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Abstract
Purpose Life cycle assessment (LCA) has become one of the most widespread environmental assessment tools during the last
two decades. However, there are still impacts that are not yet fully integrated, including climate impacts of land use. This study
contributes to the development process by testing a selection of recently proposed climate impacts assessment methods, some
more focused on the impact of land use and others more focused on a product’s carbon life cycle.
Methods Several assessment methods have been proposed in recent years, with their development still being in progress. Of
these methods, we selected three methods that are more focused on the product’s carbon life cycle, and two methods more
focused on the impact of land use. We applied the methods to an LCA study comparing biomass-based polyethylene (PE)
packaging via different production routes in order to identify their methodological and practical challenges.
Results and discussion We found that including the impact of land use and carbon cycles had a profound effect on the results for
global warming impact potential. It changed the ranking among the different routes for PE production, sometimes making
biomass-based PE worse than the fossil alternative. Especially, the methods accounting for long time lags between carbon
emissions and uptake in forestry punished the wood-based routes. Moreover, the variation in the results was considerable,
showing that although assessment methods for climate impact can be applied to biomass-based products, their outcomes are
not yet robust.
Conclusions We recommend efforts to harmonize and reconcile different approaches for the assessment of climate impact of
biomass-based products with regard to (1) how they consider time, (2) their applicability to both short and long rotation crops and
(3) harmonization of concepts and terms used by the methods.We further recommend that all value ladenmethodological choices
that are built into the methods, such as the choice of reference states/points, are made explicit and that the outcomes of different
modelling choices are tested.
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1 Introduction

Throughout history, biomass has been used for feed, food,
material and fuel purposes and over its course, plants,

landscapes and cultivation techniques have been altered in
order to systematically and steadily produce more biomass-
based products. These changes have not always been without
significant consequences, not only for the environment that
they are introduced into but also for the people living in this
environment (European Environment Agency 2012). More
recently, environmental systems analysis tools have been de-
veloped to assess these environmental consequences. This in-
cludes life cycle assessment (LCA), which accounts for the
environmentally relevant inputs to and outputs from a prod-
uct’s life cycle from cradle-to-grave and which quantifies the
resulting potential environmental impact (International
Organization of Standardization 2006).
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LCA has become one of the most widespread environ-
mental systems analysis tools and has been used for the
assessment of a considerable range of biomass-based prod-
ucts, such as food products, biofuels and biomaterials.
However, when examining LCA studies of such products
more closely, it becomes clear that for the biomass acqui-
sition phase, only certain environmentally relevant flows,
such as fertilizer and pesticide production and use or fuel
use in machinery, and their related impacts are considered.
Quantifying other types of impacts related to biomass cul-
tivation and land use, such as impact on biodiversity or the
effect on carbon balances, has been more problematic.
While there are some examples of method development
regarding, for example, impact on biodiversity (see, e.g.
de Baan et al. (2013), de Baan et al. (2015), Geyer et al.
(2010a, b)), these methods have not yet been applied to a
significant extent. Nevertheless, the development of
methods to account for impacts related to land use in
LCA, global warming impacts specifically, has intensified
in recent years, partly spurred by the debate about climate
change. It appears that this development has taken place
along different research streams, which are only partly
related.

Within the LCA community, a framework for the assess-
ment of the environmental impact from land use was de-
veloped and published as the UNEP-SETAC guideline on
global land use impact assessment (Koellner et al. 2013).
This guideline, which builds on the framework developed
by Milà et al. (2007), covers the assessment of impacts of
direct land occupation (also called land use) and land trans-
formation (also called land use change) on biodiversity and
ecosystem services, including climate regulation. An im-
portant assumption used in this guideline is that during
occupation the quality of the land stays constant (e.g. the
carbon content of the soil stays the same over the time of
occupation), although this is not necessarily true (see, e.g.
Anderson-Teixeira et al. (2009) for the case of sugar cane
in Brazil). With regard to land transformation, only the
effects of direct land use changes are accounted for in the
guideline, while indirect effects are considered beyond its
scope. The method development for assessing indirect land
use change (e.g. Kløverpris andMueller (2013), Schmidt et al.
(2015)) seems to have evolved in parallel to the UNEP-
SETAC guideline (Koellner et al. 2013), rather than directly
from it. The methods developed in conjunction with the
UNEP-SETAC guideline on global land use impact assess-
ment are referred to as land use methods in this paper.

In order to account for the potential impact of long growth
periods (and thus for long periods of land occupation) and
related time lags in the carbon cycle of wood and related
products, various methods have been suggested by, e.g.
Cherubini et al. (2011a), Pingoud et al. (2012) and Pingoud
et al. (2015) in a research stream which seems to be rather

disconnected from the one leading up to the UNEP-SETAC
guideline (Koellner et al. 2013). These methods are referred to
as carbon cycle methods in this paper.

Although work on method development is currently in-
tense, there still seems to be a rather long way to go before
methods for the impact assessment related to land use and time
lags in the carbon cycle are ready to be routinely used in LCA
studies. This is partly due to the theoretical focus of current
review and meta-studies (e.g. Agostini et al. (2013), Goglio
et al. (2015), Helin et al. (2013), Lamers and Junginger
(2013), Lindeijer (2000)). Moreover, the relatively small num-
ber of case studies that actually test proposed methods (e.g.
Cintas et al. (2015), Helin et al. (2014), Koponen and
Soimakallio (2015), Milà et al. (2013), Muñoz et al. (2014))
implies that LCA practitioners are not familiar with these
methods yet and that they are thus not in wide-spread use.

The purpose of this study therefore is to test different
methods for the assessment of global warming due to land
use, excluding indirect LUC, and the potential effect of time
lags in the carbon cycle, in order to provide further insights
with regard to their methodological challenges and to give
recommendations for further development. In addition, more
practical aspects such as data availability, method acceptance
and ease of application were considered. The production of
bio-based polyethylene (PE) from wood, via fermentation and
gasification, and sugarcane, via fermentation, is used as a
LCA case study.

2 Materials and methods

2.1 Description of the system under study

The case study used for testing the different methods was
packaging made from polyethylene (PE) based on biomass.
Specifically, polyethylene produced from wood (from
Swedish boreal forest) and from sugarcane (from Brazil)
was considered (see Fig. 1). In total, three PE production
routes were included: (1) two different hypothetical routes
from wood to PE, via fermentation to ethanol followed by
dehydration to ethylene and via gasification yielding syngas
that is converted to methanol and subsequently to ethylene
and (2) one existing route from sugarcane to PE, via fermen-
tation to ethanol followed by dehydration to ethylene. The
end-of-life scenario applied was incineration, i.e. complete
oxidation of the PE packaging. All three routes were investi-
gated in a series of preceding papers (Liptow and Tillman
2012, Liptow et al. (2015), Liptow et al. (2013)). These three
studies included inventory data for biogenic CO2 emissions,
that is, CO2 emissions originating from biomass, and were
used as a database to quantify emissions of fossil and biogenic
CO2 in the life cycles of each case. In addition, data for the
case of the fossil based PE production route were used for
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comparison. The selected assessment methods were then
applied to these inventory data.

2.2 Selection and description of assessment methods

A literature review was done on methods for the assess-
ment of global warming due to land use and biogenic CO2

emissions in LCA. There are different indicators to express
the impact on global warming of biogenic carbon (see, e.g.
Ericsson et al. (2013)); the review however considered
methods using global warming potential (GWP) only be-
cause of its ubiquitous use compared to other indicators
such as global temperature potential (GTP). Furthermore,
methods that are theoretically related but not directly ap-
plicable in an LCA context (e.g. Bernier and Paré (2013),
Holtsmark (2012), Zanchi et al. (2012)) were outside the
scope of this study. Such methods do not provide charac-
terization factors for the impact due to biogenic carbon

flows, for instance, but rather focus on the variation over
time of these flows. This can be considered as a part of the
inventory analysis in an LCA but not as part of an impact
assessment method. Also, this study only considered the
attributional assessment of global warming, and therefore,
methods focusing on effects of indirect land use change
(iLUC) (e.g. Kløverpris and Mueller (2013), Schmidt
et al. (2015)) were outside the scope of this study.

Three carbon cycle methods (see Introduction), the
GWPbio method (Cherubini et al. 2011a), the GWPnetbio
method (Pingoud et al. 2012) and the WF method
(Väisänen et al. 2012), were selected. Of these three
methods, two (GWPbio and GWPnetbio methods) calculate
characterization factors (CFs) for assessing the climate im-
pact of biogenic CO2 flows. Like for any other CF, these
CFs are applied to inventory flows, in this particular case
to the biogenic CO2 flows per tonne of PE produced
(which is the functional unit used in the LCA case study

Fig. 1 Life cycle of biomass-based PE applied as packaging material.
The system includes the cultivation and harvesting of the biomass (wood
or sugar cane), the production of PE and the packaging thereof, and the

waste management (incineration of the packaging). Relevant carbon
flows and pools are depicted
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(see Sect. 2.1)). In contrast, the WF method calculates a
weighting factor (WF) which is applied to the inventoried
amount of biogenic CO2 before applying the CFs common-
ly used for fossil CO2 in the life cycle impact assessment.
The three selected methods are now described in more
detail.

GWPbio method This method (Cherubini et al. 2011a) is
currently one of the most discussed impact assessment
methods (see, e.g. Holtsmark (2012) and Cintas et al.
(2017)). Similar to the already used GWP characterization
factors (IPCC 2013), the GWPbio CF represents the cumu-
lative radiative forcing of a greenhouse gas relative to the
forcing of a pulse of CO2 and thus also is a relative mea-
sure of the potential effects of that greenhouse gas on the
climate. However, in contrast to the commonly used GWP
CFs, a CF calculated with the GWPbio method explicitly
considers the timing of biogenic CO2 emissions and uptake
during a rotation period and thus is time-dependent. A
GWPbio CF is derived by assuming that (1) the CO2 that
is taken up due to biomass growth is forward looking. This
means that CO2 uptake is considered to occur during the
re-growth of the biomass after harvest, rather than during
the growth before harvest and (2) the CO2 uptake by re-
growing biomass is considered at a single stand level. This
means that the CO2 emitted from an oxidizing product (in
the case study used (see Sect. 2.1), incineration of PE pro-
duced from wood or sugarcane) is assumed to be taken up
by re-growth occurring on the same stand from which the
biomass was originally harvested. A GWPbio CF is calcu-
lated with the following three steps:

1. The change in atmospheric CO2 concentration over
time, due to the emission and uptake of CO2, is calcu-
lated. This is done by combining the difference of
emission and uptake of CO2 with a function that rep-
resents the decay of CO2 in the atmosphere via the
removal of CO2 by the ocean and terrestrial biosphere
sinks (Cherubini et al. 2011b).

2. The change in this concentration is then used to calcu-
late the absolute global warming potential (AGWPbio)
for the time horizon under assessment. AGWPbio is
defined as the cumulative radiative forcing of the bio-
genic CO2 and measures the absolute potential effect
the biogenic CO2 has on the climate. It is calculated in
two steps: (a) the change in atmospheric concentration
of CO2 is multiplied with the radiative efficiency of
CO2, and (b) this product is then integrated over the
time horizon that is applied in the method (e.g.
100 years).

3. The GWPbio CF is then calculated by dividing the
AGWPbio with the AGWP of a CO2 pulse, and thus be-
comes a relative measure.

GWPnetbio method This method (Pingoud et al. 2012) is sim-
ilar to the GWPbio method and is based on the same core
assumptions regarding CO2 uptake. In addition, it considers
the potential impact from lost uptake, i.e. the uptake if the trees
had been left standing, and had continued to grow and take up
CO2 from the atmosphere. This continued growth may be
interpreted as relaxation to a ‘natural’ state, and the absence
thereof could thus be interpreted as a kind of land occupation
impact, as done by Helin et al. (2014). Furthermore, the meth-
od considers avoided burdens, which are displaced fossil
emissions if the same product had been produced from a fossil
resource.

The GWPnetbio CF is the sum of two factors, namely, (a) the
GWPbio CF, which considers the change in carbon stocks in
the forest stand due to biomass harvest and re-growth, as well
as lost uptake (note that this is not the same GWPbio as defined
by the GWPbio method by Cherubini et al. (2011a)), and (b)
the GWPbiouse CF, which considers the abovementioned
avoided burdens and the CO2 emissions from the biomass-
based product and their timing (in the case study used (see
Sect. 2.1), incineration of PE produced from wood or sugar-
cane). Both factors are determined via the same procedure
already described for Cherubini’s GWPbio CF. As pointed
out by Helin et al. (2013), the modelling of avoided burdens
is usually done in the inventory phase of LCA, but in this
method, it is included in the impact assessment.

WF method The underlying core assumptions of the WF
(weighting factor) method (Väisänen et al. 2012) with re-
spect to CO2 uptake are similar to those of the GWPbio
method, but it models the uptake with a simple linear
function. Furthermore, Väisänen et al. (2012) do not ex-
plicitly take into account the timing of emissions but in-
stead assume that all CO2 emissions occur as a pulse at the
time of harvest. This is considered as a carbon debt, which
is paid back by the re-growing biomass. The WF is deter-
mined by calculating the proportion of the total carbon
uptake due to biomass re-growth at every time step, sum-
ming up these proportions over the assessment period con-
sidered, and finally dividing the sum by the assessment
period (e.g. 100 years). Based on the determined WF, the
fraction of carbon released into the atmosphere is calculat-
ed. Finally, the average CO2 emission due to biomass har-
vest is derived by multiplying the amount of C (as CO2)
harvested with the determined WF. While the GWPbio and
GWPnetbio methods determine a characterization factor, the
WF method thus provides an inventory factor that is mul-
tiplied with the inventoried amount of biogenic CO2. The
resulting amounts of CO2, together with the CO2 emis-
sions during other life cycle stages such as transport and
harvesting, are then multiplied by the established CO2

GWP characterization factor (IPCC 2013).
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Two land use methods (see Introduction), the GWPsoil
method (Brandão et al. 2011) and the CRP (Climate
Regulation Potential) method (Müller-Wenk and Brandão
2010), were selected. The CRP method aims at assessing cli-
mate impacts due to land use by considering carbon transfer
between soil and vegetation and the air. The GWPsoil method
only includes the changes in soil organic carbon due to land
use in the calculation of the impact thereof.

The two selected methods are in accordance with the
framework for land use impact assessment within LCA,
described by Milà (Milà et al. 2007). The framework fo-
cuses on impacts due to changes in land quality on the
natural environment (biodiversity, ecological soil quality)
and on natural resources (biotic production, climate regu-
lation, substance cycling and buffer capacity). It divides
land use into land transformation (sometimes referred to
as land use change), i.e. the change of land area according
to its dedicated purpose, and land occupation, i.e. the use
of this land area without any further transformation. In
order to do an assessment according to the framework,
the area (how much land is used), the time (duration of
occupation and relaxation processes) and the land quality
must be determined (Fig. 2). Furthermore, the reference
state needs to be decided on. Milà et al. (2007) suggest that
if the LCA is attributional, the naturally relaxed state is an
adequate reference state (i.e. the state the land will return to
if not being used any longer) (indicated with Qrel in Fig. 2),
while if the LCA is consequential, then changes in land use
with respect to an alternative system are considered and
this alternative system may be used as the reference state.
This means that in the case of an attributional LCA, the
method defines the reference state, whereas in the case of a
consequential LCA, the analyst needs to determine this
state. The recently published UNEP-SETAC guideline on
land use impact assessment on biodiversity and ecosystem
services also uses the key elements of this framework
(Koellner et al. 2013). The two selected land use methods
are now described in more detail.

GWPsoil method This method includes changes in soil or-
ganic carbon due to land use in the assessment of the glob-
al warming potential and clearly differentiates between the
impact from land occupation and transformation. The
method was presented as part of a case study that compared
the cultivation of four energy crops (Brandão et al. 2011).
In this study, all land transformations were allocated to the
100 years of subsequent occupation, while assuming that
the transformation took place more than 100 years ago.
Thus, the land transformation impacts no longer played a
role in the assessment. As a consequence, a description on
how to calculate the impact due to land transformation with
the GWPsoil method is missing. Regarding the impact of
land occupation, the carbon stock change during occupation is

directly calculated from the carbon sequestration rate (whether
positive or negative) in soil (via the carbon uptake by plants)
during 1 year of a particular land occupation and is expressed
in tonnes of C. In order to assess the related climate impact,
this amount of C is converted to tonnes of CO2,eq using
the characterization factor 3.67 t CO2,eq/t C. The latter is
the stoichiometric conversion factor from carbon to CO2,
which is also used for fossil based carbon. This implies
that the method equals biogenic carbon from soil with
carbon of fossil origin.

CRP method Climate regulation potential (CRP) can be de-
fined as the foregone sequestration of carbon due to land
use, i.e. carbon that is not stored, compared to a reference
land use (Milà et al. 2013). The CRP method takes into
account changes in below and above ground carbon stocks
(i.e. organic carbon in soil and in vegetation) due to both
land occupation and transformation (Müller-Wenk and
Brandão 2010). These changes are determined with respect
to a reference state, which might either be the historical
natural (Qhis in Fig. 2) or a future relaxed state (Qrel in
Fig. 2). The method provides no guidance in this respect.
The method calculates characterization factors (CFs) for
land occupation and transformation, expressed as
t CO2,eq/ha year and t CO2,eq/ha, respectively. These CFs
are calculated by multiplying the emissions of biogenic
carbon per surface area due to changes in the carbon stocks
with a so-called duration factor. The main difference be-
tween determining the CFs for occupation and transforma-
tion is how this duration factor is calculated. It is defined as
the ratio of the average stay of biogenic carbon in air and
the average stay of fossil carbon in air, which is assumed to
be 157 years (calculated with an arbitrary time horizon of
500 years). In the case of land transformation, the average
stay of biogenic carbon in air is determined as 50% of the
relaxation time (i.e. the time it takes for the land to arrive at
the reference state), because Bthe mean carbon stay in air is
approximately the average between zero years and the number
of years required for complete relaxation^ (Müller-Wenk and
Brandão 2010).

In the case of land occupation, the average stay of car-
bon in air reflects the delay of relaxation (due to the occu-
pation of the land) by 1 year and is thus set to be 1 year.
The resulting duration factor thus is 1/157 for all types of
occupation. Next, the CFs are multiplied with the invento-
ry flows of land occupation, expressed in ha year, and
transformation, expressed in ha. Finally, The CRP due to
land use is calculated as the sum of the CRPs due to land
occupation and land transformation. It should be noted that
the CRP method does not explicitly address the issue of
amortizing land transformation impacts to a period of land
occupation but that amortization is needed when applying
the method.
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2.3 Analysis of selected assessment methods

The methods were analysed based on a framework developed
by Helin et al. (2013) which can be summarized with the
following five questions:

1. Does the method use a reference situation?
2. Does the method account for potential timing differences

between emission release and uptake?
3. Does the method consider all carbon pools (above and

below ground) related to the biomass system?
4. Does the method account for temporary carbon storage in

biomass-based products?
5. Does the method consider product substitution effects,

that is, does the method consider avoided environmen-
tal burdens due to the replacement of fossil based
products?

Helin et al. (2013) stated an additional sixth question,
which investigates the type of indicator used to express the
climate impact of GHG emissions. However, this question
was outside the scope of this study (see also Sect. 2.2).
Table 1 gives a comparison of the carbon cycle and land
use methods that are discussed above, using these five
questions.

In addition to addressing these five method-oriented
questions in the analysis, practical aspects of applying the
methods were also tested. These aspects included data avail-
ability, acceptance of the method and ease of application.

2.4 Life cycle inventory

Table 2 presents the key inventory data used for testing the
impact assessment methods, based on data from Liptow and
Tillman (2012), Liptow et al. (2013) and Liptow et al. (2015).
These inventory flows are also depicted in Fig. 1 (and their
naming is given in Table 2). The life cycle inventory data were
derived using several major modelling choices and assump-
tions. First of all, an attributional LCA approach was used.
Next, all biogenic carbon emissions released during biomass
harvest and production, and all carbon emissions related to
land use, were accounted for and were assessed as CO2. In
the case of sugarcane, which is cultivated in Brazil, pre-
harvest burning was included, and in the case of wood, which
originates from managed boreal forest in Sweden, the inven-
tory for its acquisition was modified to stem wood using data
from Berg and Lindholm (2005). For comparison, the CO2

emissions from a conventional fossil production route are also
shown in Table 2. Furthermore, emissions from incineration
of the PE (the method of disposal) were included and, for
reasons of simplification, completely allocated to the PE.

As required by the tested methods, additional data were
collected, e.g. on carbon stocks in soil and vegetation. These
data are summarized in Table 3.

2.5 Data and modelling choices and assumptions

Impact assessment of sugarcane PE For the impact assessment
of the sugarcane route, several additional assumptions and

t0 tend trelaxed tassess

Time

0

QLU1tend

QLU1t0

Qhis

Qrel

La
nd

 q
ua

lit
y

Occupation time Relaxation
time

Occupation
process

Transformation
process Relaxation

Fig. 2 Evolution of land quality
(y-axis) due to land use
interventions for a given area over
time (x-axis) (adapted from Milà
et al. (2007) and Koellner et al.
(2013)). The land quality changes
are shown as linear for
simplicity’s sake. It should be
noted that Koellner et al. (2013)
use Qref,1 and Qref,2 (see Fig. 2, p.
1191) as labels on the y-axis to
indicate the historical land quality
Qhis and the quality of the relaxed
state, Qrel, respectively.
Furthermore, Koellner et al.
(2013) assume that land quality is
constant during land occupation
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data were used, with regard to the system under analysis
(see Fig. 1) and the assessment methods, respectively, and
are described here.

It usually takes 12 to 18 months before a sugarcane plant
can be harvested for the first time after planting (de Carvalho
et al. 2004). Subsequently, the sugarcane plant is cut
(harvested) every year for the next 4 years before a new one
is planted (de Carvalho et al. 2004). However, for reasons of
simplification, we here assumed a harvest every year, and we
assumed that the carbon bound in standing sugarcane biomass
before harvest is 20 t C/ha (estimate based on de Carvalho
et al. (2004); similar numbers are also presented by de
Figueiredo et al. (2010)) (indicated as Cfeedstock in Fig. 1).
The harvest is followed by the re-growth of sugarcane, which
starts immediately after the harvest and which captures an
amount of carbon equal to the amount of carbon harvested
plus the amount of carbon burned during pre-harvest opera-
tions (CO2,regrowth in Fig. 1). For reasons of simplification,
harvest and incineration of PE (oxidation of the biomass-
based product, leading to biogenic CO2 emissions (indicated
as CO2,burn,bio in Fig. 1)) were assumed occur at the same time
since PE packaging has a very short life span.

In the GWPbio and GWPnetbio methods, the carbon content
in the standing biomass is considered. The re-growth of the
biomass was modelled using a probability density function in
these methods, following Cherubini et al. (2011b). In calcu-
lating the GWPnetbio CF, also the replaced alternative produc-
tion of the PE from a fossil feedstock is considered. For this,

data for fossil CO2 emissions were used as presented in
Table 2 (the related carbon flow is not depicted in Fig. 1).
All three carbon cycle methods investigated include the re-
growth of the biomass after harvest (indicated as CO2,regrowth

in Fig. 1). It was assumed that the full relaxation takes 50 years
in total. However, only the re-evolution (relaxation) from sug-
arcane cultivation to Cerrado in its first year was considered.
Obeying these two assumptions and using a linear function to
model the relaxation, the lost uptake during the first year of
occupation is negligibly small (the lost uptake flow is not
indicated in Fig. 1). For the WF method, a complete uptake
occurs within 1 year after harvest and represents the re-growth
of sugar cane during one rotation period.

In the GWPsoil method, only belowground carbon flows
(soil organic carbon, indicated as Csoil in Fig. 1) are consid-
ered, whereas in the CRP method, also aboveground carbon
flows (standing biomass, indicated as Cfeedstock in Fig. 1) are
considered (see Sect. 2.2). Both methods used land transfor-
mation as an inventory parameter (see Table 2). This flow was
calculated based on the approach given by Milà et al. (2013).
Data about land use in Brazil from 1992 until 2011 were taken
from the FAO statistics website (Food and Agricultural
Organization of the United Nations 2014) to assess whether
land transformation should be considered, and to calculate the
land transformation flow for sugarcane. These flows
(expressed in ha/t PE) are different for the two methods be-
cause they do not consider the same carbon flows (see
Table 2). Both methods also used land occupation as an

Table 1 Comparison of the carbon cycle and land use methods

Carbon cycle methods Land use methods

GWPbio GWPnetbio WF GWPsoil CRP

Does the method use a
reference situation?

Yes, but reference
situation not
explicitly stated

Yes, uses several
reference situations
that are not all
explicitly stated

Yes, but reference
situation not
explicitly stated

Yes, explicitly
stated

Yes, explicitly stated

Does the method account for
potential timing differences
between emission release
and uptake?

Yes, the timing of
carbon release and
uptake is at the core
of the method.

Yes, the timing of
carbon release and
uptake is at the core
of the method.

Yes, but it is assumed
that all carbon is
emitted at the time
of harvest.

No, but time is used
to distribute land
transformation
impacts.

No, but time is
used to distribute
landtransformation
impacts.

Does the method consider all
carbon pools (above and
below ground) related to
the biomass system?

No clear description,
seems to depend on
available data

No clear description,
seems to depend
on available data

No clear description,
seems to depend
on available data

Below ground only
(soil organic
carbon)

Above and below
ground (vegetation
and soil organic
carbon)

Does the method account for
temporary carbon storage in
biomass-based products?

Yes, the timing of
product oxidation
is considered.

Yes, the timing of
product oxidation
is considered.

No, it is assumed
that all carbon is
emitted at the time
of harvest.

No, only the impact
on land quality
due to land use
is included.

No, only the impact
on land quality due
to land use is
included.

Does the method consider
product substitution effects?

No, only carbon
uptake and release
due to biomass use
is considered.

Yes, the method
considers displaced
emissions

No, only carbon
uptake and release
due to biomass use
is considered.

No, only changes in
land quality due
to land use are
considered.

No, only changes in
land quality due to
land use are
considered.

For further details of this method comparison and for the comparison of the practical aspects, the reader is referred to the Sect. 4 of the paper

Int J Life Cycle Assess



inventory parameter (see Table 2). In the case of the CRP
method, this flow was calculated based on the above- and
belowground carbon flows per surface area due to harvesting
and the amount of carbon needed to produce 1 t of PE (the
functional unit in this study, see Fig. 1). For the calculation of
the GWPsoil, the carbon flow during land occupation was
based on the carbon sequestration rate during sugarcane cul-
tivation. This rate was assumed to be 0.29 t C/ha year
(Anderson-Teixeira et al. 2009). The occupation and transfor-
mation flows were then multiplied with their respective char-
acterization factors (see Sect. 2.2). Finally, we calculated the
total impact due to the carbon flows as the sum of the impact
during land occupation and the impact of land transformation
amortized over 20 years.

Impact assessment of wood PE For the wood based routes,
several additional assumptions and data were used as well
during the modelling and calculations with regard to forest

growth and the assessment methods, respectively, and are
described here.

The forest is modelled as an even-aged boreal forest
stand that is clear-cut harvested, followed by immediate
re-vegetation with the same species. The rotation period
of the stand is 100 years, during which the forest captures an
amount of carbon equal to the amount of carbon harvested
(see Fig. 1). For reasons of simplicity, harvest and incineration
of PE (oxidation of the biomass-based product, leading to
biogenic CO2 emissions (indicated as CO2,burn,bio in Fig. 1))
occur at the same time because PE packaging has a very short
life time. For the assessment of the wood PE with the GWPbio
and GWPnetbio methods, a forestry growth model based on the
Schnute growth function and its derivative was used. This
equation represents an S-curve describing forest growth (see
Cherubini et al. (2011a) for more details).

Cherubini et al.’s (2011a) forestry model was also used
to derive data for the lost uptake to calculate the GWPnetbio

Table 2 Life cycle inventory data for the biomass-based and fossil PE

Unit Sugarcane,
fermentation

Wood,
fermentation

Wood,
gasification

Fossil
based

Name in
Fig. 1

Feedstock use [t dry matter/t PE] 12.4a 3.8 5.0 n/a n/a

CO2 uptake during growth [t CO2/t PE] 18.2a 7.0 9.2 n/a CO2,regrowth

Biogenic CO2 emissions from production [t CO2/t PE] 15.1 3.9 6.1 n/a CO2,prod,bio

Biogenic CO2 emissions from final oxidation [t CO2/t PE] 3.1 3.1 3.1 n/a CO2,burn,bio

Fossil CO2 emissions over life cycle [t CO2/ t PE] 1.1 1.4 b 0.4 b 4.4 CO2,fossil

Land occupation flow, CRP [ha.year/t PE] 0.085 1.7 c 2.3 c n/a OccCRP
Land transformation flow, CRP [ha/t PE] 1.3 × 10−4 0 d 0 d n/a Trans

Carbon flow during land occupation, GWPsoil [t C/t PE] 0.049 0 e 0 e n/a n/a

Land transformation flow, GWPsoil [ha/t PE] 2.6 × 10−4 0 d 0 d n/a Trans

a Includes carbon from pre-harvest burning; assumption: 100% of the trash is burned during pre-harvest operations. Carbon content in wet sugarcane is
estimated to be 20% (based on data in de Carvalho Macedo et al. (2004))
b Data for timber production according to Berg and Lindholm (2005); use of stem wood assumed
c The land occupation flows for the wood cases are calculated based on the average above ground forest growth rate in Sweden (1.1 t C/ha year; see
Table 3) and the amount of carbon needed to produce 1 t of PE
d It is assumed that in the case of forest land, transformation took place a long time ago
e There is no change in soil organic carbon content during forest growth (see also BImpact assessment of wood PE^ under Sect. 2.5)

Table 3 Additional data needed
for the testing of the methods Wood Sugarcane Name in Fig. 1

C100 in vegetation [t C/ha] 40a 20c n/a

C200 in vegetation [t C/ha] 50a 29b n/a

C in soil [t C/ha] 344b 117b Csoil,before harvest (wood)

Csoil, before transformation (sugar cane)

Annual carbon backflow [t C/ha.year] 1.1d 0.6b CO2,regrowth

a Cherubini et al. (2011a)
bMüller-Wenk and Brandão (2010)
c de Carvalho et al. (2004)
d Swedish Forest Agency (2014), based on the average forest growth rate in Sweden over 2009 to 2013
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CF. For this purpose, the model was applied for a stand age
of 100 to 200 years. This describes the further growth of a
mature forest that is not cut down and thus represents the
lost uptake (this process and the associated carbon flow is
not depicted in Fig. 1). For the GWPnetbio CF calculation,
data on fossil CO2 release were used, as presented in
Table 2, in order to calculate the avoided burdens of
displaced fossil PE production (this flow is not shown in
Fig. 1) (see Sect. 2.2). For the assessment with the WF
method, growth was modelled by assuming a linear uptake
of carbon by the re-growing biomass over 100 years which
is a simplification when compared to the models used in
the GWPbio and GWPnetbio methods for this uptake.

For the CRP and the GWPsoil methods, it was assumed
that land transformation from natural to managed forest
took place long ago and that its impact is no longer of
relevance (and therefore transformation of the natural to
the managed forest is not depicted in Fig. 1). The land
occupation flows were calculated based on the above-
ground forest growth rate (1.1 t C/ha year, see Table 3
and indicated as Cregrowth in Fig. 1) and the amount of
carbon needed to produce 1 t of PE. Furthermore, it was
assumed that there is no change in the soil organic carbon
content when transforming the natural forest into a man-
aged forest and that there is no further change in this
carbon stock if the forest is managed sustainably (Chen
et al. 2010, De Simon et al. 2012).

3 Results

The results from testing the different land use and carbon
cycle methods with the case studies of biomass-based PE are
presented in Fig. 3, compared to the results for a fossil based
PE route, and discussed in this section. The discussion starts
with the carbon cycle methods (GWPbio, GWPnetbio and WF

methods), followed by the land use methods (CRP and
GWPsoil methods).

Following the GWPbio and GWPnetbio methods, the global
warming impact due to biogenic CO2 emissions is calculated
by applying the GWPbio CF or the GWPnetbio CF to the
CO2,regrowth, CO2,prod,bio and CO2,burn,bio flows (see Table 2).
Following the WF method, the same biogenic CO2 flows are
multiplied with the calculated WF and then characterized
using the established CO2 GWP characterization factor
(IPCC 2013) (see Sect. 2.2).

Following the CRP method, the calculated CF for land
occupation is applied to the OccCRP flow (see Table 2); the
calculated CF for land transformation is applied to the
TransCRP flow (see Table 2) and amortized over 20 years
of occupation, and both are added up to calculate the global
warming impact according to this method. Following the
GWPsoil method, the carbon flow during occupation (see
Table 2) is multiplied with its CF (see Sect. 2.2); the land
transformation flow, Trans (see Table 2), is multiplied with
its CF and amortized over 20 years; and again both are
added up.

3.1 Results for the carbon cycle methods

Considering only fossil CO2 and GHGs other than CO2

released along the life cycle (see Fig. 3, GWPother (these
values are based on the results reported in Liptow and
Tillman (2012), Liptow et al. (2013) and Liptow et al.
(2015)), the wood gasification route is the preferable op-
tion among the biomass and fossil routes (see Fig. 3,
GWPother and GWPfossil PE). However, this changes dra-
matically when including the results from the GWPbio
and the WF methods. Both methods assess the impact of
the route’s biogenic CO2 emissions to be close to the over-
all impact of the fossil alternative. When adding the
methods’ results for the impact of biogenic CO2 to the
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Fig. 3 Potential impact on global
warming from biogenic carbon
emissions from biomass-based
PE routes in the case study. This
was done according to the tested
methods. The total GWP per test-
ed method is equal to the sum of
the outcome of the tested method
and GWP due to fossil CO2 and
other GHG emissions along the
life cycles (GWPother). These total
GWPs are compared to GWP for
a fossil PE route. All values are
given in t CO2,eq/t PE produced
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route’s GWP from fossil CO2 and other GHGs (GWPother),
its impact becomes even bigger than that of the fossil al-
ternative (4.5 and 5 t CO2,eq/t PE for the GWPbio and WF
methods, respectively, vs. 4.4 t CO2,eq/t PE for the fossil
alternative). A similar effect was found for the wood fer-
mentation route (4.6 and 5 t CO2,eq/t PE for the GWPbio
and WF methods, respectively). Only for the sugarcane
route, the GWP does not increase using the GWPbio or
the WF methods and sugarcane becomes the preferable
option in comparison to both the wood based and the fossil
alternatives. The reason for the considerable impact of bio-
genic CO2 emissions within the wood routes when apply-
ing the GWPbio and the WF methods is the way the
methods handle the release and uptake of CO2 by biomass.
They start with a full grown stand that is harvested and
converted to products, which are eventually disposed of,
causing emissions along the way. The re-growing plants
eventually take up an equal amount of CO2. However,
since this takes time, the atmospheric concentration of
CO2 stays elevated and contributes to global warming. In
the case of boreal wood, this re-growth takes around
100 years, causing an impact of 3–4 t CO2,eq/t PE using
the GWPbio and the WF methods. In contrast, the sugarcane
grows very fast, leading to an almost instantaneous uptake of
emissions and hence an impact close to 0 t CO2,eq/t PE.

Although the GWPnetbio method uses the same principle
of temporal differences between CO2 release and uptake, it
leads to a smaller total GWP for the wood routes
(2.9 t CO2,eq/t PE for the wood fermentation route and
2.1 t CO2,eq/t PE for the wood fermentation route). This
is due to the consideration of avoided fossil emissions,
which disguises the impact from the temporal differences
in release and uptake of CO2. As a consequence, despite
their increase in GWP, the wood fermentation and gasifi-
cation routes are still preferable in comparison to the fossil
route. However, sugarcane is again the preferable option
when applying the GWPnetbio method, and even leads to a
negative total GWP (− 1.6 t CO2,eq/t PE), again due to
consideration of avoided fossil emissions.

To summarize, all three methods find the sugarcane route
to be the better alternative for bio-based PE production.
Furthermore, the results for the GWPbio and WF methods
are similar to one another and make the wood-based cases
similar to or worse than the fossil alternative. This similarity
is due to PE packaging being a short-lived product. However,
for long-lived products, results will differ between the two
methods—see the discussion on temporary carbon storage
(see Sect. 4.5) for more details. Finally, the GWPnetbio method
results in the same ranking for the biomass-based routes, but
they have a significantly lower impact on global warming than
the fossil route. This is due to the consideration of avoided
fossil emissions in the GWPnetbio method. Moreover, the
method also considers lost uptake, which together with

avoided emissions cannot only lead to opaque results (if
not well documented) but is also challenging to deter-
mine. This was particularly the case for the sugarcane
based PE route. In our study, we estimated lost uptake
for sugarcane to be close to zero. However, this estimate
is not self-evident and could have been done differently,
considering that the method was developed for forestry
and provides no guidance on how to determine lost uptake
for short rotation crops.

3.2 Results for the land use methods

According to the CRP method, all of the bio-based routes
perform better than the fossil route (see Fig. 3). However,
the sugarcane route performs significantly better than the
twowood routes (1.6 and 2.1 t CO2,eq/t PE for the wood routes
vs. 0.12 t CO2,eq/t PE for the sugarcane route). This is in line
with the results of the GWPnetbio carbon cycle method, which
shows a similar impact for the wood based routes and a sig-
nificantly smaller impact (even negative, in this case) for the
sugarcane based route. The difference between the wood gas-
ification and fermentation routes is explained by the fact that
more wood is needed for the production of 1 t of PE via
gasification than via fermentation. For the wood routes, the
impact is fully due to occupational land use, since it was
assumed that the transformation took place a long time ago
and is already amortized. Furthermore, since there is no
change in soil organic carbon during occupation (Chen et al.
2010; De Simon et al. 2012), all impact is related to changes in
above ground carbon stocks. The higher impact values, when
compared to the sugarcane route, can be explained by the
slower growth rate of a boreal forest, which determines the
requirement for land area (i.e. the land occupation inventory
flow). The assumed carbon uptake rate in Swedish forest
(1.1 t C/ha year) results in a land occupation flow of
0.9 ha year/t C. It should be noted however that regional
differences occur: the actual carbon uptake rate (or forest
growth rate) varies significantly between southern and north-
ern Sweden (from 1.5 t C/ha.year in the south to 0.7 t
C/ha.year in the north) leading to large differences in the
resulting land occupation flow (Swedish Forest Agency
2014) and thus in the CRP results. The results shown in
Fig. 3 reflect an average value. The CRP method points out
that the sugarcane route is preferable over both wood
routes with regard to land use. This is in spite of the carbon
losses from vegetation and soil (58 t C/ha) during transfor-
mation (from Brazilian Cerrado, amortized over 20 year)
and due to the fact that sugarcane has a much faster growth
rate, resulting in a lower land occupation flow.

The results of the assessment with the GWPsoil method
show that there is no impact for the wood-based routes and
they are preferable over the fossil PE route (Fig. 3). This is due
to the assumptions that land transformation took place a long
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time ago and that there is no change in the soil organic carbon
content in a well-managed forest due to harvest. The sugar-
cane route was even found to result in carbon sequestration
during land use at − 0.11 t CO2,eq/t PE (transformation amor-
tized over 20 years and occupation, taken together) (see Fig.
3), although the transformation from natural vegetation
(Brazilian Cerrado) to sugarcane cultivation leads to a signif-
icant decrease in soil organic carbon content. However, due to
carbon sequestration into the soil during the occupation
(Anderson-Teixeira et al. 2009), this loss is compensated.
Nevertheless, it would take close to 100 years to fully recover
the soil organic carbon content due to this uptake. As a con-
sequence, the choice of the amortization time of the land trans-
formation impact may affect the impact result significantly.
For example, if the land transformation impact was fully allo-
cated to the first year of occupation, then the impact would be
+ 1.24 t CO2,eq/t PE.

4 Discussion

This section discusses the methodological challenges encoun-
tered during the application of the land use and carbon cycle
methods, building on the framework developed by Helin et al.
(2013) (see Sect. 2.3). In addition, we also discuss the more
practical applicability of the different methods tested.

4.1 Reference states and reference points

One of the methodological issues that has been brought
forward for the assessment of land use and of time lags
(as part of the carbon cycle methods) in LCA is the need
to define a reference state. Reference states are used in all
methods tested, however, more or less explicitly. In the
methods underpinning the UNEP-SETAC guideline, here
referred to as land use methods, the need for a reference
state is made explicit and the guideline recommends the
use of a biome-dependent (quasi-)natural state (Koellner
et al. 2013) (p.1199). However, it is unclear whether this
refers to Qhis (the historical land quality) or Qrel (the land
quality of the relaxed state) according to the terminology in
Fig. 2. In comparison, Milà et al. (2007) recommend the
relaxed state (Qrel) as a reference state.

The determination of a reference state for land use was
particularly challenging for the wood routes, since the car-
bon stock in the mature managed forest was found to be
similar to the one for a mature natural forest. We found
data stating that a mature, 100-year-old managed boreal
forest has a carbon content of 40 t/ha, while a 200-year-
old boreal forest has a carbon content of 50 t/ha (see
Table 3). However, there is a variability in such data (not
investigated in this paper). Since data for mature managed
forests presumably are easier to find, it might be argued

that the carbon stock in the mature managed forest could be
used as a good enough approximation for the mature natural
forest.

The carbon cycle methods also use reference states, even
several of them. For instance, the GWPnetbio method uses two
explicit references. One is the avoided alternative production
of the product (see the description of the GWPnetbio method in
Sect. 2.2), in which case, the practitioner is left with the deci-
sion on which avoided alternative to model, e.g. whether it is a
crude oil-based or a coal-based alternative. The other one is
the reference needed to calculate the lost uptake, which would
have occurred had the feedstock been left standing. The def-
inition of the latter was particularly challenging for the sugar-
cane case. When interpreting the GWPnetbio for sugarcane, we
chose to include lost uptake for 1 year of occupation assuming
that the occupation prevents the first year of re-evolution to
Cerrado. Expressed in the terminology of the land use
methods, occupation postpones the relaxation back to
Cerrado. However, this interpretation of the GWPnetbio is not
self-evident and could have been done differently. For exam-
ple, the lost uptake due to missed re-evolution could have
been assessed at a later point during the relaxation process.
However, the method description provides no guidance on
how to determine lost uptake for short rotation crops, and
maybe the method was never even intended to be used for
short rotation crops.

In addition to the reference states, there is also a less
explicit point of reference in all of the carbon cycle
methods. All three methods start their assessment with
the harvesting of a mature stand and model the re-growth
to this state. For forestry, we argue that this means that the
fully grown forest stand is used as point of reference.
However, as for example pointed out by Levasseur et al.
(2013), this is not a self-evident choice for the point of
reference, but rather depends on the goal and scope of the
assessment. In their study, Levasseur et al. (2013) propose
to use a ‘just beginning to grow’ forest as the reference
point for the assessment of afforestation and related pro-
duction. The methods we have investigated choose the ma-
ture forest as a point of reference, without making the
choice explicit. This is in contrast to the land use methods,
which are explicit about the need for and use of reference
states. The value-based choice of a reference point for the
carbon cycle methods (e.g. the choice between the fully
mature forest or the just beginning to grow forest) can
therefore be debated.

Since the definition of a reference state or point of reference
is necessary for the land use and carbon cycle methods to
obtain assessment results, the most applicable approach for a
practitioner, for now, is the explicit statement of his/her
choice. This promotes transparency and enables discussions
about results with stakeholders, a process which eventually
might lead to the development of conventions.
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4.2 Spatial system boundaries—stand versus
landscape approach

Related to the choice of the point of reference for the carbon
cycle methods is the debate whether to use a stand or a land-
scape approach. All three tested methods use a stand ap-
proach, i.e. what is being considered is re-growth on the same
plot as where biomass was harvested (see also the description
of the GWPbio method in Sect. 2.2). An alternative approach
for managed forests would be to use a landscape approach,
which could be done in two ways:

(1) The managed and steady-state forest landscape is com-
pared with a state of independent evolution (Helin et al.
2013; Ros et al. 2013), or

(2) The ongoing CO2 uptake of not yet harvested plots is
allocated to the preceding harvest on that same plot rath-
er than used to offset the carbon emissions of a newly
harvested neighbouring plot (Cherubini et al. 2013).
Cherubini et al. (2013) demonstrate that this approach
leads to identical results at the forest stand and landscape
levels. This approach implies use of the mature forest as
a reference, also at a landscape level.

Recently, Cintas et al. (2017) demonstrated that the results
of assessment at the landscape level depend on how the
spatial system boundaries are defined, that is, whether
these boundaries are constant or are expanding during an
accounting period. Cintas et al. (2017) argue that using
constant spatial boundaries is preferred because in that
case all carbon flows in a landscape are accounted for
and thus is a true landscape approach. This is contrary to
Cherubini et al. (2013) (see (2) above) who assume that the
spatial system boundaries expand during the accounting
period (by offsetting the carbon emissions of a newly harvest-
ed plot) and thus account for all carbon flows in the landscape
only at the end of an accounting period when all stands that
comprise the landscape are included in the assessment.

4.3 Approaches towards time in land use and carbon
cycle methods

Another methodological difference found between the carbon
cycle and land use methods is the way time is considered. The
carbon cycle methods are time-dependent. Particularly for the
calculation of the GWPbio and the GWPnetbio characterization
factors, the consideration of the actual timing of carbon release
and uptake is at the core of the method. TheWFmethod is less
time-dependent, since it considers the carbon release as
occurring at the time of harvest, instead of during the rest
of the life cycle.

In comparison, the land use methods have a static
approach, using time as a means to distribute emissions

due to transformation over several consecutive harvests
through amortization, without any actual consideration of
timing. For example, the GWPsoil as described by
Brandão et al. (2011) amortizes emissions from land
transformation over 100 years of production, a choice
which appears as value laden as any other amortization
period currently presented in the literature (see e.g.
Cederberg et al. (2011)). It should be noted that the
GWPsoil method differs from the UNEP-SETAC guide-
line (Koellner et al. 2013) in that it accounts for the
carbon flows during the time of occupation, instead of
accounting for delayed relaxation. Moreover, the CRP
method uses a time horizon of 500 years to determine
the climate impact of CO2 emissions (i.e. the GWP500),
which seems rather arbitrary, in particular when consid-
ering the argument provided for this choice, namely that
shorter time horizons would make land use look worse.
The CRP method also does not explicitly treat the issue
of how to amortize or allocate the impact of land trans-
formation to several consecutive years of occupation,
which is needed to operationalize the method. Milà
et al. (2013), who used the CRP method in a case study,
applied an amortization period of 20 years, which is also
recommended by the UNEP-SETAC guideline (Koellner
et al. 2013).

4.4 Carbon pools considered

The issue of which carbon pools to consider in the assess-
ment is another methodological challenge, at least for the
carbon cycle methods. There is no clear description on
which carbon pools to consider for these methods, and
which ones are considered seems to be an issue of data
availability. For example, Cherubini et al. (2012) consider
both the below and above ground carbon, including the
carbon in growing, as well as decaying biomass (e.g. forest
residues left on site). However, this type of data might not
be available for every case.

The land use methods tested give more clear directions.
The CRP method takes above as well as below ground carbon
pools into consideration. The GWPsoil method only considers
soil carbon, however without any claim that this would fully
account for the carbon balances of cultivation. Rather,
Brandão et al. (2011) use the results of this method as a com-
plement to a standard life cycle carbon balance in order to
obtain a more complete picture of the carbon flows occurring
in the system under study. It should be noted that the compu-
tational framework described in the UNEP-SETAC guideline
assumes that land quality, which can bemeasured with the soil
organic carbon content, stays constant during the time of oc-
cupation. However, the guideline acknowledges that land
quality is not always constant during occupation (Koellner
et al. 2013, p.1198, and indicated in Fig. 2 in this paper).
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4.5 Temporary carbon storage in products

An issue particular for the carbon cycle methods is the con-
sideration of temporary carbon storage in products, which is
handled differently among the methods. For example, the WF
method does not account for storage in products but models an
immediate oxidation of the product (in our case study, the
incineration of PE), co-occurring with the harvest. This im-
plies that the life span of the product is ignored (or is set to 0).
This makes theWFmethod less suitable for the assessment of,
e.g. forest products used in construction which typically have
a life span of many years. In contrast, the GWPnetbio and the
GWPbio methods consider when in time the product oxidises
and cut-off emissions occur past the time horizon under as-
sessment. The latter resembles the approach of the Lashof
method, which is one of the methods used to assess temporary
carbon storage in LCA (Levasseur et al. 2012). Including the
timing of product oxidation arguably increases the adequacy
of the assessment because a more realistic description of the
life cycle of the product is used. When cutting off emissions at
the time horizon of the assessment, this delay in the emission,
or temporary storage, of carbon in a product leads to a lower
impact during the accounting period.

4.6 Application challenges

A practical challenge encountered for all methods was data
availability. Especially, for the application of the GWPnetbio
method to the sugarcane PE route, data that would represent
the re-evolution of a sugarcane field back to natural vegetation
in a continuous manner could not be found, and a simplified
estimate needed to be made. This is potentially not only an
issue for sugarcane, but for short rotation crops in general.
Therefore, although outside the scope of this study, further
and more extended searches are recommended to explore po-
tential data sources. Another challenge connected to data is
their quality and consistency. For example, considering
above- as well as belowground carbon could have a consider-
able influence on assessment results (Cherubini et al. 2012).
Therefore, consistent and qualitatively comparable data are a
necessary prerequisite to ensure the comparability of studies.

Considerable computational effort and related time needs
were an issue for implementing the GWPbio and the GWPnetbio
methods. On the one hand, this might not be justifiable for
everyday use where time is limited and pre-calculated charac-
terization factors are an essential part of the LCA analyst’s
toolbox. On the other hand, as pointed out by Helin et al.
(2013), the use of already provided factors might not be suit-
able for every purpose, as conditions might be very different.
For this reason, over the medium term, the calculation and
provision of characterization factors for a broad spectrum of
conditions might be worthwhile in order to foster the impact
assessment of biogenic CO2.

In addition, the acceptance of the assessment methods is a
challenge related to application as well. We presented LCA
results based on the tested methods to both industrial stake-
holders and researchers developing biomass-based technolo-
gy. They were rather sceptical towards the methods and
questioned the results. Especially the carbon cycle methods
were debated, in particular the single stand approach and use
of the mature forest as a reference point. Both choices are
clearly value laden and methodology developers should be
open to discussion about them with other stakeholders.
Moreover, there is the risk that if assessment methods are
not accepted as legitimate or scientifically sound, they are
not likely to be acted upon. Nevertheless, the need for discus-
sion should be no excuse for not using debated methods, since
they can help identifying new, potential environmental
hotspots, which otherwise might develop to substantial
threats.

5 Conclusions

When testing the different methods on the case studies, it was
found that the choice of method influences the ranking of the
biomass-based routes among each other (see Fig. 3), as well as
in relation to an equivalent fossil based product. This shows
that althoughmethods are available for assessing the impact of
carbon flows from biomass-based products in LCA, their out-
come is variable and hence not yet robust. Some of the vari-
ability depends on variability in data, but most of it is due to
differences in methodology. Furthermore, our study has prov-
en that it is possible to find data to apply the methods; how-
ever, the effort was considerable. Moreover, we found the
workload to apply the methods to be quite variable, with some
methods being fairly work extensive.

We suggest that method developers strive to reconcile the
different approaches suggested, with regard to the following
aspects:

Consideration of time. Time differences between uptake
and release of carbon need to be considered in LCIA
methods for biogenic carbon flows. Currently, such time
differences are considered only in what we here have
called the carbon cycle methods, but not in the methods
here called land use methods. Furthermore, there are still
unresolved issues regarding amortization periods
(although recommendations exist, see Sect. 4.3) and re-
garding what time horizons are used to assess the global
warming potential of biogenic carbon emissions.
Applicability to short and long rotation crops. The LCIA
methods for biogenic carbon flows need to be applicable
equally well to short rotation and long rotation crops,
which is related to their consideration of time. If for no
other reason, this is because LCAs of biomass-based
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products often compare products from different types of
feedstock. Our case study showed that the application of
carbon cycle methods to short rotation crops was open to
interpretation, and hence, the results were not robust,
which is why developers of carbon cycle methods in par-
ticular need to consider the methods’ applicability to
short rotation crops.
Coherent terminology and methodology aligned with
general LCIA frameworks. More work is needed to arrive
at a coherent terminology and set of concepts in the field,
although it is recognized that the work leading up to the
UNEP-SETAC guideline (Koellner et al. 2013) has in-
cluded such efforts. For instance, there is a need to incor-
porate the issue of time lags between uptake and release
of carbon into a more general framework for LCIA of
land use activities. In addition, there are many terms used
in the field that (presumably) have the same meaning, or
roughly the same meaning, such as foregone sequestra-
tion, delayed relaxation and re-evolution. Work on defi-
nitions and translations between concepts would help to
further the development of the field. Moreover, a stricter
adherence to general LCIA frameworks would be valu-
able and make the methods easier to interpret by LCA
analysts. For example, elements normally belonging to
the inventory phase of LCA should preferably not be built
into LCIA methods (as the GWPnetbio method does). It
would also be helpful if the characterization factors that
are calculated using the methods are more clearly defined
and explicitly spelled out as such.
Value laden methodological choices. As any LCIA
method, the tested LCIA methods include value-
laden choices. For LCIA of carbon flows related to
biomass production and use, the choice of reference
state(s) is one such choice of particular importance.
For example, while being very clear about the need
for a reference state, the UNEP-SETAC guideline
(Koellner et al. 2013) is less clear about what state to
use exactly. A similar issue also applies to the
GWPnetbio and the reference state for lost uptake, in
particular for short rotation crops. Other points of ref-
erence used by the carbon cycle methods are less ex-
plicit. This applies in particular to the fact that all the
carbon cycle methods tested here start their assessment
with the harvesting of a mature stand and model the re-
growth to this state. We argue that this means that the
fully grown forest stand is used as point of reference
and that this needs to be clearly stated. We recognize
that LCIA methods cannot be constructed without
making value laden methodological choices, and rec-
ommend method developers to be explicit about them.
We also recommend methods to be tested using differ-
ent modelling choices regarding starting points, e.g. a
fully grown forest vs. a forest that starts to grow.

Stakeholder involvement. Finally, the choice of refer-
ence states and other value laden methodological
choices need to be discussed with stakeholders in the
field, including land owners, policy makers, industrial
stakeholders, NGOs, as well as experts from the fields
the LCIA methods draw on. Otherwise, there is a risk
that stakeholders feel excluded and might simply ig-
nore and hence not act upon assessments. Even though
such discussions might not lead to consensus, they will
pave the way for informed choices of reference states and
other value laden elements of the methods, and possibly
with time and experience, the development of
conventions.
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