
regarding time, allocation procedures, data collection, etc. There are also some fundamental
differences that need to be considered:

* While LCA is process-specific, economic equilibrium models study changes on a
regional or global level, after which impacts are allocated over single products. A
typical question addressed by an economic ILUC model is: “What is the global land
use change due to the implementation of a biofuel policy?”

*  While LCA can use an accounting or consequential approach, economic equilibrium
models typically have a consequential perspective, looking into future changes of
increased demand for a product on the market, modelling marginal effects.

*  While LCA models do not optimize, most economic equilibrium models optimize

something, often the profit of companies or a welfare function.

Even though DLUC implies a change in land use, it seems logical that this change be

included in both attributional and consequential LCA, as occurs within the studied system
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boundary and therefore can be treated as a process emission. If there is a DLUC, we

recommend always including this in the study.

An ILUC occurs outside the specific BR system, implying that in principle, ILUC should not
be included in an ALCA. The economic models used to quantify ILUC also have much more
in common with CLCA, as they study increased demand on a market. Due to the uncertainties
in economic modelling, a strict recommendation always to include ILUC cannot be made at

present. Examination of this factor in sensitivity analysis is encouraged, however.

3.6 Key issue 6: Biogenic carbon and timing of emissions

It is sometimes assumed that the carbon dioxide (CO;) from biogenic sources has no climate
effect. However, when evaluating the climate benefits of bio-based systems this could be an
oversimplification, since there is a time lag between uptake and release of CO,, especially for
biomass with long rotation periods. * A specific feature of BRs is that bio-based materials
can be produced, so there can be a period of carbon storage in e.g., plastic or woody material.
Carbon storage also occurs if some of the BR biogenic waste ends up in a long-term landfill
or if carbon capture and storage (CCS) technology is used in the future. Also, as mentioned
above, LUC leads to emissions of carbon, which need to be included. All this makes
accounting for biogenic carbon and timing of emissions an important key issue in LCA of BR

systems.

3.6.1 Summary of key issue in standards and guidelines

There are no methodological recommendations in the ISO standards explicitly relating to
biogenic carbon. However ISO 14047, which provides examples of impact assessment

according to ISO 14044, treats carbon sequestration as a separate impact category. >
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The ILCD Handbook states that biogenic and fossil CO; and methane emissions and removals
must be reported separately in the inventory results. LUC-related CO; emissions from soil,
peat, etc., in all cases and from biomass and litter of virgin forests must be inventoried as
"Carbon dioxide (fossil)". Emissions from biomass and litter of secondary forests must be
inventoried as "Carbon dioxide (biogenic)". Uptake of CO, from the atmosphere and release
of biogenic CO, are both assigned characterization factors for the impact assessment.
Temporary carbon storage in e.g., products within the first 100 years from the time of the
study should only be considered quantitatively if this is explicitly required to fulfil the goal of
the study. The ILCD Handbook provides a method for this, which includes storage of carbon

originating from both fossil and biomass sources..

In PEF, biogenic and fossil carbon are reported separately in the inventory and carbon
removal from the atmosphere has a characterization factor of -1 CO2-eq. for global warming,
while release of biogenic carbon has a characterization factor of +1 CO:2-eq. Credits
associated with temporary carbon storage or delayed emissions should not be generally

considered in the calculation, according to PEF.

PAS states that for food and feed, any emissions and removals arising from biogenic sources
that become part of the product may be excluded. However, emissions and removals of
biogenic carbon used in the production of food and feed (e.g., in burning biomass for fuel),
where that biogenic carbon does not become part of the product, must be accounted for. For
storage of carbon in products, PAS suggests a rather complicated framework that has much in

common with the framework proposed by the ILCD Handbook. **
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Some of the more specific guidelines also treat the biogenic carbon issue to a certain extent.
For example, in PCR for basic organic chemicals, GHG emissions must be reported in two
separate categories: (1) Excluding emissions of biogenic CO, and CO, sequestration or (2)
excluding emissions of biogenic CO,, but including CO, sequestration. In the RED, emissions
of CO; from the fuel in use must be taken as zero for biofuels and bioliquids. However this is
under discussion, especially in relation to the development of sustainability criteria for solid

bioenergy. >

3.6.2 Discussion and recommendations
In general, methodological issues connected to biogenic carbon in LCA of BR systems can be
divided into three categories:

* Land use change, emissions or sequestration of biogenic carbon and other GHGs

¢ Carbon cycle in bioenergy production systems, biomass growth and combustion

* Storage of biogenic carbon in products, wastes, carbon capture and storage, etc.
Some of the standards and guidelines reviewed cover biogenic carbon from land use and
storage of carbon in products, but the carbon cycle in bioenergy production systems is

generally omitted, i.e., there is no method to capture the timing of emissions or sequestration.

Global warming potential (GWP) using a 100-year time horizon is one of the most commonly
used characterization factors for potential climate impact in LCA. Characterization factors are
used to convert net emissions of different GHG to a common, unitless indicator value (CO;-
eq.). This is equivalent to accounting all emissions occurring throughout the study period as
occurring in the same year >> and thus it cannot capture the timing of emissions. * In order to
reflect the climate impacts in relation to the temporal distribution of emissions, other methods
are needed. Several approaches have been proposed to account for the timing of emissions

and sequestration, in the context of carbon accounting in LCA. **2
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Furthermore, the discussions on biogenic carbon accounting have raised more questions
which are important for LCA, such as differences in accounting method between different
types of feedstock (e.g., residues vs. stem wood), stand vs. landscape level, what the reference
land use should be, and market effects in the forestry sector. °' In view of this, it is not easy to
provide recommendations on how biogenic carbon and timing of emissions should be handled
in LCA of BR systems at the moment. However, a few conclusions can be drawn:

* Timing of emissions is usually not included in LCA of BRs. However, if there are
significant differences in time between CO; uptake and emissions from the system
under study, this should not be ignored. It should at least be discussed in the study and
efforts made to quantify the impact. Note that the commonly used GWP metric has
certain limitations regarding its ability to reflect timing of emissions, e.g., to reflect
the time lag between sequestration of CO; in forest biomass and the point of
combustion. At this point, the GWP is more or less standardized and it is difficult to
recommend use of any specific alternative metric, however we do advice exploring the
options, see e.g. *7% %3

* For the special case of delayed emissions due to storage of biogenic and fossil carbon
in products, landfill, and carbon capture and storage, PAS and the ILCD Handbook

have developed calculation methods, which can be incorporated within existing LCA

methodology and the GWP metric.

4 Conclusions

This study reviewed existing LCA standards and guidelines and identified and clarified key

methodological issues for LCA of BR systems. It was found that many of these standards and
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guidelines provide general methodological recommendations and some provide more specific

recommendations, but these often differ between standards.

Based on the analysis, we provide some methodological recommendations on how to handle
the key issues identified. Discussions on BR systems and how they can be evaluated have
raised many questions important for LCA, including BR-specific, biomass-specific, and
general LCA issues. For example, allocation problems are general for all LCA studies, and
recommendations should be compatible with all product groups, so that e.g., BR-specific
solutions are avoided. Studying biorefinery systems also highlights the need for more method
development, e.g., on how to handle biogenic carbon. The present analysis focused on six key
issues, but several other issues that need to be dealt with when performing LCA of BRs were
not covered, e.g., choice of data, market restrictions of co-products, choice of reference
system. Furthermore, the present analysis focused on energy- and GHG emission-related key
issues, but there are many other sustainability issues connected to BR systems, e.g., soil

degradation, water use and biodiversity.
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Substitution: Comparing product A from different systems

System 1 _
(BR)
A B B

System enlargement: Comparing product A + B from different systems

System 1 +
(BR)
B A

Figure 1. Illustration (inspired by Finnveden **) of two types of system expansion:

substitution and system enlargement. The substitution case compares product A, produced in

system 1 or 3. The system enlargement case compares product A plus product B from

production system 1 or 2 and 3. BR=biorefinery.
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Table 1. Standard and guidelines included in the review

Reference
number

Standard/Guideline

Referred to in text

10

20

21

ISO 14040:2006, Environmental management — Life cycle assessment —
Principles and framework

ISO 14044:2006, Environmental management — Life cycle assessment —
Requirements and guidelines

International Reference Life Cycle Data System (ILCD)

Greenhouse Gas Protocol. Product Life Cycle Accounting and Reporting
Standard.

EU Product Environmental Footprint (PEF)

EU Organisation Environmental Footprint (OEF)

ISO 14025:2006, Environmental labels and declarations

Product Category Rules PCR 2011:17: Basic organic chemicals
Renewable Energy Directive (2009/28/EC, Article 19 and Annex V)

The European Committee for Standardization (CEN) EN 16214-4:
Sustainably produced biomass for energy applications *

ISO/TS 14067: Carbon footprint of products — Requirements and
guidelines for quantification and communication

British Standards PAS 2050:2011: Specification for the assessment of the
life cycle greenhouse gas emissions of goods and services

ISO 14040 standard

ISO 14044 standard

ILCD Handbook
GHG Protocol

PEF
OEF
ISO 14025 standard
PCR
RED
RED

ISO/TS 14067

PAS

# Elaborates the calculation rules within the RED framework
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Table 2. Categories and examples of recommended functional units (FU) for studying different research
questions in LCA studies of biorefinery (BR) systems

Category and example of FU Examples of research questions

Use of feedstock
1 hectare What is the best use of land? What are the consequences for the environment
of using land in different ways?
1 ton biomass What technological pathway is best for conversion of this biomass? What
are the environmental profiles of the different feedstock?
Waste treatment of 1 ton What is the best waste treatment for this waste? What is the best use of

municipal household waste  biomass waste?

Single product
1 kg product

1 MJ product ) ) ) .
What is the environmental impact of a BR product? What is the

Function of single product environmental impact of increased demand for a BR product? How is the
1 MJ electricity environment affected by the use of a BR product?
1 person-km

Multifunctional
1 biorefinery What are the hotspots in the BR production system? What is the

environmental impact of the BR? What is the environmental impact of
building and running a new BR compared with business as usual? How is
the environment affected by the use of different feedstocks for the BR?

Combination of output What is the environmental impact from these BR products? What is the

products optimal combination of output products for reducing environmental impact?
What is the environmental impact of process integration (i.e. BR vs. stand-
alone bioenergy production?
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