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Abstract

Purpose Lignin extraction in pulp mills and biorefineries are emerging technologies. Lignin is always the product of a multi-
output process. Assessing such processes using life cycle assessment (LCA) requires the environmental impacts to be divided
between the co-products of the system, referred to as allocation. This article explores different allocation approaches for lignin
and illustrates the influence of the choice of allocation approach on the climate impact in a case study.

Method Ten different applicable allocation methods were found in literature and two more were developed. Lignin production in
a Kraft pulp mill using the LignoBoost process for lignin extraction was selected as a study object for the case study, and due to
limited data availability only climate impact was considered. A cradle-to-gate LCA was done for the study object, and all of the
twelve allocation approaches were applied; for eight of the methods, factors that strongly influence the results were identified and
varied. Finally, the results were put in the context of cradle-to-grave LCAs from literature for different possible uses of lignin to
give an indication of how important the choice of allocation approach can be when assessing lignin as a substitute for other raw
materials.

Results and discussion Results show that all allocation approaches tested were applicable to the special case of lignin, but each
one of them comes with inherent challenges. Factors that often have a large impact on the results are (1) market and price of
different outputs; (2) what is seen as the main product or the driver of the system or system changes; (3) what the surrounding
system looks like and hence what other products will be displaced by outputs. These factors can be particularly challenging in
prospective studies as such studies are future-oriented and consider systems that do not yet exist. Finally, the results show that the
choice of allocation could have a significant influence on the climate impact on the cradle-to-grave climate impact of the final
product.

Conclusions We recommend for LCAs of lignin-based technologies that allocation methods are very carefully selected based on
the goal and scope of the study and that when relevant, several methods are applied and factors are varied within them in a
sensitivity analysis. In particular, the driver(s) of the system’s existence or of changes to it, sometimes reflected in market prices
of outputs, should be carefully considered.

Keywords LCA - Lignin - Multi-output - Climate impact - Allocation - Emerging technologies

1 Introduction and background

Lignin is the world’s most common natural aromatic polymer
and is found in plants where it provides stiffness to the stems
(Ragauskas et al. 2014). While today mainly used for internal
Electronic supplementary material The online version of this article energy use, it can be extracted from the side streams of
(httpsz//d01.0.rg/140.100.7/511367—020—91770—4) contains supplementary biorefineries (e.g. ethanol production plants (Modahl et al.
material, which is available to authorized users. ; . B
2015)) and pulp mills (e.g. from the black liquor in a Kraft
59 Frida Hermansson pullp mill (Culbertson et al..2016)). Re(?ently, lignin has re-
Frida.Hermansson @Chalmers.se ceived more and more attention as a possible future renewable
raw material for products such as adhesives (e.g. replacing
Division of Environmental Systems Analysis, Department of urea-formaldehyde, see Yuan and Guo (2017)) and carbon

Technology Management and Economics, Chalmers University of fibers (e.g. replacing polyacrylonitrile (PAN), see the LIBRE
Technology, SE-412 96 Gothenburg, Sweden (2016) and GreenLight (2016) projects). In such technology
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development efforts, it is important to make sure that the over-
all resulting environmental performance is also improved.
Life cycle assessment (LCA) is a method that can be used to
identify opportunities to improve the environmental perfor-
mance of a product throughout its life cycle, from the raw
material extraction to its end of life. Therefore, it can be a
useful tool to inform development of various lignin-based
products, provided that the assessment can deal with chal-
lenges related to e.g. multi-output processes and uncertainties
in emerging product systems. Lignin is always a product of a
multi-output process. Therefore, there are inherent methodo-
logical problems in LCA when assessing its environmental
performance, namely, how the environmental burdens of the
system should be allocated to lignin and its co-products. It has
previously been recognized that the choice of allocation ap-
proach in LCAs of lignin is crucial (Secchi et al. 2019) be-
cause it can strongly affect the environmental performance of
the end product, as was also shown for lignin-based carbon
fibers by Hermansson et al. (2019). However, lignin as a raw
material for applications such as carbon fibers or adhesives are
emerging technologies still in the development phase.
Assessing emerging technologies using LCA (sometimes re-
ferred to as prospective LCA (Arvidsson et al. 2018)) is chal-
lenging as data availability for the technology is low and it is
difficult to predict both how the technology and its surround-
ing systems will develop, especially if many years can be
expected to be needed before its large-scale introduction on
the market. This makes the choice of allocation method in
LCAs of lignin even more difficult as some of these uncertain
factors affect also how allocation should be done.

Two main guidelines for LCA practitioners to follow are
ISO 14044:2006 (International Organization of
Standardization 2006) and the ILCD guidelines (European
Commission Joint Research Center 2010). These guidelines
provide a hierarchy for approaches to solving allocation issues
for multi-output processes. The hierarchy is divided into three
parts, in the following order: subdivision, system expansion,
and allocation. Subdivision means that more detailed data are
collected for each of the mono-functional processes in the
system (i.e. allocation is avoided by increasing the level of
detail in the description of the system). Processes generating
lignin, such as biorefineries, are, however, often so integrated
that this cannot be done in a meaningful way (Njakou Djomo
et al. 2017). System expansion originally (as in the ISO
14044:2006 guidelines) meant that the boundaries of the sys-
tem are expanded to include all the production of all functions
(for example all product outputs) provided by the system so
that in effect, no partitioning needs to be made (i.e. the func-
tional unit is extended to include all functions of the system
studied). The ILCD guidelines, however, suggest a method
called system expansion by substitution, which means that
the system is expanded to include the functions replaced by
the co-products of the system with negated impacts, which is a
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more useful approach when the intention is to assess a single
product from a multi-output process rather than the entire
system. However, a particular challenge arises if the expan-
sion or the alternative production is also a multifunctional
process (as for example biorefineries by definition are) be-
cause another allocation problem is then introduced as a con-
sequence of avoiding the original one (Ekvall and Finnveden
2001). This cascading effect can carry on in several steps
making an LCA cumbersome and its results difficult to inter-
pret. Both guidelines say that, when allocation cannot be
avoided by the use of subdivision and system expansion (by
substitution), allocation should primarily be based on physical
relationships, such as mass, energy, or volume. If a physical
relationship cannot be established, the economic value of the
co-products can be used as a basis for allocation. Some argue
that physical relationships do not in themselves describe the
driver of any process, but that economic revenues do. As a
consequence, allocation based on economic value can be seen
as more relevant than allocation based on physical relation-
ships (see for example Huppes and Schneider (1994)). This
argument is however not supported in the guidelines.

In spite of the hierarchy presented in the ISO 14044:2006
and ILCD guidelines, there seems to be no consensus on how
allocation should be dealt with in practice for lignin-
generating processes as approaches used in published studies
vary greatly. For example, Das (2011) uses mass-based allo-
cation, Bernier et al. (2013) compare emissions before and
after lignin extraction was added to a mill, and Culbertson
et al. (2016) used system expansion by substitution as well
as mass-based and economic allocation. During the work in a
previous study on the potential environmental impact of
lignin-based carbon fibers, it was found that the allocation
method used for the lignin-generating processes could be of
great importance for the resulting environmental impact of
lignin (Hermansson et al. (2019)). In that study, LCA results
from different literature sources were explored, applying three
different allocation methods to them (mass-based allocation,
economic allocation, and a so-called consequential approach
(in the present paper referred to as a marginal approach)). This
follow-up study aimed to gather additional methods and to
further develop allocation options for lignin-generating pro-
cesses, as well as to apply them in a case study to see if that is
practically possible and to show their effect on the results. It
also aimed to assess the significance of the choice of alloca-
tion approach in a cradle-to-grave perspective. As the choice
of allocation method is heavily dependent on the context of
the study as well as data availability, it is deemed outside the
scope of this paper to provide specific recommendations on
which method to apply in different cases. Instead, the authors’
intent is that others can use this wide selection of allocation
methods as a guide to what could be a suitable method in their
specific context. Furthermore, since lignin-based technologies
are just emerging, particular focus was put in the study on
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factors that may need to be varied because of uncertainties
related to these technologies or to the surrounding system.

2 Method

The methodology used in the study consisted of three parts.
The first was an initial planning of a case study and identifi-
cation and development of suitable allocation methods, which
was done in parallel and iteratively. The second part was to
perform the cradle-to-gate LCA case study, and the third part
was to put the results in a cradle-to-grave context. The alloca-
tion methods and the case study system (a Kraft pulp mill with
LignoBoost lignin-extraction as described by Culbertson et al.
(2016)) are presented in this section (although they could par-
tially be seen as results of the study), while results from the
case study and the cradle-to-grave contextualization are found
in the results and discussion section. Values used in the dif-
ferent allocation approaches are found in the Supplementary
Material.

2.1 Allocation approaches

As the purpose of this study is not to assess which allocation
methods are more appropriate for different contexts but to
present a wide range of different methods in order to illustrate
the possible impact these could have, no specific selections
criteria were applied. Most of the employed allocation ap-
proaches had been gathered in a previous study, a meta-
analysis of already published LCA studies to identify hotspots
and identify opportunities and challenges for lignin-based car-
bon fibers in carbon fiber reinforced polymers (CFRPs) (see
Hermansson et al. (2019) for more information). In the current
study, additional approaches that have been suggested for
biorefinery systems were collected from the literature.
Additionally, two allocation approaches were developed by
the authors of this paper. A brief description of all twelve
employed allocation approaches is found in Table 1, and these
are further described in Sects. 2.1.1-2.1.12. The order roughly
follows the hierarchy postulated by the guideline documents,
as described earlier. Note that not all methods are applicable in
all contexts. For example, some are based on changing a mill
to add lignin extraction, while others are based on a mill that
already extracts lignin.

2.1.1 Changes made to the mill

This allocation method was developed by the authors in this
study. The rationale behind this method is that when lignin
extraction is introduced to an existing process that was origi-
nally built and run for other purposes, the impact of lignin
should not be higher than the additional impact of the added

lignin extraction process and the replacement of the loss of
energy from the system that this change results in (as lignin is
otherwise burnt for internal energy use at the Kraft pulp mill).
The method assumes that the system can be subdivided in this
way (i.e. data is available for the lignin extraction and for the
loss of energy) and can be seen as a pragmatic approach to
subdivision, therefore in essence adhering to the ISO
14044:2006 and ILCD guidelines. While the results from this
approach will likely be similar to the results from using the
approach described in Sect. 2.1.2, we argue that this approach
is easier to apply because it can be applied to any Kraft pulp
system where lignin extraction is introduced and is not depen-
dent on having access to a data set for the whole system for
both before and after the introduction of the lignin extraction.
A drawback with this method, however, is that it does not
consider any potential debottlenecking of the recovery boiler
resulting in an increased pulp production (Axelsson et al.
2006). In fact, lignin extraction in a Kraft pulp mill may in
reality be introduced primarily as a means to increase pulp
production, and this approach does not take that into account.
If the reason for changing the system is in fact only to increase
the pulp production capacity, the lignin extraction impact
could in its entirety be allocated to the pulp. Such an approach
is described in Sect. 2.1.3. If one of the reasons is to extract
lignin to sell and generate revenue for the plant, the impact
could be allocated to the lignin in the way suggested here.

2.1.2 Marginal approach

This approach is suggested by Bernier et al. (2013) and con-
siders the difference in the impact from before and after
introducing lignin extraction at a Kraft pulp mill on a
systems level. Bernier et al. (2013) also suggest that as the
lignin extraction increases the pulp and soap production of
the mill, credits for avoiding the production of these in a
non-extraction mill could be added. However, as this leads
to cascading allocation issues (as discussed earlier, alternative
pulp and soap sources are likely also products of multi-output
processes) such credits have been excluded from the cur-
rent study as it has the purpose to illustrate the results of
different approaches rather than to describe environmental
impacts as correctly as possible. While this can be
interpreted as an approach that would be more suitable in
consequential LCA studies (focused on seeing how global
impacts change as a result of an action), we argue that it
can still be used in some attributional LCA studies (fo-
cused on seeing what part of the global impacts that should
be attributed to each system) if data is gathered with an
attributional approach, with the same reasoning as when
system expansion by substitution is applied in an attribu-
tional study. For a discussion on consequential versus at-
tributional LCAs, see Finnveden et al. (2009).

@ Springer
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Table 1 Allocation procedures used in this study

Allocation method Description

Reference

Changes made to the mill

Subdivision is simulated in a pragmatic way. Considers only the

Proposed by the authors of this paper

impact of the lignin extraction process added to the mill and any
internal energy loss related to lignin removed.

Marginal approach
to after introduction of lignin extraction.
Main product bears all

burden environmental burden.
System expansion by The system boundaries are expanded to include the replacement of
substitution other products on the market.

Mass-based allocation
co-product flow.

Energy-based allocation
content of each co-product flow.

Exergy-based allocation

content of each co-product flow.

Energy- and mass-based al-
location

A main product of the system is selected to carry the entire

The impacts of the system are partitioned based on the energy

The impacts of the system are partitioned based on the exergy

The impacts of the system are first partitioned between energy
streams and material streams based on energy efficiency, followed

Considers the difference in impacts of the whole system from before Bernier et al. (2013)

Sandin et al. (2015)

European Commission Joint Research Center
(2010)

The impacts of the system are partitioned based on the mass of each International Organization of Standardization

(2006) and European Commission Joint
Research Center (2010)

International Organization of Standardization
(2006) and European Commission Joint
Research Center (2010)

Cherubini et al. (2011)

Njakou Djomo et al. (2017)

by either energy allocation (for energy streams) or mass allocation

(for material streams).
Mass- and energy-based al-
location

The impacts of the system are first partitioned between energy
streams and material streams based on mass conversion rate,

Proposed by the authors of this paper

followed by either energy allocation (for energy streams) or mass

allocation (for material streams).
Economic allocation
value of each co-product flow.

Allocation based on

substituted impacts replaced products.

Allocation based on inversed The impacts of the system are partitioned based on the inversed

substituted impacts impacts of replaced products.

The impacts of the system are partitioned based on the economic

The impacts of the system are partitioned based on the impacts of

International Organization of Standardization
(2006) and European Commission Joint
Research Center (2010)

Cherubini et al. (2011)

Sandin et al. (2015)

2.1.3 Main product bears all burden

Using this approach, a main product of the system is se-
lected and allocated the entire burden of the system. Other
products are considered free of burden (Sandin et al. 2015).
Applying this method to the system under study under
current market conditions for the outputs would make pulp
the main product, leaving lignin free of environmental bur-
den. This raises the question of what determines the main
product of the system. Arguably, this choice would be
based on the reason behind the system’s existence and
operation, i.e. the driver of the system. While the driver
of the studied system currently is the pulp production, in
the future or for completely different contexts and technol-
ogies, lignin might be the driver and therefore be the main
product that should carry the entire burden (see for exam-
ple the “lignin-first” concept as described by Renders et al.
(2017)). In prospective LCA studies that typically look
some years into the future, both options could be explored.
Note that for systems where there is one of several outputs
that is totally dominating in terms of mass, energy, exergy,
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or price, this approach would give similar results as several
other methods described here.

2.1.4 System expansion by substitution

Using this approach, the entire environmental burden of the
system is allocated to the output represented by the functional
unit, and credit is given to the system for avoided impacts
related to products that can be assumed to be replaced by the
co-products of the system. Information about replaced prod-
ucts and credits applied in this study can be found in Sect.
2.2.4. Although more natural in consequential LCA studies,
this approach is commonly applied also in attributional LCA
studies and the difference is then what kind of data that is
selected.

2.1.5 Mass-based allocation
Impacts of the system can be allocated based on physical

relationships. One that is commonly used, because it is
straightforward, in particular for non-energy products, is mass.
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When using this method, the environmental impact is simply
distributed between the different products based on their mass
relationship. A higher mass output is allocated a higher envi-
ronmental burden. A drawback when using this method is that
some co-products, such as electricity or heat, do not have a
mass and are then not allocated any impact.

As simple and straightforward as it may seem, it has been
argued that when ratios between co-products cannot be affect-
ed (using the example of rapeseed oil and rapeseed residues),
allocation based on physical relationships, e.g. mass, should
not be used (Azapagic and Clift 1999). While the ratio be-
tween lignin and other components in wood is indeed fixed
as in the example above, we argue that how much of the lignin
is extracted is limited by process choices rather than the ratio
between the lignin and the other wood components (and could
in principle be varied) and this method is therefore applicable
to the special case of lignin.

2.1.6 Energy-based allocation

Another physical relationship that can be used in allocation is
energy, dividing impacts between co-products based on their
total energy content. While also seeming straightforward and
simple, this method has the same drawback as the mass-based
allocation approach: some co-products, for example carbon
dioxide, do not have an energy value and are consequently
not allocated an impact.

2.1.7 Exergy-based allocation

An alternative method based on physical relationships is
exergy allocation, distributing impacts between outputs based
on their exergy content. Cherubini et al. (2011) claim that
using exergy as a basis for allocation is beneficial as it can
account for both energy and mass flows. Arguments against
using exergy as a basis for allocation are that it can be difficult
to estimate the exergy content of some flows and that exergy
as a concept can be challenging for the public and for policy
makers to understand (Cherubini et al. 2011).

2.1.8 Energy- and mass-based allocation

As an alternative to using exergy as an allocation basis to be
able to account for both material and energy flows, Njakou
Djomo et al. (2017) suggest the use of a hybrid energy- and
mass-based allocation method. The described rationale behind
this method is that as some energy co-products do not have a
mass (such as electricity) and some mass co-products (for
example carbon dioxide) do not have a heating value, neither
mass nor energy allocation are sufficient and a combination of
these should therefore be used. Before using the method, it has
to be decided which products are to be used for energy pur-
poses and which are to be used for material purposes. A

dispatch factor, «, is calculated using Eq. (1), in order to split
the biorefinery stream into an energy and a material stream
that are subsequently dealt with in different ways.

Dispatch factor o =

nenergy streams ( 1 )

nenergy streams + Thnaterial streams

where 7energy siream 1S the energy efficiency of the energy
stream (i.e. energy in energy products out/total energy in)
and Nenergy stream + Tmaterial stream is the total energy efﬁCienCy
of the system (i.e. energy in all products out/total energy in).
Allocation factors are then calculated using Eq. (2) for energy
products and Eq. (3) for material products.

Allocation factor for energy products;

N Energy content product;

=a (2)

Total energy

Allocation factor for mass products;

. Mass of product;

= (I=a) (3)

Total mass

where Total energy represents the energy content of all energy
streams and Total mass the mass of all material streams.

A drawback when using this method is that in one extreme
case where there is no energy content at all in the material
flows (for example when generating carbon dioxide and ashes
that will be used for material purposes), the dispatch factor is
calculated to be 1, initially allocating all impacts to the energy
streams. This leads to material co-products not getting any
impact as the dispatch factor is based on energy content. An
alternative would be to base the first partitioning on mass,
which is described in Sect. 2.1.9, but that would introduce
the same drawback vis-a-vis energy co-products without mass
that will end up with no impact. Further, it can be difficult to
identify which products are to be used for energy purposes and
which are to be used for material purposes. In this paper, we
explore two cases: one where lignin is considered to be a
polymer or chemical precursor and one where lignin is con-
sidered to be an energy source or fuel precursor.

2.1.9 Mass- and energy-based allocation

This method is an alternative to the one suggested by Njakou
Djomo et al. (2017), and instead of basing the dispatch factor
on the energy efficiency, we propose that it can be based on
the mass conversion rate. This allows for dealing with alloca-
tion in systems with large mass outputs without energy con-
tent. The dispatch factor, (3, is calculated using Eq. (4).

TImaterial streams

Dispatch factor 5 =

Thnass in energy streams + Thmass in material streams

(4)
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where Mmaterial stream (1-€. Mass in material purpose products
out/total mass 111) and TImass in energy stream + Tmass in material stream
is total material conversion rate of the system (i.e. mass in all
products out/total mass in). Allocation factors are then calcu-
lated using Eq. (5) for material products and Eq. (6) for energy
products:

Mass of product;

Allocation factor for mass products; = 3*
4 Total mass

(5)
Allocation factor for energy products;

% Energy content product;

= l_
(1=-6) Total energy

(6)

where Total mass represents the mass of all material purpose
streams and Total energy the energy content of all energy
purpose streams. While the drawbacks of using this method
are the same as for the original energy- and mass-based allo-
cation method, it shows the impact of an alternative allocation
basis, and it better represents systems with a large mass output
without energy content.

2.1.10 Economic allocation

The rationale behind this allocation approach is that the eco-
nomic value of the products is the driver of the system, i.e. the
reason that the system exists and is operated (Huppes and
Schneider 1994). In this study, we apply two different lignin
prices as a basis for allocation: 0.3 €/kg, representing today’s
situation (Gonzalez-Garcia et al. 2016), and a ten-fold increase
of today’s price because of an increased demand for high
quality lignin (i.e. 3 €/kg lignin). As lignin is today often
considered a waste or an internal fuel and therefore has a price
reflecting this (from zero to the cost of an alternative fuel), a
future decrease in price is not anticipated and therefore not
assessed. Assuming a very low price of lignin would be sim-
ilar to seeing the pulp as the main product, as described in
Sect. 2.1.3. Prices for other co-products are, for simplicity,
held constant over time, see Supplementary Material.

2.1.11 Allocation based on substituted impacts

Cherubini et al. (2011) suggest a hybrid approach to allocation
where environmental impacts are allocated among co-
products using the environmental impact of the products they
could replace as an allocation basis. The rationale behind this
method is that it is the combined system of existing products
and functions that would be replaced by the system with lignin
extraction that should determine how burdens are allocated. It
can be seen as a rescaling of the total impacts of the system
based on the reference system, as a consequence also avoiding
ascribing negative impact results to any of the co-products as
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can very well happen in system expansion by substitution.
The calculation of allocation factors is described in Eq. (7):

. u;i™y;
Allocation factor; = ————— (7)

iUy

where u; is the life cycle impact of the replaced product 7, y; is
the flow of that product, and )" ,u;*y; represents the total
avoided environmental impact from delivering n functions.

2.1.12 Allocation based on inversed substituted impacts

Sandin et al. (2015) suggests a variant of the method proposed
by Cherubini et al. (2011) that inverts the environmental bur-
den of the avoided products. They argue that the original
method seems to contradict the idea that avoiding production
(and, as a consequence, impacts) is desirable. The product that
can prevent the largest environmental burden should therefore
be given the best environmental profile. The calculation of
allocation factors is described in Eq. (8):

Ui *y;
-
Allocation factor; = % (8)
The substituted products are assumed to be the same as for
the allocation based on substituted impacts approach (see
Sect. 2.1.11) and are found in Table 2.

2.2 Case study

The case study used to apply the allocation methods is lignin
extraction from a Kraft pulp mill located in Sweden. The Kraft
pulp mill was chosen because of data availability (data on
other pulp mills and biorefineries are scarce, especially when
including lignin extraction), because Kraft pulp mills are well-
established and because there is a known method for extrac-
tion of lignin at such mills. Sweden as a location was chosen
as we wanted a European setting for the study and Sweden has
a relatively large forestry industry and presence and long his-
tory of Kraft pulp mills.

2.2.1 Functional unit and system boundaries

The functional unit of this study is 1 kg of extracted lignin
from a Kraft pulp mill in Sweden. The system boundaries are
cradle-to-gate and any post-treatment of the lignin that might
be needed for the intended application is not taken into
account.

2.2.2 System description

Figure 1 describes the modeled system, which is based on
Culbertson et al. (2016), Hamaguchi et al. (2012), and



Int J Life Cycle Assess

Table 2
inversed substituted impacts

Replaced products and the credits used in system expansion by substitution, allocation based on substituted impacts, and allocation based on

Replaced product Avoided impacts per Avoided impacts per ~ Reference
kg of replaced product kg functional unit
(kg COy/kg or per (kg CO,/kg lignin)
MWh replaced product)
Pulp (kg): Alternative 1 ~ Cotton 2.9 27 Ecoinvent 3.3
Pulp (kg): Alternative 2 Reading a magazine 0.35 32 Based on estimations from characterized
on a tablet results from Ahmadi Achachlouei et al.
(2015) and Achachlouei and Moberg (2015)
Lignin (kg): Usedasa  PAN 0.56 n/a European Platform on Life Cycle
material product Assessment (2018)
Lignin (kg): Usedasa  Crude petroleum 0.24 n/a Ecoinvent 3.3
fuel precursor
Soap (kg) Crude petroleum 0.24 0.063 Ecoinvent 3.3
Heat (MWh) District heating 58 0.67 Werner (2017)

Staffas et al. (2013). The co-products from the process are
pulp, soap, heat, and lignin.

Lignin can be extracted from the black liquor in the Kraft
pulping process using a process called LignoBoost. The black
liquor (consisting of cooking chemicals and organic com-
pounds from the wood, such as lignin) is led from the evapo-
rator in the Kraft pulp mill into the LignoBoost process. The
LignoBoost process includes acidification of the black liquor
with CO, for precipitation of the lignin, followed by filtration
and dewatering, which is done in two cycles. After the lignin
is extracted, the filtrate is sent back to the evaporator (Tomani
2010). The extraction of lignin from the black liquor does not
only generate another product that can be sold to bring reve-
nue to the mill, it also increases the production of pulp for a
constant load of the recovery boiler, which is often the bottle-
neck of the mill (Axelsson et al. 2006). In the system de-
scribed by Culbertson et al. (2016), such a debottlenecking
leads to an increased production of both pulp and soap. The
heat output of the mill is, however, lower when extracting
lignin.

Inventory data for the Kraft pulping process (with and
without lignin extraction) were based on the data provided
by Culbertson et al. (2016). For the present study, data from
a scenario where lignin extraction leads to an increased pro-
duction at the pulp mill were used (referred to as “Lignin
Extraction Operation & Pulp Mill at Recovery Boiler Solids
Limited Capacity”’). The dataset was adapted for the present
study to better fit Swedish conditions as the mill was original-
ly set in Southeast USA. The adaptation includes exchanging
the original natural gas input for an approximation of the en-
ergy mix used by the pulping industry in Sweden. The
Swedish pulping industry uses energy generated from bio-
mass (70%) and electricity (27%) and the rest is unknown
(3%, excluded in our study) (The Swedish Energy Agency
2017). For this study, the Ecoinvent 3.3 APOS database

(Wernet et al. 2016) was used if not stated otherwise.
Finally, all transports have been excluded as these are uncer-
tain, vary from case to case, and are assumed to be negligible
and unimportant in this context.

In the allocation method changes made to the mill (see
Sect. 2.1.1 and Table 1), inventory data for the lignin extrac-
tion process and the energy lost with the extracted lignin are
needed. However, based on the data provided by Culbertson
et al. (2016), the impact from the LignoBoost process cannot
be separated in a well-defined way from the entire Kraft mill
impact. Therefore, a dataset for only the LignoBoost process
by Benali et al. (2016) was used. The dataset was adapted to
Swedish conditions, in the same way as the dataset by
Culbertson et al. (2016) and when ranges were reported, the
average values were used. Energy from an external source to
compensate for the energy loss related to the extracted lignin
was assumed to be the same as used in the Kraft pulp mill, i.e.
the energy mix used in the pulping industry in Sweden.

2.2.3 Impact assessment method

Due to limited data availability, only climate impact is con-
sidered in this study. This was deemed sufficient given the
purpose of the study. As climate impact often correlates well
with other impacts, it can also function as a proxy for other
impacts (Janssen et al. 2016). The impact assessment method
used for the lignin production was GWP100 by IPCC 2007 as
provided by Ecoinvent 3.3 (Wernet et al. 2016). In this meth-
od, biogenic CO, and CO do not have characterization factors.

2.2.4 Substitution credits
Selecting products to substitute can be a difficult task and has

to be strongly aligned with the goal and scope of the study. In
this case study, the produced pulp is assumed to replace an
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equivalent amount of cotton fiber in sanitary products (as
fluff) or the reading of a magazine on a tablet. The latter was
suggested as a reference product (or “avoided product”) by
Sandin et al. (2015) and was therefore selected here but in a
consequential context, this might not be a good assumption as
it would likely be the other way around, i.e. that reading a
magazine on a tablet would replace reading on paper, given
current global trends. Given the purpose of the case study is to
test the practical applicability of allocation methods and ex-
plore the range of results, it was deemed useful in this context.
Data were lacking for the further treatment of pulp for use in
magazine paper, and this step was therefore excluded. The
substitution credit therefore represents a more complete sys-
tem than the pulp output from our system and the gain is
therefore overestimated. The soap leaving the Kraft pulp mill
is assumed to be further treated into tall oil and finally into bio-
diesel (this was included in the substituted system), and then
substituting the same amount of crude petroleum (assuming
an exchange rate of 1:1 between soap and crude petroleum).
Finally, the heat output of the mill is assumed to replace dis-
trict heating (with an impact approximated using data from
Werner (2017)). The resulting credits for these products can
be found in Table 2.

In the methods allocation based on substituted impacts
(see Sect. 2.1.11) and allocation based on inversed substituted
impacts (see Sect. 2.1.12), lignin is assumed to replace either a
polymer precursor or a fuel precursor, see Table 2. Replaced
products are assumed to be polyacrylonitrile (PAN), which is
the main material used for producing carbon fibers today (ap-
proximated by PAN precursor fiber), and crude petroleum
(when extracted lignin is seen as a fuel precursor),
respectively.

2.3 Potential lignin applications

While there are many potential applications for lignin, we
chose (primarily based on data availability) to look into a
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comparison with the following technologies: PAN for the pro-
duction of carbon fibers that are subsequently used in CFRP
(Das 2011), fossil phenol for the production of tert-butyl cat-
echols (TBC) (Montazeri and Eckelman 2016), and urea-
formaldehyde for medium density fiberboards (MDF boards)
(Piekarski et al. 2017). When producing carbon fibers from
lignin, the yield is assumed to be 50% (i.e. 2 kg of lignin is
needed for producing 1 kg of carbon fiber). For the production
of TBC, 3 kg of lignin is assumed to be needed to produce
enough to replace the fossil raw material needed for the pro-
duction of 1 kg of TBC (this assumption is based on calcula-
tions using data from Montazeri and Eckelman (2016); for
more information, see the Supplementary Material). When
replacing urea-formaldehyde, it was assumed that 1 kg of
lignin replaces 1 kg of urea-formaldehyde.

In all cases, the climate impact of the lignin needed to
replace a substance or material as mentioned above was cal-
culated by multiplying the impact of 1 kg of lignin with the
amount of lignin needed in each application as stated above
(note that the impact of lignin can be negative, depending on
which allocation method is used for the lignin production).
Finally, the normalized climate impact of lignin in each appli-
cation was calculated using Eq. 9.

Normalized climate impact

~ Climate impact of lignin needed in application
N Climate impact of application

©)

3 Results and discussion
3.1 The climate impact of lignin
Figure 2 shows the climate impact for the production of 1 kg

of lignin using the different allocation approaches and their
variants.
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Fig. 2 The climate impact of 1 kg of lignin using different allocation methods. The numbers in boxes are for outliers that do not fit on the y-axis scale

The results show that the climate impact of lignin varies
significantly depending on the choice of allocation method:
System expansion by substitution exhibits a climate impact
close to zero when replacing reading a magazine on a tablet
and a negative climate impact, in fact, the lowest of all applied
methods, when pulp is replacing cotton. Assuming lignin as
the main product of the system results, not surprisingly, in the
highest climate impact.

The results from applying the method main product bears
all burden is highly sensitive to which product is seen as the
driver of the system. In a system where pulp is considered the
main product (i.e. the typical situation today), lignin is free of
impact. In a possible future where the demand for lignin has
increased and different lignin extraction technologies exist at a
large scale, lignin might be seen as the main product, bearing
all burden of the system using this approach, resulting in an
impact as high as 4.0 kg CO, eq./kg lignin. The same phe-
nomenon, however not as obvious as this only considers the
lignin extraction and not the whole system, is also present in
the approach changes made to the mill. Here, the driver for
extracting the lignin is of importance: When lignin is extracted
to increase the pulp output, the lignin is considered free of
burden as the impact from the lignin extraction is allocated
to the pulp. If the lignin is extracted with the purpose of selling
the lignin as a stand-alone product, the impact of lignin ex-
traction is allocated to the lignin, resulting in an impact of
0.47 kg CO, eq./kg lignin. Since the driver behind the intro-
duction of the extraction determines the outcome in these ap-
proaches, this needs to be carefully considered, especially as
this may change in the future. It is, however, sometimes dif-
ficult to determine what is the main reason for the extraction or
if there is a mixed purpose. One way of addressing mixed
drivers is suggested by Svanstrom et al. (2017). They devel-
oped a two-stage Delphi procedure (a technique for obtaining
consensus in the opinion of an expert panel, based on the work

by Dalkey and Helmer (1963)) to find allocation factors for
use in attributional LCAs where multiple drivers are present.
The method was employed for a wastewater and sludge man-
agement system and the resulting allocation factors were
shown to potentially have a large influence on the results.
One possible point of critique against the changes made to
the mill approach is that it does not reevaluate what the driver
is for operating different parts of the system after the lignin
extraction has been introduced. It is based on the assumption
that lignin was a waste or a by-product of very low value that
is now better utilized. The marginal approach exhibits impact
very similar to changes made to the mill (0.48 kg CO, eq./kg
lignin), which was expected as the basic rationale behind these
two approaches is similar. Note, however, that credits for the
avoided impacts related to increased production of pulp and
soap for both methods were excluded due to cascading allo-
cation issues.

In the system expansion by substitution approach, letting
pulp replace cotton results in a significantly lower climate
impact (—23 kg CO, eq./kg lignin) than replacing reading a
magazine on a tablet (0.091 kg CO, eq./kg lignin), and the
difference would be even larger if the processing of the pulp
into magazine grade paper had been included. The large credit
related to cotton is due to the use of electricity throughout the
cradle-to-gate production process (e.g. irrigation, harvesting,
etc.), but this impact is heavily dependent on the location of
activities and temporal boundaries, in this case the USA dur-
ing the late 2000s.

The five allocation methods that are based on physical
relationships (mass-based allocation, energy-based alloca-
tion, exergy-based allocation, energy- and mass-based
allocation, and mass- and energy-based allocation) all lead
to results in the same order of magnitude (0.18-0.64 kg CO,
eq.’kg lignin, see Fig. 2), with energy based allocation,
exergy-based allocation, and energy- and mass-based
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allocation for lignin used as an energy source showing a
slightly higher climate impact than mass-based allocation.
This is because of the high exergy and energy content of lignin
compared with the pulp (this difference is however evened out
to some extent by the large mass output of pulp compared to
lignin). Applying energy- and mass-based allocation to a sys-
tem where lignin is assumed to be a non-energy product, such
as a polymer or a precursor for chemicals, results in a lower
climate impact. This is because the relative mass output of
lignin is small in relation to the mass output of pulp. This
can be compared to the relatively high energy output of lignin
(when considered a fuel precursor) in relation to soap and
lignin. This results in a higher allocation factor for lignin when
it is considered to be a fuel and a lower when it is considered
to be a material. Using the mass- and energy-based allocation
method when lignin is considered a material results in practi-
cally the same climate impact as when using a classic mass-
allocation approach (in this case, the dispatch factor 3 is cal-
culated to be very close to 1, meaning that in practice, a clas-
sical mass allocation is done for lignin as almost all impacts
are allocated to the material streams, in this case pulp and
lignin). When considering lignin to be a fuel, the climate im-
pact is lower as the impacts are divided between the material
streams and the energy streams. The need of determining what
products are used for energy purposes and what are used for
material purposes might however be problematic as the end
application is not always known at the mill or biorefinery and
different scenarios might therefore be warranted.

Figure 2 also shows that the price of lignin has a great
influence on the resulting climate impact (the resulting impact
ranging from 0.15 kg CO, eq./kg lignin when lignin is cheap
to 1.1 kg CO, eq./kg lignin when lignin is expensive) and that
the environmental impact of lignin production in the future,
using economic allocation, might be higher than the impact
today if prices increase. These results are based on the as-
sumption that the prices of the other co-products of the system
remain unchanged, which is not necessarily true. For example,
the price of pulp could remain the same because it is a mature
technology with a stable market, but the price could also de-
crease due to a lower demand. For soap, there is the same
uncertainty as for lignin; the market for bio-diesel might grow
resulting in a higher price, but this is hard to predict. All of the
suggested effects on the prices would result in changes for the
allocation factors and, as a consequence, the climate impact of
lignin. As it is difficult to predict future market prices, in
particular for emerging technologies, results from using this
allocation method are uncertain, and different scenarios might
be required.

Finally, two versions of the allocation based on substituted
impacts approach were tested. The original method suggested
by Cherubini et al. (2011) results in a climate impact between
0.036-0.50 kg CO,/kg lignin (lowest for pulp replacing cotton
and lignin replacing petroleum and highest for pulp replacing
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reading on a tablet and lignin replacing PAN), while the al-
tered version (i.e. inversed) suggested by Sandin et al. (2015)
results in a higher impact of around 1.2-1.3 kg CO, eq./kg
lignin, where the lowest value is for pulp replacing a tablet and
lignin replacing PAN and the highest for pulp replacing cotton
and lignin replacing petroleum. The small variation in
resulting environmental impact between variants in each
method indicates that they are in our case not as sensitive to
the choice of replaced products as in system expansion by
substitution. This is because of the rescaling effect earlier
mentioned. When substituted systems in reality have a large
impact, this approach scales these impacts down. Had the
substituted systems had a low impact, this approach would
scale up the importance of each of the subsystems. The
allocation based on inversed substituted impacts approach
instead makes an inversed rescaling and allocates the lowest
share of environmental burden to the product avoiding the
lowest impact. The recommendation by Sandin et al. (2015)
is to use this method as a complement to more traditional
methods in a sensitivity analysis as it is still rather new and
untested, i.e. the potential implications are still poorly under-
stood. The difference in resulting impacts (in our case large
when using system expansion by substitution and small when
rescaling as in allocation based on substituted impacts or al-
location based on inversed substituted impacts) raises the
question: What choices regarding substitution are important
and what guidance can be provided? Choosing reading on a
tablet as the product being replaced by pulp in this paper could
be questioned. It is, as earlier mentioned, unlikely that an
increased output of pulp would reduce the reading on a tablet.
However, it is used here to illustrate the importance of the
choice of reference product. Another possible use of pulp is
in bio-composites for packaging purposes, partially replacing
a share of plastic component while still maintaining the func-
tion; see Hermansson et al. (2016) for an environmental as-
sessment of such a product, a mixture of pulp and polylactic
acid. However, since this material is not yet generated in large
scale and also involves multi-output processes, we have left it
out from this assessment.

The variation in results presented in Fig. 2 is not only
because of different allocation approaches but also because
of different assumptions made within the different ap-
proaches. These are all related to three main factors: (1) mar-
ket and price of different outputs; (2) what is seen as the main
product or the driver of the system or system changes; (3)
what the surrounding system looks like and hence what other
products will be displaced by outputs. All of these are impor-
tant to look into in LCAs of multi-output processes but can be
particularly challenging in prospective studies as such studies
are future-oriented and consider systems that do not yet exist.
The first two factors highlight the importance of understand-
ing the market and determining the driver of the system or
system change and how these might develop over time.
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Industrial processes are often, but not always, commercially
driven and dependent on a market for the outputs (see
Svanstrom et al. (2017) for a discussion on systems in waste-
water management that are not commercially driven). What is
seen as the main product of the system now and in a plausible
future and the output that is the reason that changes are made
to the system now and in a plausible future can be different
and timeframes can be critical to establish. When assessing
products from multi-output systems with emerging markets,
how the market develops can be important, but also how the
technology itself develops, for example in terms of technology
maturity or use of raw materials. Another possibly important
factor could also be whether parts of the production plant
already existed or if new parts are being introduced to extract
new products. Finally, it is also important to carefully
assessing the surrounding systems and how these might
change. Changes in surrounding systems can lead to other
products being replaced than today, but the replaced products
could also come with a different environmental profile, e.g.
related to the electricity mix used in their production.

It should be noted that production capital has not been
considered in the present study, even when changes are con-
sidered to be made to a process or when a not yet existing
process is assessed. This is a common assumption in LCA and
is often a valid simplification for processes with long lifetime

and/or a large throughput of energy and materials. Such a
choice also depends on the goal and scope of a study. If in-
cluded, the production capital may also have to be allocated
between outputs, and it is reasonable to consider e.g. the driver
behind the construction of the process in such assessments.

If the variants of the allocation methods in Fig. 2 that rep-
resent a future where the importance of lignin has increased
(and is therefore seen as a main output with high economic
value) are considered, the resulting environmental impact of
the lignin typically increases. The choice of allocation ap-
proach and the choices within an approach will therefore like-
ly be increasingly important in the future as it can be expected
that the importance of lignin outputs increases. Different allo-
cation scenarios could be explored to capture important un-
certainties and sensitivities in LCA of lignin or of other emerg-
ing technologies involving multiple outputs.

3.2 Lignin’s possible influence on the climate impact
of products

To shed light on to what extent the levels and ranges of im-
pacts of lignin reported in Fig. 2 are critical when seen in the
context of full life cycles, a comparison to LCA results avail-
able in the literature for some traditional products that emerg-
ing lignin-based technologies could compete with was made
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Fig. 3 Illustration of the influence of the choice of allocation method for
lignin production on comparisons to four alternative products, all
normalized to 100%: (1) a light-weight car floor pan where lignin could
replace PAN as a precursor material for the carbon fibers in the composite
(Das 2011), (2) as an alternative to phenol in TBC (Montazeri and
Eckelman (2016)), (3) replacing urea-formaldehyde in MDF boards
(Piekarski et al. (2017)), and (4) replacing PAN as a carbon fiber precur-
sor material in composites for strengthening of construction beams (using
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O Other life cycle impacts
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carbon fibers

average data from Maxineasa et al. (2015)). The allocation-dependent
variability of the lignin production impact is represented by the length
of the green whiskers. These should be compared with the gray parts of
the bars, which represent the material or chemical that lignin would sub-
stitute. The white parts of the bars represent other parts of the life cycles.
The green boxes represent outliers that could not fit on the y-axis using
the selected scale
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(see Sect. 2.3 for a description of these). The intention here is
not to suggest where a replacement by lignin could make the
largest difference but to illustrate if and how the choice of
allocation approach could have a large influence on the results
of such a comparison.

The two carbon fiber cases presented in Fig. 3 include
impacts related to carbon fiber processing such as spinning,
stabilization, and carbonization, which was not included for
lignin, which means that the impact of the PAN raw material
in reality is lower than illustrated in Fig. 3. In the same way,
impacts of phenol used in TBC production and urea-
formaldehyde in MDF boards also include some impacts re-
lated to processing, which are not included for the lignin.
None of the lignin cases include any post-treatment of the
lignin (such as drying or purification) that would in reality
be needed for the intended application. In spite of these un-
certainties and inconsistencies, it is evident that the choice of
allocation approach may have a significant influence on the
final climate impact of a lignin-based alternative of any of the
applications shown. It should be noted that only the compar-
ison with a CFRP car floor pan involves a full cradle-to-grave
life cycle (see the bar furthest to the left in Fig. 3). This means
that the significance of lignin is exaggerated in the other three
cases compared with the first comparison. However, it is safe
to say that the importance of using a relevant allocation ap-
proach (or several) is high.

4 Conclusions

Lignin, a co-product from biorefineries and pulp mills, is a
material that is gaining more and more attention as a possible
future renewable material in a large variety of different appli-
cations. We show in this paper that the life cycle climate
impact that lignin will contribute to any such application de-
pends strongly on the allocation method applied to the multi-
output process that generates the lignin output. Important fac-
tors in allocation are related to potential changes in prices and
markets, in the surrounding system (i.e. what products will be
replaced by lignin and other co-products of the system) and in
what is seen as the main product or the driver of the system or
any changes made to the system, for example identifying the
purpose of extracting the lignin from the pulp mill. These
factors are all sensitive to temporal boundaries and should
all be considered in LCA of emerging technologies involving
multi-output processes.
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