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1. Introduction

1.1 Background and the research environment

The rapid growth in both the global human population and the overall material
well-being since the beginning of the industrial era has raised concern on the safe
planetary boundaries on, for example, atmospheric greenhouse gas concentra-
tions, rate of biodiversity loss and availability of resources such as energy carriers
and productive land (MEA 2005; Rockström et al. 2009; IPCC 2013). Surpassing
these ecological boundaries is likely to be in odds with the targets of sustainable
development, that is, ensuring that the needs of today can be met without com-
promising the needs of future generations (WCED 1987). Some international trea-
ties have been established in the international policy arena which state that there
is a common need to mitigate these impacts (UNFCCC 1992; CBD 1993), and
some propose targets for the levels of mitigating these impacts, such as Kyoto
Protocol (UNFCCC 1997) and Copenhagen Accord (UNFCCC 2009) on limiting
the atmospheric greenhouse gas concentrations and United Nations Millennium
Development Goals (UNCSD 2012) to achieve significant reduction in the rate of
biodiversity loss, among other jointly agreed targets.

The use of fossil fuels and minerals over the industrial era, and today, play a
major role in the creation and persistence of the global environmental challenges
of today. Bioeconomy, and the increased use of renewable energy, including bio-
energy, have been considered as some of the possible means of mitigating human
impacts on the environment, especially on climate (EC 2002; Directive
2009/28/EC; EC 2011). At the same time, anthropogenic land use has been identi-
fied to cause pressure to the environment (Foley et al. 2005). For example, past
and ongoing clearing of the natural ecosystems and their continuous occupation
and management for our purposes has had a significant contribution on the in-
crease of greenhouse gas concentrations in the atmosphere (Houghton 2012).
Transformation and occupation of vast land areas has been identified as the key
contributor to high rates of biodiversity loss (MEA 2005; Rockström et al. 2009).
Transformation and occupation of land areas for agriculture and grazing has been
identified to cause degradation of soil in many areas (ISRIC & UNEP 1991; Olde-
man 1992; MEA 2005). Land use interventions, thus, have been shown to have a
significant contribution to the formulation of the global environmental challenges.
Consequently, a discussion has arisen on the potential environmental impacts of
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increasing need for productive land area in a transformation towards bioeconomy
(e.g. Searchinger et al. 2008; Havlík et al. 2011; Weiss et al. 2012; Bringezu et al.
2009; 2012; Pedroli et al. 2013; Immerzeel et al. 2014).

To manage the grand challenges of sustainable development, there is a need
to be able to quantify the efficiency of the potential mitigation measures we plan to
implement in the different levels of the society. Informed decisions need to be
based on measurable, quantifiable criteria to secure that the mitigation targets can
actually be met with the planned mitigation actions. Quantitative tools for environ-
mental management and impact assessment can potentially provide the needed
information. Industrial ecology (cf. Lifset 1997) is the field of research that aims to
systematically examine local, regional and global materials and energy uses and
flows in products, processes, industrial sectors and economies. Ness et al. (2007)
have synthesised quantitative tools for environmental management and impact
assessment under the term ‘tools for sustainability assessment’. They define the
purpose of sustainability assessment as follows:

“to provide decision-makers with an evaluation of global to local inte-
grated nature-society systems in short and long term perspectives in
order to assist them to determine which actions should or should not
be taken in attempt to make society sustainable.” (Ness et al. 2007)

Ness et al. (2007) divide quantitative sustainability assessment tools into three
main sub-categories (i) environmental indicators that allow measuring and tracking
individual or integrated sustainability-related trends in retrospect, (ii) bottom-up
product-related assessments that allow both retrospective and prospective as-
sessment of environmental impacts of specific goods and services to support
decision-making and (iii) top-down integrated assessment tools with aim to sup-
port decision-making related with policy or project in a specific region with a pro-
spective temporal scope.

The tools of environmental management need to be effective in quantifying the
actual environmental implications of different means of mitigation to support in-
formed decisions in all levels of society. Life cycle assessment has been applied
under the research area of industrial ecology in product-level environmental man-
agement (sub-category ii above) for more than 30 years (see Udo de Haes &
Heijungs 2007 for an overview) and has proven to be an effective tool in identify-
ing and comparing the environmental impacts that originate from the use and flow
of fossil and mineral resources in different product systems. LCA is considered as
the most established and well-developed tool in the product-related environmen-
tal1 impact assessment perspective (Ness et al. 2007). A glance to the history of
LCA (Udo de Haes & Heijungs 2007) shows that the methodology has been initial-
ly built around industrial systems to reflect the environmental impacts originating

1 Not to be confused with overall sustainability assessment, which would also consider socie-
tal and economic aspects.
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steps have been made since early 1990’s and the recent work by UNEP-SETAC
Life cycle initiative2 has led to many developments in LCA. A framework on life
cycle impact assessment (LCIA) for land use (Milà i Canals et al. 2007a) describes
how to link land use interventions (land occupation and land transformation) to
selected environmental midpoint indicators and damage categories. Three impact
pathways for land use were defined: impacts on biodiversity, biotic production
potential and ecological soil quality. Milà i Canals et al. (2007a) framework ena-
bled consistent impact characterization of both land occupation (m2a) and land
transformation (m2 from land use class to another) interventions with respect to
dynamic reference land use situation. UNEP-SETAC Life cycle initiative updated
the framework (Koellner et al. 2013a; Koellner & Geyer 2013) and the new frame-
work includes, for example, an approach for bio-geographical differentiation of
land-use impacts.

The UNEP-SETAC work has enabled the development of many midpoint and
endpoint land use indicators for LCIA, for example Schmidt (2008) and de Baan et
al. (2013a, b) on biodiversity, Brandão et al. (2010) and Brandão and Milà i Canals
(2013) on soil quality and biotic production and Müller-Wenk and Brandão (2010)
on climate regulation potential. Additionally, Ewing et al. (2010) and Haberl et al.
(2007) have introduced independent ecological indicators that can be applied in
LCA as midpoint indicators on competition over productive land and net primary
production (NPP). These indicators, among others, have been operationalized in
LCA case studies for example margarine production systems (Milà i Canals et al.
2013), based on the UNEP-SETAC framework on land use in LCA.

One of the most discussed environmental aspects of land use is its contribution
to climate regulation and mitigation. Since the publication of widely cited studies
that questioned the climate neutrality of use of agrobiofuels (Searchinger et al.,
2008, 2009) and of forest bioenergy (Zanchi et al. 2010; Walker et al. 2010), a
discussion has followed on the climate impacts of forest bioenergy both in the
scientific literature (e.g. Lippke et al. 2011; Cherubini et al. 2011; Holtsmark 2012;
Haberl et al. 2012a; Haberl et al. 2012b; Schulze et al. 2012a; Bright et al. 2012b;
Lamers & Junginger 2013) and in the public media (BirdLife 2010; Miner 2010;
Sedjo 2011; Mainville 2011; Cowie et al. 2013) with no evident consensus estab-
lished on the related assessment methods nor the conclusions.

1.2 Objectives and scope

This dissertation focuses on the potential impact assessment methods, conceptual
models and environmental indicators that have been proposed to be implemented
into the LCA framework for the inclusion of land use related environmental impacts

2 In 2002, the United Nations Environment Programme (UNEP) and the Society for Environ-
mental Toxicology and Chemistry (SETAC) launched an International Life Cycle Partnership,
known as the Life Cycle Initiative, to enable users around the world to put life cycle thinking
into effective practice. For more information: http://lcinitiative.unep.fr/

http://lcinitiative.unep.fr/
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in the assessment of environmental impacts of product systems. Only a limited
number of LCA case studies are available that have implemented and tested the
land use impact assessment framework in LCA, thus there remained a need to
critically test and analyse the methodology and give suggestions for future im-
provement needs from practitioners’ perspective. The majority of LCA studies that
include land use impact assessment have focused only on agricultural biomass
product systems while there remains limited information on the applicability of the
framework to forest biomass value chains, especially from resource, ecosystem
service, climate, and biodiversity perspectives. Additionally, there existed only
limited efforts to reflect and discuss the methodological considerations of land use
in LCIA framework (Milà i Canals et al. 2007a; Koellner et al. 2013) in climate
impact assessment of use of stemwood from managed forests. The application of
land use in LCIA framework could potentially resolve some of the underlying
methodological reasons that have led to the lack of consensus on climate impacts
of bioenergy in scientific literature. Following these gaps in the existing research,
the main research questions of this dissertation are:

 What is the applicability of existing land use impact indicators and impact
assessment frameworks from LCA practitioners’ perspective? Can they
highlight meaningful differences in the environmental impacts of biomass
value chains? More specifically, are the indicators and frameworks readi-
ly applicable for forest biomass value chains? (Articles I and III)

 How the land use impact assessment framework could be reflected in the
assessment of climate impacts of the use of biomass from managed for-
ests by considering the potential changes the value chain implies on the
terrestrial carbon stocks? What could the global warming potential of use
of stemwood from managed forests be from such a perspective? (Articles
II and IV)

 What decision making situations the methodology present in this thesis
can give support to and to which decision support situations are other
modes of LCA required?

1.3 Research approach, process and dissertation structure

This dissertation is structured around four research articles. A schematic overview
of the research process and the interrelationships between the individual research
papers are presented in Figure 2. The scope and methodological approaches of
the four research articles are summarized in Table 1 and discussed in the text
below. Articles I–IV together form a research entity that, through critical review and
testing, advances the inclusion of assessment of impacts of land use on climate
change, land resource competition, ecosystem services and biodiversity in product
LCA context.
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use impact indicators on several impact pathways in a comparative product LCA
case study for agricultural biomass. Nine different land use impact indicators were
selected based on a literature search, categorised into three different impact cate-
gories (resource depletion, soil quality and biodiversity) and their appliability was
discussed in conjunction with a comparative LCA case study on beer and wine
production. Several recommendations were given from LCA practitioners’ per-
spective on applying and interpreting these land use impact indicators in the LCA
context.

Article II includes an literature review and suggestions on how some key pa-
rameters and modelling decisions should be considered in future climate impact
assessments of forest biomass utilisation in product LCA. The suggestions given
in the Article II are based on the existing land use impact assessment framework
and a review of existing literature on climate impact assessment of use of wood
from managed forests. The aim was to understand the underlying methodological
reasons for very different results and conclusions on climate impacts of forest
bioenergy present in the existing literature, consider which methodological ap-
proaches are likely most suitable for product LCA, and to potentially help in har-
monizing the impact assessment methods in future climate impact assessment
studies. The suggestions given on how to deal with some key aspects in the future
climate impact assessments are consistent with the land use impact assessment
framework for LCA (tested in Articles I and III) and are based on the most suitable
practices identified for product LCA context in the existing literature. Both Articles
III and IV consider the methodological suggestions of Artice II in their methods of
research.

Article III is the first LCA case study that critically tests the applicability of up-
dated3 land use impact assessment framework (Koellner et al. 2013) and a new
set of land use impact indicators (cf. Koellner & Geyer 2013) for forest value chain.
It expands the analysis made in Article I on land use impact assessment frame-
work and impact indicators by considering the new framework and indicators and
with the more detailed analysis on managed forest land use. Ten land use impact
indicators were tested that aim to quantify the impacts of land use on climate regu-
lation, resource depletion, several ecosystem services and biodiversity. They were
applied in a comparative LCA study on energy use of stemwood, agricultural and
peat biomass in Finland. Several research needs were identified to allow further
application of the land use impact assessment framework for forest biomass value
chains. Additionally, suggestions were given for further refinements of time con-
siderations in the application of reference situation for land when the land use
impact assessment framework is applied.

3 Surrounding academic world, namely LULCIA project within the Phase 2 of the UNEP-
SETAC Life Cycle Initiative, updated the land use impact assessment framework for LCA
and proposed a new, selected set of land use indicators to be used for LCA (cf. Koellner &
Geyer 2013) after the Article I was published.
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Article IV focuses on the climate impact assessment of stemwood utilisation
from managed forests. It is a direct application of the methodological suggestions
given in Article II for climate impact assessment of forest biomass. It is the first
research article that aims to differentiate the impacts of stemwood originating from
either thinning activies or final fellings and helps in building understanding on the
global warming impact of use of stemwood biomass for energy and long-lived
wooden products.



17

2. Methodological foundation

2.1 Life cycle assessment

2.1.1 LCA and decision-support

LCA is the widely accepted methodology for the environmental impact assessment
of products and systems (e.g. Finnveden et al. 2009). LCA addresses the envi-
ronmental aspects and potential environmental impacts of product systems over
their life cycle (ISO 14040:2006). LCA methodology comprises of four iterative
phases: Goal and scope definition, life cycle inventory (LCI) modelling, life cycle
impact assessment (LCIA) and, the interpretation of results (ISO 14040:2006, cf.
Figure 4).

The initial goal and scope definition phase of LCA is of utmost importance. The
intended application and audience, in other words the anticipated decision-support
context of the study need to guide in the consistent definition of the research ques-
tions of the study. After all, LCA is generally described as a tool to support deci-
sion-making (Udo de Haes & Heijungs 2007; Ness et al. 2007; JRC-IES 2010;
Plevin et al. 2013) either directly or indirectly (Tillman 2000; JRC-IES 2010). A
decision-maker may be e.g. a policy maker, corporate manager or a consumer.
The decision-context and respective research questions need to be carefully con-
sidered and defined, as these guide further modelling decisions in the latter phas-
es of LCA methodology towards the ones that can give best support to the poten-
tial decision-making situation.

ILCD Handbook (JRC-IES 2010) lists three archetypes of decision-support con-
texts: (i) Micro-level decision support, (ii) meso to macro-level decision support
and (iii) accounting with no decision-support relevance4 . According to the division
of JRC-IES (2010), in micro-level decisions the process-changes implied to sys-

4 It can be questioned whether the third archetypal situation of JRC-IES (2010), accounting
with no decision support, is a tool of product-related environmental management at all. It
could potentially fall under the category of retrospective environmental indicators that allow
measuring and tracking individual or integrated sustainability-related trends in retrospect (cf.
three sub-categories of Ness et al. (2007) in the introduction of this dissertation).
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tems external to the studied product system are considered insignificant or non-
existent in magnitude. Examples of such could be decisions made by individual
consumers or managers in small-to-medium sized organisations. For meso or
macro-level decisions it should be anticipated that the decision is likely to have
indirect (e.g. market-mediated) impacts to systems that are external to the studied
product system. Examples of these could be political decision-making or strategic-
decisions in large organisations. JRC-IES (2010) suggests that LCA modelling in
micro-level decision-context should be carried out in isolation from external sys-
tems (so called ‘attributional approach’, see details below) and in meso-to-macro-
level decision context the structural consequences to external systems shall be
included in the assessment (so called ‘consequential approach’, see details be-
low). Admittably, the differentiation of distinct decision-contexts is always a subjec-
tive choice, with no clear boundary when a decision is large enough to trigger
structural changes in markets, thus implying consequences to external systems.

In a close relation with the issue of decision-support, the development of LCA
has led to a division of different LCA types, out of which the most widely applied
ones are attributional LCA (ALCA) and consequential LCA (CLCA) (Curran et al.
2005; Finnveden et al. 2009; Zamagni et al. 2012). ALCA approach has been
defined as a method that describes the environmentally relevant physical flows of
a past, current, or potential future product system as they occur (Curran et al.
2005). The CLCA approach has been defined as a method that aims to describe
how environmentally relevant physical flows would have been or would be
changed in response to possible decisions that would have been in the past or
would be made in the future (Curran et al. 2005). In ALCA, average data depicting
the actual physical flows are widely applied, as opposed to CLCA, in which mar-
ginal data are typically used when relevant for the purpose of assessing the con-
sequences (Ekvall & Weidema 2004; Finnveden et al. 2009).

The results of an ALCA approach cannot answer questions related with, for ex-
ample, impacts from changes in bioenergy production and land demand, and the
CLCA approach cannot describe the impacts of unchanged, on-going land and
biomass use activities. Thus the first step of the LCA methodology, concise and
transparent definition of goal and scope, is of utmost importance. The decision-
making context needs to be clear for the LCA practitioner to secure that the ques-
tions relevant for the decision-maker can actually be answered. Failure to identify
the relevant question, and failure to distinguish the differences between the ALCA
and CLCA approaches, can lead to an inappropriate method being applied, and
misinterpretation of the results (Brander et al. 2009; Plevin et al. 2013). The selec-
tion of appropriate LCA mode, impact assessment metrics, and so forth is there-
fore essential when environmental impacts of land and biomass use are explored
with the LCA methodology.

On the other hand, the division of LCA into two distinct taxonomic modes,
ALCA and CLCA, has been challenged for not being unambiguous. For example,
Suh & Yang (2014) argue that adopting a strict division of LCA modelling into two
modes, and forcing studies into either category may hinder one from recognising
relevant questions and potentially hampers a constructive dialog about the crea-
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tive use of modelling frameworks. This discussion seems relevant for methodolog-
ical questions around land use impact assessment and is reflected in the discus-
sion of this thesis.

2.1.2 Land use in LCA

Initial approaches for including land use in LCA were made by Heijungs et al.
(1992) by quantifying occupation of earth in m2 with no distinction made between
the different ways that the earth is used and no consideration given to the original
state of the soil or ecosystem. Many steps have been made since early 1990’s
(see e.g. Schweinle et al. 2002; Alvarado et al. 2002; Wessman et al. 2003) and
the recent work by UNEP-SETAC Life cycle initiative has led to many develop-
ments in land use impact assessment in LCA. Proposals for a framework on life
cycle impact assessment (LCIA) for land use (Koellner & Scholz 2007; Milà i Ca-
nals et al. 2007a; Koellner et al. 2013) describe how to link land use interventions
(land occupation and land transformation) to selected environmental midpoint
indicators and damage categories. Some concerns have been raised during the
process (e.g. Udo de Haes 2006) on whether the selected impacts fit and if all
relevant impacts can ever fit into the methodological structure of LCA.

Milà i Canals et al. (2007a) presented an outline for combining the impacts of
land occupation and transformation (Figure 3). Transformation changes the land
quality, which may then restore towards the reference state in case no further
occupation intervention is considered. The impact is then the integrated area be-
tween the reference state and the land quality development (blue area Atrans in
Figure 3). The influence of occupation can be considered as a delay in the restora-
tion process (green area Aocc in Figure 3). Over time, if the area had not been
occupied, it would have initiated the natural regeneration process earlier in time.
Therefore the impact of occupation can be seen as the time integrated loss of
quality due to the delay.
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Both natural regeneration and alternative land use can be considered as “the
independent behaviour of the site,” as stated in JRC-IES (2010), and the choice
depends on the research question and the respective, most appropriate modeling
approach selected (attributional or consequential).

This dissertation focuses on questions related with micro-level decision sup-
port, thus methods and modelling choices applied in the thesis (Articles I-IV) can
most probably be considered to follow principles of attributional modelling, if such
taxonomy is needed (cf. Suh & Yang 2014). Modelling of structural consequences
implied by the studied product system to external systems through market-
mechanisms is outside the scope of this thesis. Modelling of such market-
mediated consequences could be carried out with economic partial equilibrium
(PE) or general equilibrium (GE) models, such as GTAP5 .

Figure 4 includes a general overview of the methodological steps and infor-
mation needs of LCA case studies with focus on land-use impact assessment
(Articles I and III).

5 https://www.gtap.agecon.purdue.edu/

https://www.gtap.agecon.purdue.edu/
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Figure 4. The four phases of LCA methodology (ISO 14040:2006) and examples
of information needs in land-use impact assessment divided into distinct phases of
LCA.

2.2 Global carbon cycle, land use and bio-based product
systems

The atmosphere is a relatively small reservoir of carbon in the global carbon cycle
(Figure 5, IPCC 2007). Anthropogenic activities, that is, fossil fuel combustion and
cement production (244 GtC) and release of terrestrial carbon due to land trans-
formations (140 GtC) over time period 1750–1994 have contributed to the in-
crease of atmospheric CO2 concentrations (IPCC 2007). The net increase of CO2

(as GtC) over 1750-1995 was lower than the sum of release of CO2 from ‘anthro-
pogenic’ activities, approximately 165 GtC, as surface ocean and terrestrial bio-
mass (including soil) function as natural carbon sinks. Between 2003 and 2013,
terrestrial biomass (including soil) sequestered annually altogether over 25% of

LCI data needs for each
process with aim 1):

Land occupation by type
(m2a)
Land transformation by type
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both from and to
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Selection of environmental indicators and other impact
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Identification of the research question and consequent modelling
approach: e.g. attributional or consequential LCA

Indirect land-use impacts included in consequential approach

Some examples of application areas:
1) LCA with the need to include some land use impact pathways
e.g. among other impact categories (e.g. acidification, fossil
depletion)
2) Specific LCA application (e.g. carbon footprinting) with the
need to include relevant interventions from land use

Interpretation
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emissions from land use)
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trial biosphere sink, 101 GtC in Figure 5, is not directly measured or observed,
thus it is referred as ‘residual terrestrial sink’. It is determined indirectly from other
terms of the global C budget as the sources and sinks of C must be in balance
(IGBP/GCP 2013; Houghton 2012). This residual terrestrial sink does not include
C sinks that result from management, only indirect and natural effects (Houghton
2012). The net terrestrial loss of –39 GtC over years 1750–1995 is thus inferred
indirectly from cumulative fossil fuel emissions minus atmospheric increase minus
ocean storage.

Land use influences atmospheric CO2 concentrations through land transfor-
mation and land occupation interventions. Roughly 25% of the increased CO2

concentration in the atmosphere is caused by land use change (40 GtC out of 165
GtC in Figure 5). Houghton (2012) has estimated that about 90% of the net re-
lease of carbon from terrestrial ecosystems to the atmosphere since 1850 has
resulted from clearing (transformation) and management (occupation) of world’s
forests. The differentiated contribution of forest clearing and forest management
are described in Figure 6 (Houghton 2012). Forest clearing for agriculture and
other anthropogenic land uses has decreased the forest area by circa one billion
ha since 1850, releasing approximately 110 GtC to the atmosphere. The contin-
ued need to occupy this land for anthropogenic purposes prevents the natural
regeneration (reforestation) process of these sites. Moreover, land areas remain-
ing as forests have, on average, faced a decrease in their carbon density due to
continuous harvesting of wood and other processes degrading forest (Houghton
2012). Wood harvesting and continuous forest management have released circa
40 GtC to the atmosphere, thus contributing to the increment in atmospheric CO2

concentrations. Continued and on-going land occupation interventions for infra-
structure, agriculture, grazing and managed forestry thus continue to postpone the
natural regeneration process that would otherwise allow the average C densities
to increase towards natural levels (cf. Luyssaert et al. 2008). Even if global net
land transformations could be stopped today, the on-going land occupation activi-
ties continue to contribute to increased atmospheric CO2 concentrations by affect-
ing the net natural C sink capacity of terrestrial systems. Bio-based product sys-
tems are not an exception.
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approaches are most suitable for the objective treatment of forest carbon cycle
and biomass carbon flows within LCA. The reviewed documents included 15 peer
reviewed articles, five technical or other ‘grey’ reports, five guidance documents
and Directive 2009/28/EC (Article II, supplementary material). The selected docu-
ments were reviewed through a set of 5 questions:

1. Does the approach apply some reference situation for land use? If it
does, specify what.

2. Does the approach consider timing of emissions and sinks, and on what
time horizons?

3. What indicators are used for measuring the GHG emissions or their
warming impact?

4. Forest modeling: Does the approach consider the whole carbon stock
(living biomass, dead biomass and soil) of the forest or only part of it? Is
the approach based on the use of specific forest models or literature val-
ues?

5. Forest product use: Does the approach consider biomass carbon stored
in a product? What about product substitution impacts?

The questions were chosen based on previous knowledge of the critical factors in
the assessment of the forest biomass carbon flows.

2.3 Land use impact indicators for LCA

Land use impact indicators potentially applicable for LCA are discussed in this
section. To be able to determine the environmental relevance of, for example,
occupation of 1 ha of managed forest, cropland or mineral excavation site, as-
sessment of differentiated impacts is needed. Impact indicators, that is, character-
isation factors in the LCA-related terminology, are needed in the LCIA phase of
the LCA methodology (cf. Figure 4). Several characterisation factors have been
developed for LCIA for different land use classes and for different environmental
mid- and endpoints and areas of protection (see e.g. review of indicators in Article
I). Following the grouping proposed by Ridoutt et al. (2013) for midpoint land use
impact characterisation, the impact indicators are first divided into resource-based
indicators and ones indicating impacts on ecosystem services and biodiversity.
Additionally, climate impact indicators are discussed independently from other
ecosystem service impact indicators, due to the notable weight of climate change
in the current environmental discourse. A resource-based approach to land use
impact modelling considers that productive land is a scarce and limited resource
(cf. Rockström et al. 2009) and that the production of almost any goods or ser-
vices adds incrementally to the global demand for productive land, thus having an
impact on loss of natural ecosystems (Ridoutt et al. 2013). In terms of driver–
pressure–state–impact-response (DPSIR) framework (see e.g. Stanners et al.
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2007), resource-based indicators would represent pressure on natural ecosys-
tems, not direct environmental impacts. Impact indicators for ecosystem services
and biodiversity can be considered representative of potential environmental im-
pacts in terms of the DPSIR framework.

Land use impact indicators for LCA are part of a large entity of ecological indi-
cators. In general, ecological indicators are used for assessing and reporting past
trends and supporting future decision-making processes. Land use impact indica-
tors in the LCA context can be considered the ones supporting decision-making
processes. To be effective, an ecological indicator should provide relevant infor-
mation about changes, be sensitive, be able to detect changes at the appropriate
temporal and spatial scale, be based on well-understood and generally accepted
conceptual models of the system, be based on reliable data that are available to
assess trends and are collected in a relatively straightforward process, be based
on data for which monitoring systems are in place and be easily understood by
policymakers (MEA 2005). General criteria for effective ecological indicators
should be reflected in the definition and selection of appropriate impact indicators
in LCA.

2.3.1 Climate regulation

The scope of climate impact indicators in this thesis is on biogenic carbon flows
only, although the author is aware of other potentially considerable climate impact
pathways connected to land management; The direct surface albedo dynamics
(e.g. Bright et al. 2012a) and the aerosol dynamics linked with indirect changes in
cloud albedo (e.g. Spracklen et al. 2008, Paasonen et al. 2013) in forest land
management and nitrous oxide (N2O) emissions in agricultural land use (e.g.
Crutzen et al. 2008; de Santi et al. 2008). Nitrous oxide emissions from fertilizing
activities in agriculutural land use is not discussed in detail in as the main focus in
climate impact assessment in this thesis is on managed forest lands. The surface
and aerosol albedo impacts are left outside the scope of this thesis as their re-
search is still in its early steps, thus significant uncertainties remain with the mag-
nitude and even the sign of impacts (Bala et al. 2007; Spracklen et al. 2008; IPCC
2013. Technical Summary TS.3.4) and consequently, the scope of today’s forest
and climate policy is still limited to the impacts stemming from greenhouse gas
emissions and carbon dynamics.

As LCA is typically applied as a static tool, in which the emissions are assumed
to take place at the same time, it might not have traditionally been well suited to
assessing the complexity of forest carbon dynamics (McKechnie et al. 2011; Bright
et al. 2011). Some traditional approaches (e.g. Eriksson et al. 2010; Miner 2010)
consider the annual average net change in the C stock of the regional forest sys-
tem and ignore the timing of the sinks and emissions within the specific product
system relative to a reference situation. Such static approaches likely reflect the
guidelines for annual national greenhouse gas inventories in the agriculture, for-
estry, and other land use (AFOLU) sector (IPCC 2006), but may have limited ap-
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plicability in decision-support with product-specific LCA. Therefore, Levasseur et
al. (2010) have proposed a dynamic LCA approach for climate impact assess-
ment, in which the temporal profile of emissions is included in the LCI results and
time-dependent characterization factors are applied in the LCIA phase. The timing
of emissions and sinks has an impact on the overall cumulative climatic impact of
the activity over a certain timeframe (Levasseur et al. 2010, 2012; Moura-Costa &
Wilson 2000; Fearnside et al. 2000). The carbon emission into the atmosphere
has a warming impact (radiative forcing), whereas the sequestration has a cooling
impact. The carbon debt between emission and sequestration results in a warming
effect if sequestration lags emission. As a consequence, the result of the climate
impact assessment is dependent on the time horizon of the assessment (Cherubi-
ni et al. 2011).

Müller-Wenk & Brandao (2010) and Kujanpää et al. (2010) have introduced
climate indicators for land or forest biomass use that take timing of emissions and
sinks into consideration and can be compared to a ton of fossil CO2 emissions.
Koellner et al. (2013) recommend applying the climate regulation potential (CRP)
approach and respective characterisation factors proposed by Müller-Wenk and
Brandão (2010) in climate impact assessment of land use. The drawback of these
indicators is that they are only close approximations to the warming impact, be-
cause the fossil-combustion equivalent indicator (Müller-Wenk & Brandao 2010) is
based on average literature data on terrestrial C stocks and the approach by
Kujanpää et al. (2010) does not take the impact of CO2 absorption by the top sea
layer and other terrestrial carbon stocks into consideration. Moreover, Müller-
Wenk and Brandão (2010) do not differentiate carbon stocks of natural and man-
aged forests, out of which the latter in most areas have smaller carbon stocks (e.g.
Luyssaert et al. 2008). Additionally, the characterisation factors present in Müller-
Wenk and Brandão (2010) are modelled for a rather long timeframe (500 years)
from the climate mitigation perspective, which potentially limits the relevance of
the indicator results for today’s decision-making purposes. The IPCC, for example,
refrains from providing climate indicators for longer timeframes than 100 years in
their latest fifth assessment report (IPCC 2013), due to the limited certainty in the
state of future climate, thus in the numerical values of climate indicators in long
time horizons.

Global warming potential (GWP) is a climate metric that has been initially intro-
duced for climate policy purposes and is widely adopted in LCA for the compari-
son of climate impacts of different greenhouse gases. It is a relative climate metric
that is based on the cumulative radiative forcing, i.e. energy imbalance of the
climate system over specific timeframe, and is able to capture the temporal pattern
of emissions and sinks and can be applied on multiple timeframes. The GWP
coefficients of the individual greenhouse gases are different for different
timeframes, because the atmospheric lifetimes and radiative efficiencies of distinct
forcing agents differ from each other (IPCC 2007, Table 2.14). It has become a
general practice within the LCA community to apply 100 year timeframe in LCIA.

The dynamic nature of the GWP coefficients makes it an interesting metric to
be applied for climate impact assessment of activities that have an influence on
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the forest carbon cycle. A method for determining the GWP coefficients for energy
use of long-rotation forest stemwood biomass, termed GWPbio, was originally
proposed in Cherubini et al. (2011). The GWPbio factor was derived in this initial
approach by approximating the atmospheric decay of carbon from long-rotation
biomass with a simplified forest growth equation. Since then several studies have
proposed additional modifications to the GWPbio indicator by considering the cli-
mate impact relative to a no-use reference (baseline) situation (Pingoud et al.,
2012), by the inclusion of the carbon dynamics of harvest residues (Guest et al.,
2013), by considering the no-use reference situation and carbon dynamics of all
carbon stocks in the forest (Holtsmark 2013) and by considering impacts of de-
layed release from long-lived products and/or product substitution (Cherubini et al.
2012; Pingoud et al. 2012). An advantage of the relative climate indicators such as
GWPbio and global temperature change potential (GTP) coefficients is that the
climate impacts can be communicated in a unit familiar to LCA practitioners and
the broad audience, fossil CO2 equivalents (see IPCC 2013, Chapter 8.7 for more
details on other climate metrics than GWP).

Direct climate impacts of stemwood use were modelled in Article IV in relation
to no-use reference situation. Modelling of GWPbio (Article IV) was initiated by the
modelling of time-integral of radiative forcing (RF), also known as absolute global
warming potential (AGWP) that is caused by the difference in forest carbon stocks
due to the initial biomass harvesting (Pingoud et al., 2012). AGWPbio was defined
as

= ( ) ,
(Eq.1)

where Sbio(t) is the change in atmospheric CO2 concentrations due to the differ-
ence in biomass carbon stocks in the harvesting and no-harvesting scenarios. To
estimate the RF in time, an impulse response model REFUGE-3 (Pingoud et al.,
2012) which is based on the Bern Carbon Cycle Model 2.5CC (IPCC, 2007, p.213)
was applied in Article IV.

AGWP for reference gas fossil CO2 is formulated as

= ( ) ,
(Eq.2)

where Sfos(t) is the atmospheric CO2 concentration due to unit pulse of fossil CO2

and RF is estimated with the same REFUGE-3 model (Pingoud et al. 2012).
Finally, a GWPbio is defined as a ratio of AGWP for forest biomass over AGWP

of reference gas, fossil CO2 (Cherubini et al. 2011).
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( ) =
( )
( ).

(Eq.3)

The GWPbio indicators include an inherent assumption that the carbon content in
the harvested forest biomass is released to the atmosphere within the 1st year
after harvest. In many harvested wood product value chains this assumption is
counter-factual, and correction factors are needed in order to take impact of de-
layed release in long-lived products into consideration. Some previous estimates
are present in the scientific literature, but they do not fully satisfy the need. Cheru-
bini et al. (2012) includes GWPbio factors that aggregate both results of their forest
model and delayed release in product system into one value and Pingoud et al.
(2012) include both substitution impacts and delayed emission in their GWPbiouse

coefficients. New GWPbio,product correction factors were formulated in Article IV that
allow transparent separation of impact of product storage stage (delayed release)
from impacts of forest harvesting and/or product substitution. Modifying the ap-
proach present in Pingoud et al. (2012) by the exclusion of substitution impacts,
GWPbio,product correction factor was defined as

, ( ) = , ( )
( ) =

( ) ,

( ) , (Eq.4)

where Sseq(t) is the reduced CO2 concentration due to delayed release (or perma-
nent storage) of C in biomass products. Sseq(t) is given a value -1 over the product
lifetime  (t: 0 ) and instant release to the atmosphere is assumed in the end of
product lifetime for simplicity. For forest biomass use with instant release to the
atmosphere in t = 0, such as bioenergy, Sseq(0 100) equals 0, thus GWPbio,product

= 0.
A harvesting decision causes an instantaneous, observable change in the for-

est carbon stocks at the time of harvest, and the future evolution of carbon stocks
can be modelled for both harvesting and no-harvesting scenarios. This difference
in the evolution of future carbon stocks can be allocated to the wood products
obtained in that specific harvest operation, in line with the methodological sugges-
tions given in Milà i Canals et al. (2007a), JRC-IES (2010), Koellner et al. (2013),
Article II. A method that aims for the isolation of impacts caused by the actual
harvesting actions carried out for today’s product systems, and at the same time
focuses on the forest landscape level (a spatial boundary recommended by e.g.
Sedjo 2011; Lamers & Junginger 2013; Jonker et al. 2013) was proposed and
applied in Article IV. A forest growth model MOTTI (Hynynen et al. 2002; Matala et
al. 2003; Salminen et al. 2005) was applied to be able to isolate the impact of
wood harvested today from the impacts caused by past and future forest man-
agement activities. Two landscape level scenarios were constructed and com-
pared: In the harvesting scenario the maximum level of annual harvests that still
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maintain the standing stock (and carbon stock) of the forest were carried out in the
1st year of the model run, in line with the principles of sustainable forest manage-
ment. No further harvests were included in the years 2–100 in this harvesting
scenario. In the no-harvest reference scenario no harvests occur over the 100
year modelling run. The comparison of the marginal difference in these two sce-
narios enables the isolation of the impact of harvested wood products of individual
year from the impacts caused by wood products obtained in the past and future
forest management activities.

Another approach would be to study a harvesting scenario in which the annual
sustainable levels of harvests are carried out in every year over the modelling
period, and compare this to a no-use, natural regeneration scenario. There would
remain at least two drawbacks with such an approach: The time lag in between
individual harvest and the following impacts on carbon pools is from decades to
centuries. The impacts of a harvest carried out in, for example, year 95 of the
modelling run would be fully covered only decades or a century after the 100 year
modelling timeframe. On the other hand, from the perspective of impact assess-
ment (LCA) of a product obtained today, allocating the impacts of potential future
product systems to a product manufactured and used today does not seem rele-
vant for the decision maker. Thus a method is proposed and applied in Article IV
that aims for the isolation of impacts caused by the actual harvesting actions car-
ried out for today’s product systems, and at the same time focuses on the forest
landscape level.

2.3.2 Resource (pressure) perspective

A resource-based approach to land use impact assessment views productive land
as a scarce and limited resource (cf. Rockström et al. 2009) and that the produc-
tion of any goods or services adds incrementally to the global demand for produc-
tive land, thus having an impact on loss of natural ecosystems (Ridoutt et al.
2013). Two indicators have been applied in this thesis from the resource or pres-
sure perspective: ecological footprint (Ewing et al. 2010) and human appropriation
of net primary production (HANPP) in Haberl et al. (2007).

Life cycle inventory results, land occupation (area × time) and land transfor-
mation (area of land converted from land use class to another) per studied func-
tional unit can be considered as simple land use indicators from the pressure
perspective. Goedkoop et al. (2008) have for example proposed to utilise these
inventory results categorised into urban, agricultural and natural land within other
midpoint LCA impact indicators. As there is no impact characterisation in the LCI
results, that is, no consideration whether occupation of 1 hectare of mineral exca-
vation site is more beneficial or detrimental than occupation of same area of or-
ganic cropland, thus the interpretation of environmental relevance of pure LCI
results is challenging. Land use impact assessment methods that aim to differenti-
ate the level of pressure with a characterisation model have been developed.
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Ecological footprint indicator quantifies the demand that humans put on natural
capital in terms of occupation of biological productive area (Wackernagel et al.
2002) and is measured in hectares normalised to the average productivity of all
bioproductive hectares on Earth (Ewing et al. 2010). Ecological footprint has been
operationalized in LCA for example in Huijbregts et al. (2008). Ecological footprint
indicator is defined in Ewing et al. (2010) as the sum of direct land occupation
(EFdirect) and indirect land occupation through the need for carbon uptake of fossil
greenhouse gas emissions (EFCO2). The EFdirect term of any studied system is
measured in abstract units, global hectares, and is based on both the actual land
area and the equivalence (weighting) factors of the bioproductivity of specific land
use types occupied (see Ewing et al. 2010, Table 2). In this study, only EFdirect was
considered to be relevant as resource indicator for products, following the notion
made by Steen-Olsen et al. (2012) that the carbon uptake land can be considered
to overlap with carbon footprint indicator. It should be stressed that EFdirect differs
from life cycle inventory items such as ‘agricultural land occupation’ and ‘urban
land occupation’ that have been proposed to be used as midpoint land use indica-
tors without any characterisation (Goedkoop et al. 2008). EFdirect indicator differen-
tiates the bioproductivity of distinct land use types. For example, the occupation of
1 ha of forest land is considered to put less pressure on the availability of produc-
tive land than the occupation of 1 ha of agricultural land.

Human appropriation of net primary production (HANPP) describes the differ-
ence in the free NPP left for ecosystems between the current land use and a ref-
erence natural state (Haberl et al. 2007). HANPP indicator highlights how much
pressure we apply on ecosystems by indicating how large a share of NPP we
appropriate for our uses. HANPP serves as a pressure indicator on the use of
limited resource (bioproductivity). On average, mankind is using one fourth of the
terrestrial NPP, the main surplus being in the tropical rainforests, in the boreal
zone, and in western United States (Haberl et al. 2007). Additionally, the amount
of free NPP left for the ecosystem has been found to correlate well with species
diversity. HANPP indicator can be operationalised in product-level impact as-
sessment (LCA) with the characterisation method and characterisation factors for
specific land-use categories present in Mattila et al. (2011) and Article I.

2.3.3 Biodiversity and ecosystem services

A set of regionally differentiated LCIA impact indicators for several distinct ecosys-
tem services and biodiversity has been published in a special issue of Internation-
al Journal of Life Cycle Assessment, titled ‘Global land use impacts on biodiversity
and ecosystem services in LCA’ (Koellner & Geyer 2013). They, and some other
indicators of biodiversity are briefly presented here. Climate regulation potential
indicator (Müller-Wenk & Brandão 2010) was presented in Section 2.3.1 together
with other climate indicators.

Changes in soil organic carbon SOC and soil organic matter SOM has been
proposed as an indicator for soil quality from future biomass production potential
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(BPP) perspective for LCA (Milà i Canals et al. 2007b; Brandão & Milà i Canals
2013). It has been considered as suitable an indicator as SOC levels are often
reported and are closely related to many other soil quality indicators, such as
cation exchange capacity and soil life activity. Damage is modelled with BPP as
the time-integrated difference in soil organic carbon (SOC) content between the
studied land cover and a reference state. The SOC indicator does not cover all
aspects of ecological soil quality: Soil erosion, compaction, build-up of toxic sub-
stances, acidification, salinization, and depletion of nutrients and ground water
would need to be covered with other indicators in LCIA (Milà i Canals et al.
2007a).

LANCA (Beck et al. 2010) is a method for calculating several essential land
functions (e.g., erosion resistance, filtration potential, and groundwater recharge)
to determine the potential impacts of the studied activity on the ecological quality
of land. Modelling of impacts with LANCA model can be based on detailed site-
specific data if the impact modelling is applied in the LCI phase. To allow broader
application Saad et al. (2013) have operationalised the method and published
spatially-differentiated average characterisation factors for three different ecosys-
tem services across 14 biomes: freshwater regulation, erosion regulation and
water purification by both mechanical and physiochemical filtration.

Several indicators have been proposed for inclusion of impact of land use on
biodiversity (see Articles I & III for details). Most recent UNEP-SETAC framework
for land use impact assessment in LCA (Koellner et al. 2013) suggests the ap-
proach present in (de Baan et al. 2013a) to quantify land use impacts on biodiver-
sity across different world regions applying species richness as the indicator. Spe-
cies richness of different land use types is presented relative to the richness in
reference land use, seminatural land cover (de Baan et al. 2013a). Potentially lost
non-endemic species (PLNS) has been later proposed by the same authors as an
indicator (de Baan et al. 2013b) that aims at describing the potential regional ex-
tinction of non-endemic species that are considered reversible. See Table 1 in
Article I for short descriptions and analysis of some biodiversity indicators previ-
ously suggested to be applied in LCA.
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3. Results

3.1 Practical applicability of resource depletion, ecosystem
services and biodiversity indicators in LCA

Articles I and III both critically analysed the potential of land use impact assess-
ment framework and several land use impact indicators. Their performance in
highlighting the different impacts that land use in some selected biomass value
chains may have on resource depletion, ecosystem services and biodiversity was
in focus. Challenges in the practical application and in the interpretation of the
results were discussed from a LCA practitioners’ perspective. Both articles con-
firmed that land use impact indicators are applicable in LCIA and can highlight
differences in impacts from distinct land use classes. Both concluded that results
from impact assessment phase differ significantly from inventory results and im-
pact characterisation in LCIA is necessary to highlight actual environmental rele-
vance of different land uses. However, many open questions remain for both agri-
cultural land use and especially occupation of managed forest land.

Article I included a comparative LCA case study on land use impacts of produc-
tion of beer and wine. It was highlighted that the land use indicators that focus on
an individual impact category, for example biodiversity, lead to consistent results
on the relative environmental impact of one agricultural biomass product system
over the other. It was found out that indicators exist and can be applied for all
three studied impact categories of land use (resource depletion, ecosystem ser-
vices and biodiversity), and that they all have positive features in highlighting ac-
tual impacts. However, limited certainty in the land use LCIA results remained due
to several reasons.

LCI data on land occupation and transformation is consistently present only in
one LCI database, thus cross-comparison and validation of inventory data remains
difficult, if not impossible. This was found problematic, because some indicators
on biodiversity impacts proved to be very sensitive to assumptions on land trans-
formations far down the supply chain. There remain limited possibilities to validate
that these transformations, and the respective environmental impacts, actually
take place in the modelled value chain.
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Additionally, none of the tested indicators fulfil the criteria for effective ecologi-
cal indicators (see MEA 2005). Majority of them fall short in being able to detect
changes in the appropriate temporal and spatial scale and not being very easy to
comprehend by decision-makers. Moreover, the lack of reliable, regionally differ-
entiated characterisation factors limited their credibility at the time of writing the
Article I. There remained a need to compile such differentiated characterisation
factors to increase the reliability and applicability of land use impact assessment of
agro-biomass based value chains. Additionally it was concluded that no single
indicator can describe all major environmental impact pathways of land use; all
three impact pathways of land use need to be studied in LCIA with the respective
land use indicators.

After the publication of Article I, an updated version of land use impact assess-
ment framework (Koellner et al. 2013) and a set of regionally differentiated impact
indicators for several distinct ecosystem services and biodiversity were published
in Koellner & Geyer (2013), based on the work of LULCIA project within the Phase
2 of the UNEP-SETAC Life Cycle Initiative. It was found in the analysis present in
Article III that the updated framework and these LCIA indicators could be applied
in the comparison of solid bioenergy sources and that meaningful differences
could be found in between distinct land use classes in the compared biomass
value chains. However, caution needs to be applied in the interpretation of the
results as limited certainty remains on whether the approach does highlight the
actual land use impacts of managed forest value chains.

First reason for the limited certainty was that a disparity was observed in be-
tween the results of some applied LCIA indicators and the findings present in
previous, non-LCA related literature on impacts of managed forestry on ecosystem
services and biodiversity (cf. Raulund-Rasmussen et al. 2011). For example, ac-
cording to Katzensteiner et al. (2011) managed forests provide the ecosystem
service of provision of water in sufficient quality and quantity, while, conversely,
the applied LCIA indicators on water related ecosystem services suggest most
severe negative impacts in forest bioenergy value chains.

Additionally, challenges were faced in the inventory modelling for forest bio-
mass: Should the forest land occupation be inventoried based on the actual aver-
age intensity of the forest biomass harvest in the region, or should a theoretical
average annual growth of biomass be applied? This selection has major implica-
tions to further selections in characterisation modelling in the impact assessment
phase and, thus, on the impact indicator results.

The characterisation factors, in their current state, do not differentiate varying
management intensities, only distinct land use typologies (agriculture, forest, ur-
ban etc.). However, Scandinavian forest biomass value chains source their raw
material from managed forests. The land occupation (m2a) approach to inventory
modelling is very challenging for wood, as the long-rotation biomass systems can
be harvested with different intensities that almost never matches with the annual
biomass growth or NPP on the site.

Moreover, the land use history of the site in question can, and most probably
does, have a long-term impact on the characteristics and future evolution of the
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site in question. Attribution of land-use impacts to current use of a parcel of land,
without considering the impact the past land uses implied, is problematic.

The methodological challenges that the Articles I and III highlight in land use
impact assessment in LCA can be divided into two sub-categories: (i) Unresolved
challenges connected with the whole land use inventory – impact characterisation
– interpretation – decision support process within LCA framework and (ii) open
questions related with the actual decision-support relevance of some individual
impact indicators.

The challenges connected with the whole LCA process are potentially most dif-
ficult to resolve. As highlighted in Articles I and III, and previously by the majority
of research articles that discuss the land use impact framework and indicators
(e.g. Milá i Canals et al. 2007a; Koellner et al. 2013), the magnitude of environ-
mental impacts of land occupation and transformation interventions are very case
and site-specific. Conversely, the LCA methodology is, to a large extent, general-
istic in terms of geographical scope, especially regarding the background systems
in the studied product system.

Additionally, LCA methodology is constructed on a process where the system
boundary definitions, assumptions and issues related with geographic scope and
cut-offs (subjective value choices) in LCI modelling of a product system are decid-
ed by an LCA practitioner (cf. Figure 4). The time and monetary resource con-
straints that he or she has have an impact on these selections in inventory model-
ling.

LCIA phase, on the other hand, is based on existing characterisation models
and previously published characterisation factors in the majority of LCA modelling
exercises. The underlying subjective value choices in geographic representative-
ness, assumptions, cut-offs and timeframe considerations of characterisation
factors are typically made by LCIA method developer, not the LCA practitioner
who decides to apply some existing characterisation factors to apply in the LCIA
phase of his or her study (cf. Figure 4). The resource constraints of LCIA indicator
or method developer determine the extent that he or she can apply and publish
geographically and temporally differentiated characterisation factors for the impact
category in question.

At the same time, the resource constraints of an LCA practitioner determine the
extent he or she can expand the LCA modelling into the field of modelling new,
differentiated characterisation factors. In practice, the role of LCA practitioner is
typically to focus on applying the modelling choices in LCI phase, but to rely on the
academia on focusing on the modelling of characterisation factors needed in the
LCIA phase. This means for land use modelling in LCA, in practice, that the LCA
practitioners focus on collection and modelling of land occupation (m2a), land
transformation (m2) interventions and geographic locations of individual unit pro-
cesses in their LCI models. And in LCIA, the practitioners try to include the most
representative published characterisation factors for different unit processes in the
studied product system (Figure 4).

These resource constraints have led to the current situation where LCIA indica-
tor and method developers have published generalistic, average level static char-
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acterisation factors available for some (large) geographic regions and gives the
LCA practitioners suggestions to model case- and site-specific characterisation
factors for the foreground system of the studied product system (cf. Koellner et al.
2013). LCA practitioners, in practice, rely almost entirely on LCIA method devel-
opers and the characterisation factors they can offer. This dilemma in land use
impact assessment in the LCA context is very challenging, if not impossible, to
overcome with the real-world resource constraints, thus discouraging broader
application if not resolved (cf. Baitz et al. 2013).

The second sub-category of open questions is the actual decision-support rele-
vance of aspects that some individual impact indicators actually measure. These
are most probably easier to overcome with interaction in between LCIA method
developers and LCA practitioners.

One example is the freshwater regulation potential indicator (FWPR, Saad et al.
2013), which is based on the groundwater recharge rate (millimeter groundwater
recharged over time). The higher (faster) the recharge rate, the lower impact on
freshwater regulation service. It is questionable whether the indicator highlights
meaningful impact on water regulation ecosystem services specifically in boreal
forests, which provide a water regulation ecosystem service of decreasing peak
flow during rainy periods and increasing base flow during dry periods (Katzen-
steiner et al. 2011). It remains controversial whether the high FWRP indicator
score for forest land signifies an increased or decreased impact on forest ecosys-
tem services.

Similar examples are the water purification potential (WPP) indicators. They
correctly indicate that WPP is similar for hectare of agricultural and managed
forest land, and suggest the highest impact on WPP ecosystem service would
occur in forest bioenergy chains with lowest yields (Article III). But is this indicator
score actually relevant for supporting decision-making? The indicator does not
consider whether there actually is a difference in the presence of unwanted com-
pounds to be purified in forest and cropland soil, and consequently, a difference in
the water quality of seepage water in the downstream water receptors.

Measuring impacts on biodiversity face similar difficulties from the viewpoint of
decision maker. It is not clear to the decision-maker, nor the LCA analyst, whether
the amount of species in general, the amount of rare species or the quality of
habitats should be used as the basis of decision-making that aims to minimize
impacts on biodiversity.

3.2 Climate impact assessment for stemwood from managed
forests

Climate impacts assessments that have focused on the use of forest biomass for
energy and long-lived products have yielded many, partially contradicting results
on the direct climate impacts of forest management and use of forest biomass.
Thus far, no evident consensus has been reached either on the assessment
methods nor the conclusions on the climate implications of forest bioenergy.
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Article II aimed to enhance the understanding on the underlying methodological
reasons for the divergence in the previous results and included methodological
suggestions for future studies. Both the land use impact assessment framework
for LCA and existing climate impact assessment literature was reflected in the
proposed method for product LCA. One of the main findings was that to capture
the dynamic nature of forest carbon stocks, a reference situation for forest land
use has to be defined appropriately, in line with the goal and scope of the study.
The findings in the review (Article II) were that the reference situation should be
natural regeneration of forest land in attributional LCA and alternative land use in
consequential LCA. An illustrative example of the concept of selection of such
dynamic ‘no-use’ reference for evolution of forest carbon stocks is presented in
Figure 7. The studied activity in time t0 has an impact on the forest carbon stocks,
and more importantly, on the potential evolution of future forest carbon stocks. In
attributional modelling approach for LCA, in which exogenous product systems,
that is, alternative economic users of the studied parcel of land, are not consid-
ered. Thus the impact of studied activity on forest carbon stocks can be consid-
ered as the relative difference between evolution of the carbon stocks under the
studied product system and under no economic use for the land (i.e. natural re-
generation or relaxation) under attributional modelling. Under consequential mod-
elling approach for LCA, in which impacts through exogenous product systems are
included, an alternative economic user for the parcel of land is considered. In
consequential modelling approach the impact of studied activity on forest carbon
stocks can be considered as the relative difference between evolution of the car-
bon stocks under the studied product system and under alternative economic use
for land. Different intensity of harvests is used as an example of an alternative use
for the studied parcel of forest land in Figure 7.

It can also be appreciated that under the schemes requiring emission verifica-
tion (e.g. Directive 2009/28/EC), the application of a virtual reference situation
describing something that did not take place, is to some extent controversial. On
the other hand, ignoring the ‘no use’ reference land-use situation results in conclu-
sions that do not reflect the environmental impacts of the system studied.
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Figure 7. Illustrative example of evolution of carbon stocks in forest land of any
spatial scope under various forest management options, including no harvesting
and harvesting in to with different intensities. The relative difference in the future
evolution of the forest carbon stocks in the presence of studied activity occurring in
to and in the absence of the studied activity can be considered as the impact of the
studied activity. Evolution in natural relaxation (regeneration) may be applied as
the reference situation under attributional modelling approach in LCA.

Regarding the modeling of the evolution of carbon stocks in the studied forest
system and the ‘no use’ reference situation, the use of dynamic forest models was
found to be the recommended methodological approach (Article II). The forest
models enable a more detailed analysis compared to the use of literature values,
although more resources are needed from the LCA practitioner or the LCIA indica-
tor developer. Changes in all the different forest C stocks, such as stemwood,
branches, roots, litter and soil, need to be considered. Special attention should be
paid to the consideration and transparent reporting of the uncertainties related to
the modeling of future development of the biomass stocks (Articles II, IV).

Many reviewed studies (Article II) emphasize that there is no real scientific an-
swer to what the studied timeframe should be, but that it depends on the (political)
aims of the assessment (Schlamadinger et al. 1997; Kirkinen et al. 2008; Walker
et al. 2010; Zanchi et al. 2010). As there is no scientifically correct timeframe, it
was recommended that different timeframes should be considered. To be able to
conduct the analysis under varying timeframes, a method that considers the timing
of emissions and sinks, and that can be used within different timespans, seems
most suitable. The indicator should take cumulative radiative forcing into account,
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but it is advisable that this is communicated relative to a pulse emission of one
mass unit of fossil CO2. In this way, dynamics in carbon stock changes will be
included and the result can be communicated in a unit familiar to a broad audience
(fossil CO2 equivalent). The climate impact LCIA methods should allow flexible
selection of case-specific inventory data on product use in the LCI phase, and
biomass carbon stored in products should be taken into account. A climate indica-
tor that is applied in LCA should not include any predefined assumptions regarding
the substitution impacts of biomass use, because such an approach always in-
cludes uncertain and subjectively selected assumptions on what products would
be substituted with biomass. Such impacts can be analyzed independently and
separately with the selected climate impact indicator to ensure transparency.

To improve understanding and usability of the climate impact assessment re-
sults, it was concluded in Article II that it is crucial that the climate impacts of (1)
forest biomass production and harvesting activities, (2) biomass carbon storage in
long-lived products, and (3) product or energy substitution are considered inde-
pendently and reported separately.

To operationalize the findings and suggestions of Article II, a method for climate
impact assessment of stemwood use from either final fellings or different thinning
operations was introduced in Article IV to study the potential global warming im-
pact of use of stemwood from managed forests. Differentiated relative GWP coef-
ficients were modelled for stemwood use from both final fellings and thinning op-
erations that are potentially applicable in (attributional) LCA case studies, including
GWPbio,product correction factors for long-lived wood products. The results of Article
IV suggest that the climate impact of use of stemwood from commercial thinnings
is lower than from stemwood from final fellings in the short term (some decades)
but no significant difference was found in 60–100 year timespan (Figure 8). The
results of Article IV suggest that the product lifetime has much higher relative
influence on the climate impacts of wood-based value chains than the origin of
stemwood either from thinnings or final fellings (Table 2). Additionally, the climate
impact of energy use of stemwood from thinnings was found to be higher than the
previous estimates on impacts of energy use of forest residues and stumps pre-
sent in the scientific literature. Although the evolution of future C stocks in unman-
aged boreal forests is uncertain, a sensitivity analysis suggests that the land-
scape-level model results on climate impacts are not sensitive to the assumptions
made on the future evolution of C stocks in unmanaged forest (Figure 8).
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The landscape level approach for climate impact assessment resulted in similar
results with some stand-level approaches present in previous literature that in-
cluded the same forest C pools and studied the impacts relative to no-harvest
situation (Holtsmark 2013 in Table 3).

Table 3. comparison of estimates of GWPbio for stemwood from final fellings in the
previous literature and in Article IV. TH = time horizon. Note that only the values
from previous literature that do not include the collection of forest residues are
presented here to enable inter-model comparison.

TH = 20a TH = 50a TH = 100a
Cherubini et al. 2011
Pingoud et al. 2012
Guest et al. 2013
Holtsmark 2013
Soimakallio 2014
Final fellings, Article IV

1
1
1.3
1.6…1.9
0.9…1.0
1.1…1.3

n.a.
0.9
n.a.
>2
n.a.
1.1…1.4

0.4
0.6
0.6
1.1…1.5
0.2…0.7
0.7…0.9
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4. Discussion

4.1 Micro and macro-level decision support

An essential question regarding the validity and the practical applicability of the
analysis and the results presented in this thesis is what decision making situations
can these results give support to? And which decision support situations call for
other approaches for modelling the potential environmental impacts.

The methods applied in this thesis are bottom-up modelling approaches and fo-
cus on studying existing (unchanged) product systems. It is important to remem-
ber that all models are only imperfect representations of the real world and the
limitations in each modelling approach need to be identified in the interpretation of
the results. The selected approach aims to:

i. Give information on environmental impacts endogenous to the stud-
ied product system, that is, excluding modelling of market mediated
impacts. Latter are likely to occur, but cannot be described with this
method.

ii. Give decision-support to micro- and meso-level decision making.
Examples of such are the decisions made by private consumers and
organisational managers in small-to-medium sized enterprises,
where one may expect impacts to external systems to be limited or
non-existent in magnitude.

The applied approach potentially allows comparisons of the magnitude of land-use
induced environmental impacts of product systems with identical function. Exam-
ples are the comparison of beverages (Article I) and solid fuels for heat production
(Article III). The results gained with the approach applied in the thesis cannot,
however, be interpreted to depict actual changes in environmental interventions as
a consequence of substitution of one product with another. Modelling of such
changes would call for modelling framework that tries to include impacts exoge-
nous to the studied product system through market-mediated impacts, including
price elasticies, a modelling approach often referred as consequential in the LCA
related literature. Such market-mechanisms are excluded in the modelling ap-
proach applied in this thesis, a limitation that should be considered if the results
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presented here were to be reflected in macro-level decision-making, such as ones
made by policy-makers or strategic decision-makers in large international organi-
sations. As discussed earlier on, the differentiation of distinct decision-contexts is
always a subjective choice, with no clear boundary when a decision is large
enough to trigger structural changes in the markets.

As the analysis in this thesis mainly aims to support micro or meso-level deci-
sions, the applied approach is most probably considered to follow principles of so
called attributional LCA, if such taxonomy is appreciated. There seems to be some
potential disparities in the existing literature on whether a counterfactual baseline,
that is, a reference situation for the land shall be considered in attributional ap-
proach for LCA (cf. Sections 2.1.1–2.1.2 of the thesis). Developments in the land
use impact assessment framework within LCA have proposed an approach for
traditional or attributional LCA that considers the natural regeneration of the land
areas directly affected by the studied product system as the counterfactual ‘no-
use’ reference baseline towards which the impacts of the studied system shall be
assessed (e.g. Schweinle et al. 2002; Milà i Canals et al. 2007a; Koellner et al.
2013). The European ILCD Handbook guidance document for LCA (JRC-IES
2010) has adopted this suggestion for environmental impact modelling related with
land use. On the other hand, the relevant literature on the developments around
division of LCA approaches into two distinct taxonomic groups, attributional and
consequential (Ekvall & Weidema 2004; Curran et al. 2005; Finnveden et al. 2009;
Zamagni et al. 2012) imply that under an attributional modelling approach to LCA,
no counterfactuals or “what ifs” would be considered. Following the latter subgroup
of LCA related research, some have come into a conclusion that an attributional
LCA does not aim to depict environmental impacts, only to attribute flows to differ-
ent isolated product systems (e.g. Plevin et al. 2013).

In the veins of discussion in Suh & Yang (2014), the author of this dissertation
is inclined to think that the driving force for modelling selections applied in an LCA
study need to be mainly based on the goal definition phase of the study, not a
predefined taxonomy for modelling. The goal of any quantitative environmental
impact assessment with any modelling tool, including LCA, has to seek, by defini-
tion, to assess environmental impacts. The decision-context and a consequent,
well defined research question should be the main driver for modelling decisions.
An LCA practitioner should aim to answer a well-defined question as well as pos-
sible, not to fulfil a specific modelling approach, if the latter does not bring addi-
tional value nor enable identification of environmental impacts. If the division of
LCA approaches into distinct taxonomic groups does not deliver clarity in a specif-
ic research context, then following one approach just for the sake of following one,
does not seem very beneficial.

So what are the research questions one can be answering with the distinct
possibilities for inclusion or exclusion of counterfactual baselines? There seems to
be three potential approaches for the inclusion or exclusion of a counterfactual:
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 Attributional LCA without any baseline for land use, that is, relating the
land use interventions to a situation that prevails and is assumed to pre-
vail in the future, or was the situation recently;

 Attributional LCA with ‘no-economic use’ baseline for land use, that is,
natural regeneration towards natural potential vegetation; and

 Consequential LCA with alternative land use as the reference situation to
our product system not occupying the land-area currently occupied.

Following the first option in line with the LCA literature that seems to imply that no
counterfactual should be considered in an attributional approach, one is relating
the studied activity to a situation that prevailed either before the introduction of the
activity or, for example, last year. This change in the ecosystem quality indicator
can be observed and measured and follows the approach of annual reporting for
normative purposes such as reporting of national greenhouse gas balances for the
Kyoto protocol. A concrete research question could be “How did the environmental
interventions change in comparison with the interventions that prevailed in this
land area in a defined time t in the past?”. In an illustrative example from such a
perspective, a parking lot that was a parking lot in the past, for example already
last year, would have no impact through land use on the ecosystem service biotic
productivity, because there was no biotic productivity on the site last year either.
The results of such a research question are retrospective and do not try to identify
relative impacts of the existence of the studied activity in relation to the absence of
the studied activity. Thus one may argue that such an approach has limited use in
decision-support.

Then following the second option in line with the land use related LCA literature
that explicitly suggests that a ‘no-use’, natural regeneration reference situation for
land use should be considered in an attributional approach, one is relating the
existence of the studied activity to a counterfactual situation, the absence of the
activity. The marginal difference in between the existence and the absence of the
activity is considered as the endogenous impact of the studied activity. Such an
approach leads to a concrete research question “What are the direct land use
related environmental impacts of the studied activity relative to the absence of the
activity in isolation from other product systems potentially occupying the land?”.
This is in line with the research questions and modelling approaches applied in
this thesis. Using the same example as above, the relative impact of an existing
parking lot on biotic productivity would be the difference in evolution of the biotic
productivity in continued use of the land as a parking lot versus the case of natural
regeneration of the lot. Such a research question is future-oriented and tries to
identify an isolated impact, thus implying support relevance for micro or meso-
level decision-making which can be expected to have limited impacts to external
systems. However, as the impact cannot be observed or measured due to the
inclusion of counterfactuals in the analysis, thus there seems to be limited possibil-
ities to apply results of such an approach in normative use which requires that the
impacts can be verified. An example of such is the verification of emissions under
the EU emission trading system. This has potential implications to the likely limited
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applicability of GWPbio factors for forest bioenergy in the EU emission trading
system.

Following the third option in line with all the relevant literature on consequential
LCA, an alternative use for the land would be applied as the counterfactual refer-
ence situation under consequential modelling approach. The alternative would be
the likely alternative economic use of the land that is determined by the markets.
The identification of such impacts exogenous to the studied product system would
require the modelling of market mediated responses with e.g. partial or general
equilibrium economic models. The marginal difference in the evolution of ecosys-
tem quality in the continued use in the studied product system and in the identified
alternative economic use for land would be the impact of the studied product sys-
tem. A concrete research question could be “How would the ecosystem quality
change as a consequence of a studied change in the demand of product X?”.
Using the same example of a parking lot, the impact on the biotic productivity
would be the marginal difference in between the non-existent biotic productivity in
the current land use versus the biotic production in the alternative land using sys-
tem. The results of such a research question are prospective and try to depict the
complete picture of impacts when the activity is studied in conjunction with the
surrounding economic activities and markets for land. Modelling of impacts
through market-mediated indirect land-use change (ILUC) would fall within such a
consequential modelling framework. Such an research question aims to give sup-
port to macro-level decision making, which is outside the scope of this study.

Another issue regarding decision-support is whether to use midpoint or end-
point indicators in communicating the environmental impact assessment results to
the interested audience. Midpoint level land-use impact indicators were applied in
this thesis and no endpoint modelling was pursued. Endpoint indicators would
have aimed to relate and reflect the weight of the studied individual environmental
impact category results to the three environmental safeguard objects, namely
human health, ecosystems and resources. An advantage of midpoint impact indi-
cators is the smaller uncertainty and lower subjectivity in the indicator results,
while a potential disadvantage is the lack of communication of relative environ-
mental severeness of individual impacts in relation with (i) each other and (ii) other
environmental aspects. The author considers that the decision-makers in the in-
tended audience are allowed to (and will) apply their personal preferences and
perceptions on the relative weight of individual decision-making criteria, that is, the
weight and importance they want to give to individual environmental impact path-
ways in their decision making processes. The author is inclined to think that the
decision-makers face, and are capable for, multicriterial decision-making in the
presence of possible trade-offs in between individual decision-making criterion in
their everyday life and work. The author’s personal view is that they potentially rely
more on non-aggregated environmental information in measurable units rather
than aggregated results in non-physical units based on someone else’s considera-
tions on the weight of individual decision-making criterion in his or her decision
making. If one perceives the conservation of biodiversity (or any other individual
indicator or set of indicators) as the main decision-making criterion over the other
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environmental impact categories, he or she should be given the chance to find that
information in the communication of the impact assessment results.

4.2 Considerations on baseline and timeframe

There remain a few considerations on the details in the application of the counter-
factual ‘no-use’ baseline in relation with time and decision making that merit dis-
cussion. There seems to be a trade-off in between securing that all the far-
reaching impacts are covered (long-term perspective) in assessment of impacts
from land use and in maintaining sensitivity to short-term changes relevant to
today’s decision-making purposes.

When one decides to apply the natural regeneration as the counterfactual ref-
erence level in micro or macro level decision support, one can apply either (i) the
potential natural vegetation that was present in the area in the past or (ii) climax of
potential natural vegetation to be reached potentially in distant future or (iii) con-
sider regeneration rate over shorter timeframes. The author suggest to consider a
forward-looking perspective in the determination of the reference situation, select
an impact modelling timeframe that is relevant for today’s decision-making (e.g.
20, 50 or 100 years for climate impacts) and still respect the quasi-natural land
cover as the reference situation (see Figure 3). To be able to give relevant support
for decision-making, the LCA practitioner could select likely the most appropriate
timeframe for impact characterisation in the goal definition stage and apply the
characterisation factors modelled for both land occupation and transformation with
the respective timeframe in the study (e.g. GWP-100 for climate impact assess-
ment of land use). This can be carried out in full accordance with the proposed
guidelines for land use impact assessment in LCA (Milà i Canals et al. 2007a;
Koellner et al. 2013) if the reference situation is considered to be natural regenera-
tion onwards from the current state, not the (quasi-)natural situation that was pre-
sent in the history or can only be reached within centuries. If the most relevant
impact modelling timeframe for the decision support in question is longer than the
regeneration time, then the characterisation factors applied describe absolute
distance to an idealistic natural vegetation state. This might be the case for some
decision-making support situations for many of the land use impact pathways, but
most probably is not relevant for decisions related e.g. with climate regulation and
mitigation.

Articles II–IV applied a forward-looking baseline, focusing on the development
of the ecological quality indicators from the present situation onwards. Some (e.g.
Strauss 2011) argue in the context of climate impacts of forest value chains that
the forward-looking view ignores the fact that forest investment decisions in recent
decades were usually based on anticipation of wood use in the future. For exam-
ple, Sedjo (2011) argues that past forest management, such as the planting of
trees, was based on expectations of future use. Thus, from a broad forest-system
perspective, burning biomass today would not release new carbon into the atmos-
phere, but would only emit carbon that was sequestered in the past in anticipation
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of this future use. Both perspectives can be appreciated, but the forward-looking
approach seems to answer the most relevant questions from the 2 °C climate
mitigation perspective. As mentioned earlier, there is no real scientific answer to
what the studied timeframe should be, but that it depends on the (political) aims of
the assessment (Schlamadinger et al. 1997; Kirkinen et al. 2008; Walker et al.
2010; Zanchi et al. 2010). It is possible that shorter time frames than 100 years will
be emphasized in climate policy in the future, due to rapid emission reduction
requirements in order to stabilize atmospheric greenhouse gas concentrations at a
low level, for example in accordance with the 2 °C target, or to lower the tempera-
ture increase rate. For other impact categories, other timeframes may be pre-
ferred.
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5. Conclusions

A significant challenge remains regarding land-use aspects and environmentally-
aware decision making. The overarching aim of LCA modelling is to provide envi-
ronmentally-relevant information to give support to decision making. Environmen-
tal impacts of land use in biomass value chains are likely of major significance,
and can significantly influence whether a land-use intensive activity can help or
hinder in meeting environmental mitigation targets.

The main aims of this thesis were (i) to test and analyse the applicability of land
use impact indicators and assessment frameworks from LCA practitioners’ per-
spective, especially for forest biomass value chains, (ii) to analyse how the land
use impact assessment framework could be reflected in the climate impact as-
sessments of use of forest biomass from managed forests and to compile respec-
tive characterisation factors potentially applicable for LCA, and (iii) to discuss
which decision-making situations the approach and results of the thesis can give
support to.

The omission of land-use impacts in quantitative modelling studies that aim to
give objective information on environmental impacts, can, potentially, misinform
the decision-maker. The exclusion of land use impact pathway in a quantitative
environmental impact modelling with LCA seems to lead to giving incomplete
environmental information to the decision maker, thus the driving aim for the LCA
analysis is not met. If this then leads to the conclusion that land-use impacts need
to be implemented in future LCA studies, then the core question on the remaining
methodological challenges discussed in this thesis remains: Can we anticipate
that the process-related difficulties in the assessment of land-use related environ-
mental impacts in LCA modelling framework can be resolved?

It can be concluded that land use impact indicators are necessary in LCA in
highlighting differences in impacts from distinct land use classes. However, many
open questions remain on certainty of highlighting actual impacts of land use,
especially regarding impacts of managed forest land use on biodiversity and eco-
system services such as water regulation and purification.

When the climate impacts of managed forestry are assessed, a reference situa-
tion for forest land use has to be defined appropriately, in line with the goal and
scope of the study. Ignoring the ‘no use’ reference land-use situation results in
conclusions that do not reflect the environmental impacts of the system studied.
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The climate impact of energy use of boreal stemwood was found to be higher in
the short term and lower in the long-term in comparison with fossil fuels that emit
identical amount of CO2 in combustion, due to changes implied to forest C stocks.
The climate impact of energy use of stemwood from thinnings was found to be
higher than the previous estimates on impacts of energy use of forest residues
and stumps present in the scientific literature. The product lifetime has much high-
er relative influence on the climate impacts of wood-based value chains than the
origin of stemwood either from thinnings or final fellings. Climate neutrality seems
to be likely only in the case when almost all the carbon of harvested wood is
stored in long-lived wooden products.

Bottom-up modelling approaches were adopted in this thesis which focuses on
studying existing (unchanged) product systems. All models are only imperfect
representations of the real world and their limitations need to be identified in the
interpretation of the results. This thesis aims to support micro- and macro-level
decision making. The applied approach potentially allows comparisons of the
magnitude of land-use induced environmental impacts of product systems with
identical function. The results presented in the thesis cannot, however, be inter-
preted to depict actual changes in environmental interventions as a consequence
of substitution of one product with another.

It is obvious that, in the current form, the land use impacts cannot be modelled
with a high degree of certainty nor communicated with adequate level of clarity to
a decision maker, especially regarding impacts of forest biomass value chains on
ecosystem services and biodiversity. Thus, in the current form of land use impact
assessment in LCA, the core aim of LCA modelling, supporting actual, environ-
mentally considerate decisions is not fully met. It seems that, for now, the decision
makers need to make their decisions, with potentially far reaching implications,
based on incomplete information on the environmental consequences of their
decisions.

Meanwhile, it seems that the academia needs to keep on improving the model-
ling framework. The analysis in this thesis on land use impact assessment of for-
est value chains can help the academia in further development of land use impact
assessment methods and respective characterisation factors. Additionally, the
discussion on the selection of reference situation in relation with the actual deci-
sion-making context can deliver clarity and consistency in selecting appropriate
reference levels in LCA modelling to best support the decision at hand.

Building on this background, it can be concluded that the academia needs to be
clear in their discourse with decision-makers in communicating the limited certain-
ty on whether land-use intensive activities can help in meeting the strict mitigation
targets we are globally facing.
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Abstract

Forests are a significant pool of terrestrial carbon. A key feature related to forest biomass harvesting and use

is the typical time difference between carbon release into and sequestration from the atmosphere. Tradition-

ally, the use of sustainably grown biomass has been considered as carbon neutral in life cycle assessment

(LCA) studies. However, various approaches to account for greenhouse gas (GHG) emissions and sinks of for-

est biomass acquisition and use have also been developed and applied, resulting in different conclusions on

climate impacts of forest products. The aim of this study is to summarize, clarify, and assess the suitability of

these approaches for LCA. A literature review is carried out, and the results are analyzed through an assess-
ment framework. The different approaches are reviewed through their approach to the definition of reference

land-use situation, consideration of time frame and timing of carbon emissions and sequestration, substitution

credits, and indicators applied to measure climate impacts. On the basis of the review, it is concluded that, to

account for GHG emissions and the related climate impacts objectively, biomass carbon stored in the products

and the timing of sinks and emissions should be taken into account in LCA. The reference situation for forest

land use has to be defined appropriately, describing the development in the absence of the studied system.

We suggest the use of some climate impact indicator that takes the timing of the emissions and sinks into con-

sideration and enables the use of different time frames. If substitution credits are considered, they need to be
transparently presented in the results. Instead of carbon stock values taken from the literature, the use of

dynamic forest models is recommended.

Keywords: boreal, climate change, climate indicators, forest carbon cycle, life cycle assessment
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Introduction

Biomass plays a significant role in the global carbon

cycle. Between 2000 and 2008, terrestrial biomass

(including soil) sequestered annually altogether approx-

imately 20–25% of the carbon emitted from fossil fuel

combustion and cement production, that is, functioning

as a carbon sink of similar magnitude to the oceans

(IGBP/GCP, 2010). However, land-use changes, mainly

due to deforestation of tropical rain forests and forest

degradation, emitted approximately half of the carbon

that was sequestered in terrestrial biomass back to the

atmosphere (IPCC, 2007a). As the carbon emissions to

the atmosphere and the sinks from the atmosphere are

not in balance, the atmospheric carbon dioxide concen-

trations are growing.

Forests (including soils) are a significant pool of ter-

restrial carbon. They have been recognized as gaining

carbon in many areas (DeFries et al., 2002; Pan et al.,

2011), with even an increased growth rate in some

regions, for example, in Finland (Kauppi et al. 2010).

For example, in Europe, the growth of forests was sig-

nificantly higher compared with removals between 1990

and 2010, resulting in an annual average net carbon sink

in the standing biomass (Köhl et al., 2011). The annual

sink varies from year to year, mainly due to the inten-

sity of removals. Thus, a change in land management

(with no change in land-use class) contributes to a

change in terrestrial C stocks. Transition toward bioec-

onomy and ambitious targets to increase the use of

renewable energy sources (e.g., Directive 2009/28/EC)

may significantly increase the removals of wood from

boreal forests, thus decreasing their carbon sink com-

pared with the current trends (Böttcher et al., 2012).

The target of the mitigation fundamentally influences

the effectiveness of the different actions on mitigating
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climate change. The lower the desired limit of global

temperature increase, the lower the stabilization level of

greenhouse gas concentrations in the atmosphere, and

the more rapidly the greenhouse gas emissions need to

be reduced. The European Union (EU) (EC: Commission

of the European Communities, 1996, 2007) and, later, all

the countries that have ratified the United Nations

Framework Convention on Climate Change (UN 1992)

have recognized ‘the scientific view that the increase in

global temperature should be below 2 °C’ (UNFCCC,

2009). According to the IPCC, global greenhouse gas

(GHG) emissions should peak no later than 2015 and

should be reduced by at least 50–85% by 2050, and

maybe by even more than 100% prior to the end of the

century, from their levels in 2000, to keep the probabil-

ity of limiting the global mean surface temperature

increase to under 2 °C compared with the preindustrial

level reasonable (IPCC, 2007b). Continuously increasing

global GHG emissions, together with the ambitious

climate policy targets, requires the introduction of effec-

tive measures within an increasingly short time.

Life cycle assessment (LCA) is a methodological

framework for estimating and assessing the environ-

mental impacts related to the life cycle of a product sys-

tem (Rebitzer et al., 2004; Finnveden et al., 2009). LCA is

initiated by a definition of the goal and scope; this is fol-

lowed by life cycle inventory (LCI), life cycle impact

assessment (LCIA), and interpretation of the results

(ISO 14040, 2006; ISO 14044, 2006). The development of

LCA has led to a definition of different LCA modes or

types (e.g., Ekvall & Weidema, 2004; Curran et al., 2005;

Finnveden et al., 2009; Zamagni et al., 2012). Attribu-

tional LCA (ALCA) has been defined as a method ‘to

describe the environmentally relevant physical flows of

a past, current, or potential future product system’

(Curran et al., 2005). In contrast, consequential LCA

(CLCA) can be defined as a method that aims to

describe how environmentally relevant physical flows

would have been or would be changed in response to

possible decisions that would have been or would be

made (Curran et al., 2005). The ALCA reflects the sys-

tem ‘as it is’, whereas the CLCA attempts to respond to

the question: ‘What if’? In ALCA, average data depict-

ing the actual physical flows are used, whereas in

CLCA, marginal data are used when relevant for

the purpose of assessing the consequences (Ekvall &

Weidema, 2004; Finnveden et al., 2009).

Handling long-rotation forest biomass carbon emis-

sions and sequestration remains as one of the controver-

sial issues in LCA (e.g., Guinée et al., 2009). Traditionally,

the use of sustainably grown forest biomass has been

considered carbon neutral in LCA, based on the assump-

tion that the carbon that is released during combustion or

decay of biomass is sequestered back into the growing

biomass. In such a case, the biomass system is carbon

neutral over the rotation period. The timing difference

between the release and sequestration of forest biomass

carbon leads to a situation where part of the carbon

remains in the atmosphere until it is fully sequestered

back into the growing forest. This results in a warming

impact if sequestration lags emission. Thus, carbon neu-

trality over a forest rotation period is not equal to climate

neutrality (see e.g., Cherubini et al., 2011).

Many biomass GHG accounting methods have been

developed (e.g., IPCC, 2006; WRI: World Resources Insti-

tute, 2006; Eriksson et al., 2010; Pena et al., 2011; Cherubini

et al., 2011; Lippke et al., 2011) resulting in notably different

conclusions. The aim of this study is to discuss and identify

which characteristics of the different approaches are most

suitable for the treatment of biomass carbon flows within

LCA. The crucial methodological choices include selection

of the reference situation and setting of the spatial and tem-

poral system boundary. In addition, consideration of tim-

ing of emissions and sinks, and different forest carbon

stocks, as well as the selection of climate indicators used,

are critical issues for modeling. Furthermore, the aim of

this study is to summarize, clarify, and assess how the dif-

ferent approaches take these critical issues into account. As

this study focuses on the inclusion of biogenic carbon flows

in LCA, the climatic impacts of direct changes in surface

albedo and indirect changes in cloud albedo caused by

forest land use and management have been left outside the

scope of this study, even though some recent studies

indicate that their impact may be considerable (e.g., Kul-

mala et al., 2004; Spracklen et al., 2008; Bright et al., 2011,

2012).

Literature review

Materials and methods

A relevant set of documents that address the question

of biomass carbon stock changes in forests related to cli-

mate change was identified and selected for the review

on the basis of literature searches and previous experi-

ence of the publications in the field. These included

peer-review articles, legally binding documents, volun-

tary standards, and gray reports (see Table S1).

The selected documents were reviewed through a set

of five questions. The questions (below) were chosen

based on previous knowledge of the critical factors in

the assessment of the forest biomass carbon flows.

1. Does the approach apply some reference situation for

land use? If it does, specify what.

2. Does the approach consider timing of emissions and

sinks, and on what time horizons?

3. What indicators are used for measuring the GHG

emissions or their warming impact?

© 2013 John Wiley & Sons Ltd, GCB Bioenergy, 5, 475–486
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4. Forest modeling: Does the approach consider the

whole carbon stock of the forest or only part of it? Is

the approach based on the use of specific forest mod-

els or literature values?

5. Forest product use: Does the approach consider bio-

mass carbon stored in a product? What about prod-

uct substitution impacts?

It is important to note that the climate implications of

forest products’ life cycles can be studied from three

separate perspectives:

• The impact of forest biomass acquisition activity on

the biomass carbon stocks in forests;

• The impact of biomass carbon storage in long-lived

products;

• The impact of the potential substitution of other

products (e.g., construction or packaging materials,

electronic media, or fossil fuels) with forest products.

The third perspective, the substitution of other products,

is often considered to be part of the CLCA modeling,

whereas its applicability in ALCA remains disputed.

Reference situation for forest

When the environmental impacts of any activity are

assessed with LCA (following the standards ISO 14040,

2006; ISO 14044, 2006), it is essential to ensure that the

environmental inputs and outputs included in the

assessment reflect the studied activity; In other words, to

ensure that the environmental impacts attributed to the

studied system would not have occurred without the

existence of the activity. Consistent with this basic prin-

ciple, the ILCD Handbook (JRC-IES: Joint Research Cen-

tre – Institute for Environment & Sustainability, 2010)

gives guidance for modeling agro and forestry systems.

According to Chapter 7.4.4.1 of the ILCD Handbook:

’only the net interventions related to human land man-

agement activities shall be inventoried in LCI. Interven-

tions that would occur also if the site was unused shall

not be inventoried.’

This leads to the need to define a ‘no use’ reference

situation to represent the agro or forestry system in

which the studied human activity did not occur. JRC-

IES: Joint Research Centre – Institute for Environment &

Sustainability (2010) continues, stating that:

‘The “no use” reference system shall be the indepen-

dent behaviour of the site, starting from the status of

the land at that moment when the area of the analyzed

system is prepared for the modelled system’ under

ALCA modeling. The determination of the reference

system in LCA is discussed in the following para-

graphs.

The UNEP-SETAC Life cycle initiative1 has released a

framework of LCIA for land use (Milà i Canals et al.,

2007). It includes a detailed discussion and suggestions

on the modeling of the ‘no use’ reference situation. In

ALCA, the ‘no use’ reference situation is the natural

relaxation of the land area, whereas in CLCA, an alterna-

tive land-use situation becomes the reference. Alternative

land use can be either natural vegetation or some human

land use, depending on the situation in that specific area,

and it can be derived, for example, from statistical time

series or economic models (Milà i Canals et al., 2007).

Both natural relaxation and alternative land use can be

considered as ‘the independent behaviour of the site’, as

stated in JRC-IES: Joint Research Centre – Institute for

Environment & Sustainability (2010), and the choice

depends on the modeling approach selected (attributional

or consequential). An example of carbon sequestration

over time in different forest management scenarios is pre-

sented in Fig. 1. In terms of the approaches suggested by

Milà i Canals et al. (2007), ‘not harvested’ corresponds to

natural relaxation and is the reference situation in ALCA.

In CLCA, ‘once intensified harvested’ shall be compared

with the alternative land use derived from statistical time

series or economic models, such as ‘once harvested’ or

‘not harvested’ in the example in Fig. 1.

Gustavsson et al. (2000) discussed principles for pro-

ject-based greenhouse gas accounting with a focus on

baselines and additionality. They concluded that a pri-

mary consideration in the selection of baselines must be

their efficacy in helping to achieve the ultimate objective

of the UNFCCC, that is, the stabilization of greenhouse

gas concentrations in the atmosphere. Furthermore, they

concluded that a baseline should provide an accurate

description of the path of net emissions in the absence

of a purposeful intervention. These project-based sce-

nario analyses have many features in common with

CLCA, thus providing relevant aspects for the definition

of the reference situation.

The majority of the reviewed publications have

applied some reference situation, that is, they have pre-

sented the environmental impacts of the studied activity

relative to a reference scenario. The natural evolution of

the site is applied as reference scenario only in Perez-

Garcia et al. (2005), Müller-Wenk & Brandão (2010),

Lippke et al. (2011), and in Pingoud et al. (2012) for

stemwood. In Eriksson et al. (2010), the reference is the

carbon sequestration rate (not carbon stock) in the natu-

ral situation some decades in the future, and the seques-

1In 2002, the United Nations Environment Programme (UNEP)
and the Society for Environmental Toxicology and Chemistry
(SETAC) launched an International Life Cycle Partnership,
known as the Life Cycle Initiative, to enable users around the
world to put life cycle thinking into effective practice. For more
information: http://lcinitiative.unep.fr/
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tration rate of that time is assumed to equal a net C

sequestration rate of near zero.

Most of the publications (Schlamadinger et al., 1997;

WRI: World Resources Institute, 2006; Kirkinen et al.,

2008; Zanchi et al., 2010; Kujanpää et al., 2010; Repo

et al., 2011; Holtsmark, 2012; McKechnie et al., 2011; Pin-

goud et al., 2012 for forest residues) have applied alter-

native land use as the reference situation. However, in

some of them (e.g., Kirkinen et al., 2008; Zanchi et al.,

2010; McKechnie et al., 2011; Repo et al., 2011; Pingoud

et al., 2012), forest management without forest residue

harvesting is used as the reference. Holtsmark (2012)

studies the impact of a 30% increase in stemwood har-

vests relative to current harvesting. Kujanpää et al.

(2010) use a similar step change approach for the forest

residue case, but study the marginal impacts of harvest-

ing pulpwood with a so-called pulse approach. In this

approach, a small change is applied to the annual base-

line harvests in the first year(s) of harvests, and the

impact of this marginal change is studied over time

relative to the current use baseline.

A few of the reviewed studies consider constant ter-

restrial carbon stock level as the reference or do not

present any reference situation.2 Cherubini et al. (2011,

2012) and Bright et al. (2012) define GWPbio factors for

bioenergy use without a reference situation. Kilpeläinen

et al. (2011), on the other hand, focus on one stand

rotation from stand establishment to final felling, and

no reference is applied. Miner (2010) identifies no refer-

ence situation in the analysis that focuses on the differ-

ent spatial system boundaries. This ‘zero level’ reference

approach can be considered to be consistent with the

principles of ALCA modeling that aims to reflect the

system’as it is’, although the environmental relevance

of such an approach can be disputed. It is noteworthy

that the most well-known directives, voluntary stan-

dards, and footprinting guidelines (ISO/DIS 14067; EC:

Commission of the European Communities, 2011; PAS

2050, 2011; Directive 2009/28/EC) do not provide guid-

ance on the use of a reference situation for land-use

activities if no direct land-use change (from one land-

use class to another) occurs.3 For land-use change, the

reference in these is the land use in a defined year (e.g.,

2008).

The question of whether to assess the forest carbon

flows at stand, local, regional, or country level has

raised dispute (see e.g., Miner, 2010; Sedjo, 2011). This

dispute may stem partly from the inconsistent applica-

tion and identification of reference situations in differ-

ent climate impact assessment studies (e.g., Eriksson

et al., 2010; Cherubini et al., 2011; Kilpeläinen et al.,

2011). According to some (e.g., Eriksson et al., 2010;

Miner, 2010; Sedjo, 2011), the assessment of the biomass

carbon cycle at stand level leads to a flawed picture of

Fig. 1 Carbon sequestration in a forest stand over time in various forest management options, including no harvesting, one harvest-

ing, and one intensified harvesting. Carbon loss compensation time may vary between management options and policy horizon to

consider climate impacts may vary from carbon loss compensation time. The curves are for illustrative purposes only and do not rep-

resent results of any actual forest modeling run.

2Both (with or without intent) lead to the use of a zero level,
i.e., a situation with constant terrestrial carbon stock, as the
reference.

3Neither do these publications give instructions on the calcula-
tion of carbon flows from land use in cases where no land-use
change occurs.
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the impact of wood harvest on the forest carbon flows.

It is argued that if new wood is grown on the harvested

land, then across the whole wood-producing region,

there is a net zero carbon emission or net sink impact

because the new growth on the other plots of the region

will offset the carbon emissions from the harvested plot.

This argument has been criticized for not taking into

account the fact that, if there had been no biomass har-

vest, the forest would likely have continued to stock

carbon (e.g., Walker et al., 2010; Pingoud et al., 2012).

This dispute finds its roots in the exclusion of the inde-

pendent evolution of the forest land as the reference sit-

uation in the climate impact assessment: for example,

Miner (2010) and Sedjo (2011) do not consider that the

forests that are not affected by the studied harvest

either in the case studied or in the reference situation

have no influence on the forest carbon stock changes

regardless of the definition of the spatial system bound-

ary. Careful definition of the reference situation for land

use is therefore very important.

Timing of emissions and sinks and time horizon

Emissions and sinks of biomass carbon usually occur

at different points in time, particularly in the case of

forest biomass use (Fig. 1). The timing of emissions

and sinks has an impact on the overall cumulative cli-

matic impact of the activity over a certain time frame

(see e.g., Levasseur et al., 2010, 2012). The carbon emis-

sion into the atmosphere has a warming impact (radia-

tive forcing), whereas the sequestration has a cooling

impact. The carbon debt between emission and seques-

tration (carbon loss compensation time in Fig. 1) results

in a warming effect if sequestration lags emission. As a

consequence, the result of the climate impact assess-

ment is dependent on the time horizon (referred as

policy horizon in Fig. 1) of the assessment (Cherubini

et al., 2011).

The reviewed studies have considered the timing of

emissions and sinks in different ways. As LCA is typi-

cally applied as a static tool, in which the emissions are

assumed to take place at the same time, it is not neces-

sarily well suited to assessing the complexity of forest

carbon dynamics (Bright et al., 2011; McKechnie et al.,

2011). Therefore, Levasseur et al. (2010) have proposed a

dynamic LCA approach for climate impact assessment,

in which the temporal profile of emissions is included

in the LCI results and time-dependent characterization

factors are applied in the LCIA phase. Most of the

reviewed studies (e.g., Kirkinen et al., 2008; Kujanpää

et al., 2010; Zanchi et al., 2010; Kilpeläinen et al., 2011;

Repo et al., 2011; Pingoud et al., 2012) have applied

different forest models to assess the dynamic impacts of

forest harvest (see section Modeling of forest carbon

stocks). On the other hand, some of the reviewed

documents (e.g., Eriksson et al., 2010; Miner, 2010) have

adopted a static approach. These approaches consider

the annual average net change in the C stock of the

surrounding forest system and ignore the timing of the

sinks and emissions within the specific product system

relative to a reference situation. Such static approaches

are analogous to the guidelines for annual national

greenhouse gas inventories in the agriculture, forestry,

and other land use sector (IPCC: Intergovernmental

Panel on Climate Change, 2003; IPCC, 2006), but have

limited applicability in LCA.

ISO 14040, 2006 and ISO 14044, 2006 do not address

the timing issue, but the draft of ISO/DIS 14067; on the

product carbon footprints (PCF) of products includes

some guidelines. According to the draft, all greenhouse

gas emissions arising from fossil and biogenic (biomass)

sources shall be included in PCF calculations. However,

biogenic carbon is reported separately from fossil carbon,

showing transparently both removals and emissions, and

shall be treated as if released and sequestered instanta-

neously in the first year of the assessment period. This

loss of a temporal dimension in biomass carbon emis-

sions and sequestration leads to a neutral climate impact

in cases of no land-use (class) change.

The Directive 2009/28/EC; PAS 2050, 2011; guide-

lines, and the EU PEF guidance (EC: Commission of the

European Communities, 2011) under preparation con-

sider direct land-use change (i.e., a situation where the

land-use class changes as a result of the action within

the defined system boundary). In all of these docu-

ments, the emissions from land-use change are to be

annualized by dividing the total emissions by 20. This

emission term disappears after 20 years of cultivation.

However, if forest land remains as forest land after final

fellings, it is not typically considered as a land-use

(class) change. These modeling principles might be rea-

sonable for bioenergy from agricultural biomass, but

their relevance for long-rotation biomass (i.e., boreal

forests) can be questioned.

Within the other reviewed studies and documents,

there are different perspectives on the time frame of the

study. Most of the reviewed documents with a life-cycle

scope suggest dynamic approaches with the inclusion of

a longer time frame than the current year. Some of the

publications (e.g., Kendall et al., 2009; Directive 2009/

28/EC) considered only 20–30 years, whereas others

took into account a longer period of time, even

500 years (e.g., Müller-Wenk & Brandão, 2010; Cheru-

bini et al., 2011). Pingoud et al. (2010) propose a method

in which equilibrium strategies of forest management

and wood use with the best climate benefits in the very

long run are sought. However, most of the reviewed

approaches could be used to assess some other time
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frame as well (e.g., Schlamadinger et al., 1997; Kirkinen

et al., 2008; Kendall et al., 2009; Müller-Wenk & Bran-

dão, 2010; Cherubini et al., 2011; Holtsmark, 2012;

Kilpeläinen et al., 2011; McKechnie et al., 2011; Repo

et al., 2011). Some studies have made calculations over

different rotation periods or ages (e.g., Walker et al.,

2010; Cherubini et al., 2011).

In many of the reviewed studies, 100 years has been

chosen as the studied time frame (e.g., Perez-Garcia

et al., 2005; Kujanpää et al., 2010; Walker et al., 2010 and

Repo et al., 2011). McKechnie et al. (2011) justify the

100 years time frame through its relevance for long-

term forest management planning. For the same reason,

Kilpeläinen et al. (2011) have chosen 80 years. Many

studies emphasize that there is no real scientific answer

to what the studied time frame should be, but that it

depends on the (political) aims of the assessment (Schla-

madinger et al., 1997; Kirkinen et al., 2008; Walker et al.,

2010; Zanchi et al., 2010). It is possible that shorter time

frames than 100 years will be emphasized in climate

policy in the future, due to rapid emission reduction

requirements to stabilize atmospheric greenhouse gas

concentrations at a low level, for example, in accordance

with the 2 °C target, or to lower the temperature

increase rate.

Most of the reviewed studies were forward-looking,

focusing on the development of the forest carbon stocks

from the present situation onwards (e.g., Kirkinen et al.,

2008; Repo et al., 2011; Pingoud et al., 2012; Holtsmark,

2012). Some others, however, argue that the forward-

looking view ignores the fact that forest investment

decisions in recent decades were usually based on antic-

ipation of wood use in the future (Strauss, 2011). For

example, Sedjo (2011) argues that past forest manage-

ment, such as the planting of trees, was based on expec-

tations of future use. Thus, from a broad forest-system

perspective, burning biomass today would not release

new carbon into the atmosphere, but would only emit

carbon that was sequestered in the past in anticipation

of this future use. Both perspectives can be appreciated,

but the forward-looking approach seems to answer the

most relevant questions from the 2 °C climate mitiga-

tion perspective.

Climate indicators

In LCA, the impacts on climate change are commonly

measured with carbon dioxide equivalents (CO2-eq.)

based on global warming potential (GWP) coefficients

(IPCC, 2007a). The GWP coefficients of the individual

greenhouse gases are different for different time frames

because the atmospheric lifetimes and radiative

efficiencies of distinct forcing agents differ from each

other (IPCC, 2007a; Table 2.14). The time frame for

GWP coefficients is agreed to be 100 years (GWP-100)

under the UNFCCC: United Nations Framework Con-

vention on Climate Change (2009) and the Kyoto Proto-

col. This decision is political, without an unambiguous

scientific basis. It has become a general practice within

the LCA community to apply this time frame in LCIA.

In addition, product carbon footprint standards and

guidance documents, such as Directive 2009/28/EC;

JRC-IES: Joint Research Centre – Institute for Environ-

ment & Sustainability (2010), PAS 2050, 2011; ISO/DIS

14067, and EC: Commission of the European Commu-

nities, 2011 require the use of GWP-100 in the climate

impact assessment for fossil CO2 and other greenhouse

gases. GWP-100 is also applied, for example, in WRI:

World Resources Institute (2006), Eriksson et al. (2010),

Walker et al. (2010), and McKechnie et al. (2011).

The loss of the temporal dimension, which holds

true when using the GWP coefficients (IPCC, 2007a)

with fixed time frames, is particularly problematic for

CO2 originating from the changes in terrestrial carbon

stocks. The reason is that the average stay of CO2 from

the terrestrial C cycle released to the atmosphere in

sustainable land management activities is shorter than

the average stay of CO2 released from fossil reserves.

A ton of CO2 added to the atmosphere will be

absorbed by the top layers of the sea and by terrestrial

carbon stocks, according to the Bern 2.5 CC model

(IPCC, 2007a, p. 213). However, for a ton of CO2

released into the atmosphere from sustainably man-

aged biomass resources, additionally a similar amount

of CO2 can be considered to be circulated back into the

specific terrestrial C stocks (within the rotation period

of the biomass, due to photosynthesis).

To get around this issue, some of the reviewed publi-

cations have applied other types of indicators for cli-

mate impact assessment of forest biomass use. Like the

GWP-100 coefficients (IPCC, 2007a), these indicators

find a basis in the cumulative radiative forcing (W m�2)

measure (e.g., Kirkinen et al., 2008; Kendall et al., 2009;

Cherubini et al., 2011; Repo et al., 2011; Pingoud et al.,

2012). The use of radiative forcing as a function of time

(e.g., Kirkinen et al., 2008; Repo et al., 2011) as an indica-

tor to measure climate impacts is well justified. How-

ever, a drawback of this indicator is that it is somewhat

unfamiliar to the general public and even to the LCA

community, and cannot be applied with widely used

GWP-100 factors.

Another application of the cumulative radiative

forcing measure is the GWPbio factor introduced in

Cherubini et al. (2011). The GWPbio factor is derived

by approximating the atmospheric decay of carbon

from long-rotation biomass with a simplified forest

growth equation. These GWPbio factors are calculated

for situations in which carbon in stemwood (with a
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rotation period of 1–100 yr) is released into the atmo-

sphere within a year after harvest.4 This indicator

makes the comparison with fossil CO2 (and other

greenhouse gas) emissions easy, but is currently only

applicable to energy use. Pingoud et al. (2012) define

the GWPbio factor somewhat differently from Cheru-

bini et al. (2011) by considering the temporary C debt

due to forest biomass harvest with respect to the no-

use baseline. In addition, Pingoud et al. (2012) present

a GWPbiouse factor describing the net climate impacts

of the biomass use cycle compared with a function-

ally equivalent fossil fuel-based cycle, including the

impacts of temporary carbon sequestration into long-

lived wood products. The displaced greenhouse gas

emissions of the product could also be incorporated

in the factor especially in CLCA. The advantage of

the GWPbio approach is that it provides a kind of

physically based discounting factor by which the bio-

mass emissions with deviating timing can be trans-

formed into a permanent fossil carbon emission

whose cumulative warming impact within a given

time horizon is the same.

Müller-Wenk & Brandão (2010) and Kujanpää et al.

(2010) have introduced other indicators that can be com-

pared with a ton of fossil CO2 emissions and that have

been developed for all forest biomass uses. The fossil-

combustion equivalent indicator (Müller-Wenk & Bran-

dão, 2010) first defines the average fraction of fossil CO2

remaining in the atmosphere within a finite time frame

(for example the average fraction remaining is 0.475

within 0–100 year) and expresses this value in terms of

years (47.5 years for the preceding example). They then

calculate the average stay in the atmosphere of terres-

trial CO2 released by land-use activities and present the

result relative to the stay of fossil CO2. The approach in

Kujanpää et al. (2010) is similar, but the result is pre-

sented as equivalent kilograms of fossil CO2, not as rela-

tive time units. The drawback of these indicators is that

they are only close approximations to the real warming

impact because the fossil-combustion equivalent indica-

tor (Müller-Wenk & Brandão, 2010) is based on average

(Tier 15) data and the approach by Kujanpää et al.

(2010) does not take the impact of CO2 absorption by

the top sea layer and other terrestrial carbon stocks into

consideration.

Kendall et al. (2009) introduce a time correction factor

(TCF) for accounting of timing of the land-use change

induced greenhouse gas emissions. The TCF is calcu-

lated based on the relative climate change effect of an

emission (measured as cumulative radiative forcing)

occurring at the outset of biofuel feedstock cultivation.

The TCF is analogous to the GWP coefficients in that it

estimates the relative climate change effect of a gas

based on its cumulative radiative forcing over time.

However, whereas the GWP coefficients give equiva-

lency factors for different gases in relation to CO2, the

TCF provides an equivalency factor for the relative

impact of the emissions occurring at different times.

The amortized (annualized) emissions are then multi-

plied by the TCF.

Many complementary indicators have been devel-

oped that aim to quantify the time needed to com-

pensate for the initial release of terrestrial carbon

caused by the harvesting of biomass for energy, for

example, in relation to the anticipated fossil fuel sub-

stitution benefits. It needs to be noted that substitu-

tion impacts are often considered to be a part of the

consequential LCA modeling approach, whereas their

applicability in attributional LCA remains disputed.

The carbon neutrality factor in Schlamadinger et al.

(1995), Zanchi et al. (2010), and Holtsmark (2012) pre-

sents the time needed for assumed substitution

impacts to compensate for the carbon released at the

beginning of the activity, also known as the carbon

debt. This indicator does not, however, take into

account the fact that more greenhouse gases have

been warming the atmosphere during this time

before carbon neutrality was reached. In practice, cli-

mate neutrality will be reached later in time than car-

bon neutrality in such a case (for more details, see

e.g., Cherubini et al., 2011). The carbon debt used by

Walker et al. (2010) refers to the initially higher CO2

emissions from burning biomass-based fuels com-

pared with fossil fuels.6 The size of the carbon debt

depends on the type of alternative fuel (e.g., coal,

natural gas, other biomass) being replaced by the

biofuel. Walker et al. (2010) also present a further

indicator called ‘carbon dividend’, which is defined

as the fraction of the equivalent fossil fuel emissions

that are offset by forest growth at some specified

point in time. The transition from debt to dividend

occurs at the point where the atmospheric carbon

level resulting from the life-cycle biomass emissions

just equals the level resulting from the reference life-

cycle fossil carbon emissions. Pingoud et al. (2012)

4For example, for burning stemwood from a forest with an
80 years rotation period, the respective GWPbio for 20, 100, and
500 years time horizons would be 0.94, 0.34, and 0.06, respec-
tively.
5For various categories of land-use greenhouse gas emission
sources, there are several ways of calculating the emissions,
described as tiers (e.g., Tier 1, Tier 2, Tier 3), and each tier has
an associated increasing level of detail and accuracy (IPCC:
Intergovernmental Panel on Climate Change, 2003).

6The direct CO2 emissions from fuel combustion are higher per
net calorific value of the fuel for forest biomass than for fossil
fuels (Statistics Finland, 2011).
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present the warming payback time indicator, which

describes the time frame after which forest biomass

use is superior to its functionally equivalent fossil

fuel-based alternative, considering cumulative radia-

tive forcing. The GWPbiouse factor in Pingoud et al.

(2012) is best suited for CLCA when the displaced

greenhouse gas emissions of the product are incorpo-

rated in the factor.

Modeling of forest carbon stocks

In the assessment of the greenhouse gas impacts of for-

est biomass harvesting,7 it is important to acknowledge

that there are multiple carbon stocks and exchanges. In

boreal forests, more than half of the carbon stock may

be contained in the soil and litter (e.g., Liski et al., 2006),

which implies that it is also important to take possible

changes in the soil carbon into account in the climate

impact assessment.

Within the reviewed publications, a variety of

approaches has been adopted. Some of the reviewed

publications (e.g., Kendall et al., 2009; Directive 2009/

28/EC) consider only the C stock changes in conjunc-

tion with land-use change, from one land-use class to

another, and ignore the changes in C stocks within a

land-use class. On the other hand, voluntary life-cycle

carbon accounting standards ISO/DIS 14067 (draft) and

PAS 2050, 2011; as well as the method applied by Cher-

ubini et al. (2011), have only focused on the amount of

carbon in stemwood. This approach is simple and less

time consuming, but it overlooks the possible impacts

on the remaining C stocks in the forest.

Many of the reviewed studies have included all the

aboveground C stocks, but have excluded the soil car-

bon stocks in their approaches (Perez-Garcia et al.,

2005; Eriksson et al., 2010; Miner, 2010; and Walker

et al., 2010). This is potentially problematic, especially

if forest residues are collected from the forest, as the

activity has been identified to have an impact on the

soil carbon stocks (Kirkinen et al., 2008; Repo et al.,

2011). On the other hand, Lippke et al. (2011)

concluded in their review of soil carbon-related litera-

ture that the accumulation of carbon in forest soils is

largely driven by soil moisture, the amount of nitro-

gen (and other nutrients) in the soil, and climatic

conditions. The amount of wood left on site, the

length of the rotation period, and specific treatment

options had an insignificant impact on the forest soil

carbon contents over time. It was stated, however,

that the rate of soil carbon accumulation slows down

with forest residue collection activities. On the other

hand, Helmisaari et al. (2011) have concluded that the

amount of wood (especially harvesting residues) left

on site has a significant impact on the nitrogen bal-

ance of the forest soil, and thus has an impact on the

soil carbon pools. In addition, Johnson & Curtis (2001)

conclude that whole-tree harvesting activities lead to

decreases in soil C stocks and sawlog harvesting (with

no forestry residue collection) leads to increases in soil

C stocks.

Most of the reviewed publications take all the terres-

trial carbon stocks in the forest into account, including

soil (e.g., WRI: World Resources Institute, 2006;

Kujanpää et al., 2010; Müller-Wenk & Brandão, 2010;

Zanchi et al., 2010; Holtsmark, 2012; Kilpeläinen et al.,

2011; McKechnie et al., 2011; Repo et al., 2011). This

approach seems the most appropriate, as it identifies

and quantifies all the carbon exchanges within the forest

ecosystem. Furthermore, the probability of changes in

the soil carbon stocks due to the activity studied can be

tested with the semiempirical soil process models.

A further issue related to the modeling of the life-

cycle climate impacts is the background data used in

the approach. Some approaches rely on terrestrial car-

bon data from the literature, whereas others find their

basis in dynamic forest models. The majority of the

standards included in the review (Directive 2009/28/

EC; EC: Commission of the European Communities,

2011 draft; PAS 2050, 2011) use default (average) global

terrestrial carbon stock values from the IPCC: Intergov-

ernmental Panel on Climate Change (2003). The use of

this so-called Tier 1 data is easy, but it includes high

uncertainties, as there are large variations in local terres-

trial C stocks compared with the global default values

(see discussion in e.g., Müller-Wenk & Brandão, 2010).

Another drawback is that these default values cannot

show the differences inside one land-use category, for

example for different forest management options.

Therefore, some of the approaches reviewed (Eriksson

et al., 2010; Miner, 2010; Müller-Wenk & Brandão, 2010)

have adopted the default values at country or region

level, as used in national forest inventories. This is in

accordance with the so-called Tier 2 approach by the

IPCC: Intergovernmental Panel on Climate Change

(2003) and reduces the uncertainties to some extent.

However, the problem with the use of literature values

as background data is that such an approach can never

reflect the detailed, actual impacts of the activity.

The majority of the reviewed publications with a life-

cycle perspective (e.g., Kirkinen et al., 2008; Kujanpää

et al., 2010; Walker et al., 2010; Zanchi et al., 2010;

Kilpeläinen et al., 2011; Lippke et al., 2011; McKechnie

et al., 2011; Repo et al., 2011; Holtsmark, 2012) base the

assessment of the climatic impacts of forestry on dynamic

7Please note the difference between forest biomass harvesting
(described here) and use (described in section Climate implica-
tions of forest product use).
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forest models. This approach is consistent with the Tier 3

approach by the IPCC: Intergovernmental Panel on

Climate Change (2003), which is the most detailed level

for assessment of carbon stock changes. Some of the mod-

els have been applied at site level (e.g., SIMA in Kil-

peläinen et al., 2011 and GORCAM in Zanchi et al., 2010),

based on one forest rotation cycle. However, most of the

models applied in the reviewed publications are based on

national forest inventory data and have been used at

country or regional level to identify the evolution of

carbon stocks and exchanges over time, under different

forest management scenarios (e.g., Yasso07 in Repo et al.,

2011; Pingoud et al., 2012; EFISCEN in Kujanpää et al.,

2010; MOTTI in Pingoud et al., 2012; FORCARB2 in McK-

echnie et al., 2011; U.S. Forest Service Forest Vegetation

Simulator in Walker et al., 2010; and the anonymous

model in Holtsmark, 2012). A common feature of all these

forest models is that they include all the carbon stocks

and exchanges in the forest, with the exception of NE-

TWIGS in Walker et al. (2010), which excludes soil carbon.

Climate implications of forest product use

The climate implications of forest product use can be

studied from two perspectives: on the one hand, carbon

can be stored in long-lived products, and on the other

hand, forest products can substitute other products

(e.g., fossil fuels).

Most of the reviewed studies and methods have been

developed for bioenergy and therefore do not consider

product carbon (e.g., Schlamadinger et al., 1995; Kendall

et al., 2009; Miner, 2010; Walker et al., 2010; Zanchi et al.,

2010; Cherubini et al., 2011; Holtsmark, 2012; Repo et al.,

2011). The question of carbon storage is not in the scope

of ISO 14040, 2006; nor Directive 2009/28/EC; PAS

2050, 2011; guidelines and the EC: Commission of the

European Communities, 2011 guidance, on the other

hand, take carbon in products into account. PAS 2050,

2011 states that if some or all of the carbon is stored in

the product (e.g., wood fiber in a table) after 100 year,

the portion of carbon not emitted to the atmosphere

during that period shall be treated as stored carbon.

However, possible potential additional carbon storage

resulting from forest management activities is not

included within the scope of PAS 2050, 2011;. In the

draft of ISO/DIS 14067 the inclusion of carbon stored in

products is stated to be optional. If it is included, it shall

be treated separately from the product footprint.

Kilpeläinen et al. (2011) divide products into different

groups based on their life span, and calculated carbon

emissions from products no longer in use by applying an

equation based on Karjalainen et al. (1994). Pingoud et al.

(2012) introduce a negative GWPbiouse factor by which the

climate impact of the temporary carbon sequestration into

biomass products can be related to a permanent fossil C

emission. Cherubini et al. (2012) explore the impact of

delayed biomass carbon release due to product use and

put a special focus on the (probability distributed) uncer-

tainty of the exact timing of the emission at the end of the

life of the product. They propose an approach in which the

climate impacts of biomass carbon storage (i.e., delayed

release) in biomass products is assessed by applying proba-

bility distributions of decay of biomass carbon, based on

general life spans of generalized product groups. Both

Cherubini et al. (2012) and Pingoud et al. (2012) propose an

LCIA method that already includes data (i.e., assumptions

on product life span) traditionally included independently

of the LCIA in the LCI modeling phase of LCA. This

restricts the flexible application of these approaches in

LCA in practice, as it can be questioned if, for example, the

probability distributions of lifetimes of product groups (as

proposed by Cherubini et al., 2012) should override the

possibility of an LCA practitioner selecting the most suit-

able inventory data in the LCI phase.

Net credits from the substitution of competing prod-

ucts8 depend on the efficiency of the substitution: the

fewer GHG emissions generated in the biomass system

and the more GHG emissions generated in the compet-

ing product system, the higher the substitution credits.

An indicator of the substitution benefits is the displace-

ment factor (Schlamadinger & Marland, 1996; Marland &

Schlamadinger, 1997; Sathre & O’Connor, 2010) describ-

ing the units of fossil C that can be displaced by 1 unit of

biomass C. A meta-analysis in Sathre & O’Connor, 2010

results in an average displacement factor value of 2.1

(most applications in the range 1.0–3.0) for wood prod-

ucts. Different biomass resources and applications, as

well as market mechanisms, provide different substitu-

tion credits. For example, Perez-Garcia et al. (2005)

included three carbon pools in the study: the forest, for-

est products, and fossil fuels displaced by forest prod-

ucts in the end-use markets. Wood products were

further divided into long-term (lumber) and short-term

(wood chips, sawdust, bark, shavings) products. While

in use, the long-term products were assumed to replace

other building materials, such as concrete. According to

the results, the shorter the rotation period was, the more

products there were available on the markets to replace

fossil-fuel intensive products. Thus, the lower amount of

carbon stored in the forests was offset by the higher sub-

stitution credits achieved with short rotation periods.

The review study by Lippke et al. (2011) includes a

similar approach and ends up with the same conclusion.

8Here, substitution refers to the greenhouse gas benefits of the
main product, i.e., the functional unit of the study, in compari-
son to other, competing products that fulfill the same function
(e.g., substitution of fossil fuels with forest bioenergy).
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On the other hand, Pingoud et al. (2010) come up with

the opposite conclusion in their steady-state case study

on normal forests. The saw log yield per hectare and year

increased when prolonging the rotation period com-

pared with the existing silvicultural guidelines in Fin-

land. As saw log used in construction was assumed to

have higher substitution credits than pulpwood and

energy wood, the overall climate benefits were higher

irrespective of the lower total biomass yield in some

cases. The carbon neutrality factor presented by Schla-

madinger et al. (1995) and Zanchi et al. (2010), and

the carbon debt indicator presented by Holtsmark (2012),

also take into account the credits from substituted

reference energy system.

Conclusions

The aim of this study was to discuss and identify

which characteristics of the many approaches pre-

sented in the literature for biomass carbon accounting

are most suitable for the treatment of biomass carbon

flows within LCA. The results of the review are sum-

marized in Table S1. The literature cited mostly

focuses on boreal forests, but the conclusions pre-

sented below can be considered valid for conventional

forestry in any climatic region.

To capture the dynamic nature of forest carbon

stocks, a reference situation for forest land use has to be

defined appropriately, consistent with the goal and

scope of the study. On the basis of the review it can be

concluded that the reference situation should be natural

relaxation in attributional LCA and alternative land use

in consequential LCA. It can be appreciated that under

the schemes requiring emission verification (e.g., Direc-

tive 2009/28/EC), the application of a virtual reference

situation describing something that did not take place,

is to some extent controversial. On the other hand,

ignoring the ‘no use’ reference land-use situation in

ALCA might result in conclusions that do not reflect the

environmental impacts of the system studied.

Regarding the modeling of the evolution of carbon

stocks in the studied forest system and the ‘no use’ refer-

ence situation, the use of dynamic forest models is rec-

ommended. The forest models enable a more detailed

analysis compared to the use of literature values,

although more resources are needed from the LCA prac-

titioner. Changes in all the different forest C stocks, such

as stemwood, branches, roots, litter, and soil, need to be

considered. Special attention should be paid to the con-

sideration and transparent reporting of the uncertainties

related to the modeling of future development of the

biomass stocks.

To assess GHG emissions and related climate impacts

objectively, biomass carbon stored in products should

be taken into account in LCA. The climate impact LCIA

methods should allow flexible selection of case-specific

inventory data on product use in the LCI phase, and

not include predefined generalized assumptions about

the life cycle of the product. Similarly, when aiming to

assess the overall consequences of forest use on GHG

emissions, the market effects through product substitu-

tion should be considered in consequential LCA. The

application of substitution effects in an attributional

LCA context remains controversial. It can be recom-

mended that transparent documentation is used when

reporting LCI or LCA results to make the results more

useful and the conclusions more understandable.

Forests are a renewable resource and, provided the

land area stays as forest, within some time frame the

resource will be renewed. Although a sustainably man-

aged biomass system usually is carbon neutral or even

accumulates carbon over time, the timing difference

between emission and sequestration results in a warm-

ing effect if sequestration lags behind emission. There-

fore, the conclusions of a study strongly depend on the

time frame chosen for the assessment. As there is no sci-

entifically correct time frame, it can be recommended

that different time frames should be considered. To be

able to conduct the analysis under varying time frames,

a method that considers the timing of emissions and

sinks, and that can be used within different time spans,

seems most suitable. The indicator should take cumula-

tive radiative forcing into account, but it is advisable

that this is communicated relative to a pulse emission of

one mass unit of fossil CO2. In this way, dynamics in

carbon stock changes will be included and the result

can be communicated in a unit familiar to a broad audi-

ence (fossil CO2 equivalent).

The climate indicator should not include any prede-

fined assumptions regarding the substitution impacts of

biomass use because such an approach always includes

uncertain assumptions on what products will be substi-

tuted with biomass. Such impacts can be analyzed inde-

pendently and separately with the selected climate impact

indicator to ensure transparency. Moreover, to improve

understanding and usability of the results, it is crucial that

the climate impacts of (i) forest biomass production and

harvesting activities (ii) biomass carbon storage in long-

lived products, and (iii) product or energy substitution

are considered independently and reported separately.
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Abstract

Wood harvesting in boreal forests typically consists of sequential harvesting operations within a

rotation: a few thinnings and a final felling. The aim of this paper is to model differentiated relative

global warming potential (GWP) coefficients for stemwood use from different thinnings and final

fellings, and correction factors for long-lived wood products, potentially applicable in life cycle

assessment studies. All thinnings and final fellings influence the development of forest carbon

stocks. The climate impact of a single harvesting operation is generated in comparison to no-

harvesting, thus encountering a methodological problem on how to handle the subsequent

operations. The dynamic forest stand simulator MOTTI was applied in the modelling of evolution of

forest carbon stocks at landscape level in Southern Finland. The landscape-level approach for

climate impact assessment gave results similar to some stand-level approaches presented in

previous literature that included the same forest C pools and also studied the impacts relative to

the no-harvest situation. The climate impacts of stemwood use decreased over time. For energy

use the impacts were higher or similar in the short term and 0–50% lower in the mid-term in

comparison with an identical amount of fossil CO2. The impacts were to some extent

(approximately 20–40%) lower for wood from intermediate thinnings than for wood from final

fellings or first thinnings. However, the study reveals that product lifetime has higher relative

influence on the climate impacts of wood-based value chains than whether the stemwood

originates from thinnings or final fellings. Although the evolution of future C stocks in unmanaged

boreal forests is uncertain, a sensitivity analysis suggests that landscape-level model results for

climate impacts would not be sensitive to the assumptions made on the future evolution of C stocks

in unmanaged forest. Energy use of boreal stemwood seems to be far from climate neutral.

Keywords: forest bioenergy, boreal forest, climate impacts, forest growth model, GWP, landscape,

long-lived wood products, stemwood, thinning wood.
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Introduction

Within recent years a vivid discussion on the climate impacts of harvesting forests for material

and energy has taken place in the scientific literature (e.g. Lippke et al., 2011; Cherubini et al.,

2011; Holtsmark, 2012; Haberl et al., 2012; Schulze et al., 2012; Bright et al., 2012; Lamers &

Junginger, 2013), in other reports (JRC, 2013; Matthews et al., 2014) and in the public media

(BirdLife, 2010; Miner, 2010; Sedjo, 2011; Mainville, 2011; Cowie et al., 2013). Assessment of the

related impacts requires a comparison between the harvesting and no-harvesting scenarios studied

(IPCC, 2014, Chapter 11, p. 88). The general methodological framework of life cycle assessment

(LCA) is appropriate for the assessment procedure (e.g. Ness et al., 2007; Finnveden et al., 2009).

A no-harvesting reference situation may reflect the most likely alternative option (consequential

LCA) or natural regeneration (attributional LCA), depending on the goal and scope of the study

(Milà i Canals et al., 2007; JRC-IES, 2010; Helin et al., 2013; Koellner et al., 2013).

Scandinavian managed forests are long-rotation biomass production systems which, on the

landscape level, enable continuous harvests of stemwood while sustaining constant or growing

standing stocks (carbon pools) in the forests. From a narrow, small-owner or stand-level viewpoint,

one 60–100 year stand rotation cycle consists typically of regeneration, early cleaning (optional)

and precommercial thinning, first commercial thinning, one or two intermediate thinnings and final

cutting, so there is a multi-decadal time-lag between regeneration operations and different

harvests, and over time the carbon stock of individual stands fluctuates accordingly. Irrespective of

the spatial viewpoint, a harvesting decision today will influence the evolution of forest carbon stocks

for decades, or even centuries, into the future (e.g. Holtsmark, 2013). Nonetheless, the early

interference of any future harvesting operation in a managed forest on carbon stock evolution (the

next year at landscape level, within the next few decades at stand level), provides a limited

opportunity to observe the full impacts on forest carbon stocks of an individual harvesting

operation. If the aim of a study is to assess the impacts of a single wood-harvesting operation,

which is typically the case in product LCA, then impacts related to future harvesting operations

should be ignored from the system boundary (Helin et al., 2013). This can be done by creating

appropriate harvesting and no-harvesting scenarios for comparison. A number of previous studies

have considered the development of forest carbon stocks either in various management scenarios

(e.g. Hudiburg et al., 2011; Lippke et al., 2011; Routa et al., 2011; Repo et al., 2012; Mitchell et al.,

2012; Kallio et al., 2013), in a simplified single clear-cut without thinnings (Cherubini et al., 2011) or

in wood fellings compared to a no-harvesting reference (Pingoud et al., 2012; Holtsmark, 2013;

Soimakallio, 2014). However, according to the authors’ knowledge, there is no study available that

focuses on the impacts of a single wood-harvesting operation as a part of continuous forest

management.

The dynamics of forest carbon emissions and sinks influence the climate impacts of forest

biomass use. Global warming potential (GWP) is a climate metric that has been introduced initially

for climate policy purposes, and is widely adopted in LCA for the comparison of climate impacts of

different greenhouse gases over multiple timeframes (IPCC, 2007. Table 2.14). The term GWP has

originally been defined as ‘the time-integrated radiative forcing due to a pulse emission of a given



component, relative to a pulse emission of an equal mass of CO2’ (IPCC, 2013, Chapter 8.7.1.2). In

recent years, the concept of GWP has been extended to capture the temporal pattern of emissions

and sinks of biogenic CO2. A method for determining the GWP coefficients for energy use of

biomass, including long-rotation forest stemwood biomass, termed GWPbio, was originally proposed

in Cherubini et al. (2011). The GWPbio factor was derived in this initial approach by approximating

the atmospheric decay of carbon from long-rotation biomass using a simplified forest growth

equation. Several studies have since proposed additional modifications to the GWPbio indicator by

considering the climate impact of forest bioenergy in comparison to a no-harvesting reference

situation (Pingoud et al., 2012), by the inclusion of the carbon dynamics of harvest residues (Guest

et al., 2013), by considering the no-harvesting reference situation and carbon dynamics of all

carbon stocks in the forest (Holtsmark, 2013) and by considering impacts of delayed release from

long-lived products and/or product substitution (Cherubini et al., 2012; Pingoud et al., 2012). An

advantage of GWPbio coefficients is that the climate impacts can be communicated in a unit familiar

to LCA practitioners and the broad audience: fossil CO2 equivalents.

The primary aim of this study is to model separated relative GWP factors (hereafter termed

GWPbio in line with previous literature) resulting from changes in forest and wood product carbon

pools for harvested stemwood biomass originating from final fellings and different thinning

operations in Southern Finland. The core research question is “What are the direct forest carbon

stock related climate impacts of the use of wood originating from different harvest types in

comparison to a no-harvest reference situation?” Another aim from the product perspective is to

show how the delayed release of carbon (storage in products) influences climate impacts by

compiling GWPbio,product correction factors potentially applicable for LCA. The influence of

uncertainties in future evolution of forest C stocks on the model results is also studied. The system

is examined in isolation from impacts exogenous to the studied system (that is, excluding market-

mediated impacts such as product substitution and rebound effects), thus in a context that could

probably be considered as attributional LCA. Regarding LCA taxonomies (attributional and

consequential), bioenergy, and support for political decision-making, see a recent discussion in e.g.

Plevin et al., 2014; Brandão et al., 2014; Suh & Yang, 2014.



Materials and methods

/ Forest growth and carbon stock modelling /

The direct climate impacts of stemwood use are modelled in this study in relation to a no-use

reference situation. How do we apply this to forest biomass? Let us assume that one is producing

energy today from forest biomass sourced from intermediate thinnings (harvesting activity

occurring in e.g. the 40th year of a rotation cycle). This action causes a known change in the forest

carbon stocks, and the future evolution of carbon stocks can be modelled for both harvesting and

no-harvesting scenarios. This difference in the evolution of future carbon stocks can be allocated to

the wood products obtained in that specific harvest operation, in line with the methodological

suggestions given in Milà i Canals et al. (2007), JRC-IES (2010), Helin et al. (2013) and Koellner et

al. (2013). However, subsequent harvesting operations will increase the product pool (change the

function of the studied product system) and interfere with the evolution of carbon stocks in the next

year in the landscape-level approach, and within the next few decades at stand level. Thus

observations are limited to very short timeframes compared to the need to be able to apply data on

the evolution of forest carbon stocks, for example for the next 100 years in the formulation of

GWPbio-100 coefficients. To be able to isolate the impact of wood harvested today from the impacts

caused by past and future forest management activities, forest growth modelling is needed. Forest

modelling can be applied for both stand and landscape level. The landscape-level approach (cf.

Lamers & Junginger, 2013) has been selected in this study to enable information on the impacts of

harvests within a given year in a given region.

The MOTTI forest stand simulator, designed to simulate stand development under alternative

management regimes in Finnish growth conditions (Hynynen et al., 2002; Matala et al., 2003;

Salminen et al., 2005), was applied in the modelling of the evolution of forest carbon stocks. MOTTI

produces stand projections under various management schedules built up on user-defined

parameters. The core of MOTTI comprises stand-level models for stand dynamics from

regeneration to sapling stage, and distance-independent individual-tree-level models for predicting

development of the further stages from saplings to mature trees (Hynynen et al., 2002, 2014;

Siipilehto et al., 2014). Distribution models provide the link from stand level to individual-based

models (Siipilehto et al., 2014). MOTTI’s basic operational unit is a stand, and its models are

usually driven in five-year time-steps. If necessary, interpolation for higher time-resolution is also

applied. The performance of the MOTTI simulator has been assessed in young Scots pine stands

(Huuskonen & Ahtikoski, 2005; Huuskonen, 2008), in mixed stands (Hynynen et al., 2002) and in

intensively managed Scots pine stands (Mäkinen et al., 2005).

Growth and yield models of the MOTTI system are designed to provide predictions for assessing

the impacts of alternative forest management practices in forest stands as they have been applied

over recent decades (Hynynen et al., 2002). The version of MOTTI used in this study also

produces a description of carbon dynamics related to stocking under different management

regimes. The description covers carbon sequestrated in growing stock, and carbon released from

dead wood, including natural mortality and logging residues (see Hynynen et al., 2014, pp. 50–51).

The amount of carbon is based on predicted living and dead biomasses; carbon mass was



obtained by multiplying biomass by a constant equal to 0.5. The biomass of trees comprises

foliage, stem, branches, coarse and fine roots, and stump. Along each simulation step, growth

increases biomass, whereas cuttings and natural mortality turn a part of living biomass into dead

wood (for details, see Hynynen et al., 2014, Appendix 1). Decomposition of above-ground dead

wood was estimated using the output of MOTTI and the model by Mäkinen et al. (2006).

Decomposition of below ground dead wood, i.e. stumps and coarse roots, was predicted with

modified model of Mäkinen et al. (2006) based on empirical results reported by Shorohova et al.

(2008), Melin et al. (2009) and Palviainen et al. (2010) (see Hynynen et al., 2014, pp. 52–53).

Regarding soils, complete soil organic carbon stocks are not taken into account, only the changes

in the carbon pools on forest floor after time t0 due to input, accumulation and decay of dead wood.

The forest modelling is initiated from the concept of a normal forest that flows directly from the

principle of sustained yield (see Leslie, 1966). In this study, a normal forest consists of equally

sized stands (forest compartments) – each representing one regeneration year – while the number

of stands equals the length of rotation in years. Each stand is intended to be fully stocked and

evenly distributed. In normal forest, one stand is regenerated and one stand final-felled in every

year, and all stands are treated according to management recommendations based on

geographical location, site type and tree species (Rantala, 2011). In order to reflect commercial

forests on mineral soils in Southern Finland, a combination of normal forests was constructed by

including the most common types of forests, each of them being represented according to its share

of the total forest area. Mesic heath (Myrtillus type according to Cajander 1909, 1926, and

Cajander & Ilvessalo 1921) is the most common site type in Southern Finland, populating 37% of

the area of commercial forests. About half of this is spruce-dominated, and the other half pine-

dominated. Spruce-dominated herb-rich heath (Oxalis-Myrtillus site type) is an economically

important site type due to both its high share of the area and relatively high productivity. Two other

significant site types are dryish (Vaccinium-Myrtillus site type) and dry heath (Calluna type), both

typically dominated by pine. These five forest classes (site type × main species) represent about

74% of the total area of commercial forests in Southern Finland (10.9 million hectares). The

dynamics of each of these forest classes was represented by one normal forest, and when

composing final results the forest classes were scaled up according to their relative area; spruce-

dominated herb-rich heath covered 27%, spruce-dominated mesic heath 25%, pine-dominated

mesic heath 25%, pine-dominated dryish heath 20%, and pine-dominated dry heath 3% of the total

area of these forest classes.

The management recommendations lead to rotation lengths of 58, 62, 68, 78, and 89 years in

spruce-dominated herb-rich and mesic heath, and pine-dominated mesic, dryish and dry heath,

respectively. There are three commercial thinnings during a rotation in the most fertile site while the

others are thinned twice. According to these management principles, a combined normal forest in a

steady state result in a total of 355 stands. Each year, management practices are carried out on

6.5% of the total forest area. First thinnings are carried out on 1.5%, intermediate thinnings on

3.5%, and final fellings on 1.5% of the total area.



The steady-state normal forest described above is used as a starting point in the analysis. Two

landscape-level scenarios are constructed and compared. In the harvesting scenario, the maximum

level of annual harvests that still maintain the standing stock (and carbon stock) of the forest is

carried out in the 1st year of the model run, in line with the principles of sustainable forest

management. No further harvests are included in years 2–100. In the no-harvest reference

scenario, no harvests occur over the 100-year modelling run. Comparison of the difference in these

two scenarios enables isolation of the impact of harvested wood products of an individual year from

impacts caused by wood products obtained in past and future forest management activities.

Another approach would be to study a harvesting scenario in which the annual sustainable levels of

harvests are carried out in every year over the modelling period, and compare this to a no-use,

natural regeneration scenario. From the perspective of impact assessment (LCA) of a product

obtained today, allocating the impacts of potential future product systems to a product

manufactured and used today does not seem relevant for the decision-maker. Thus we propose

and apply a method that aims for the isolation of impacts caused by the actual harvesting actions

carried out for today’s product systems, and at the same time focuses on the forest landscape

level, recommended by e.g. (Sedjo, 2011; Lamers & Junginger, 2013; Jonker et al., 2013).

/ From forest carbon stocks to climate impacts /

The difference in the total carbon stocks of the studied forest area in harvesting and no-

harvesting scenarios over time is allocated to the harvested wood products originating from the

harvests in the 1st model step (year). The carbon stock difference between two modelled scenarios

is considered as the impact that the initial harvesting operation would have had on the future

evolution of forest carbon stocks. This difference in the C stocks is first separated into impacts

originating from distinct harvesting types, namely first commercial thinnings, intermediate thinnings

and final fellings, then converted into CO2, and considered as annual pulses of net emissions or

sinks of CO2 (see an example of net impact of all harvests in Table S1). Finally the change in forest

C stocks is reviewed relative to the C content of harvested stemwood (Table S2). The influence of

each individual harvesting type on the future evolution of the forest carbon stocks is thus

differentiated.

Modelling of GWPbio is initiated by the modelling of the time integral of radiative forcing (RF),

also known as absolute global warming potential (AGWP), that is caused by the difference in forest

carbon stocks due to the initial biomass harvesting (Pingoud et al., 2012). AGWPbio is here defined

as

= ( ) , (Eq.1)

where Sbio(t) is the change in atmospheric CO2 concentrations due to the difference in biomass

carbon stocks in the harvesting and no-harvesting scenarios (cf. Table S2). To estimate the RF in

time, an impulse response model, REFUGE-3 (Pingoud et al., 2012), based on the Bern Carbon

Cycle Model 2.5CC (IPCC, 2007, p. 213), is applied in this study.

AGWP for the reference gas, CO2 of fossil origin, is formulated as



= ( ) , (Eq.2)

where Sfos(t) is the atmospheric CO2 concentration due to the unit pulse of fossil CO2 and RF is

estimated with the same REFUGE-3 model (Pingoud et al., 2012).

Finally, the GWPbio is defined as a ratio of AGWP for forest biomass over AGWP of an identical

amount of reference gas, fossil CO2 (Cherubini et al., 2011).

( ) =
( )
( ). (Eq.3)

Differentiated GWPbio(T) factors for stemwood are modelled separately for all distinct harvesting

types.

/ Dealing with uncertainty in evolution of future C stocks /

There remains substantial uncertainty in the future evolution of carbon stocks in boreal forests if

these are left unmanaged due to the unpredictability of the timing, occurrence and extent of natural

disturbances and self-thinning (Kneeshaw & Gauthier, 2003; Luyssaert et al., 2008; Ter-Mikaelian

et al., 2013). The MOTTI forest growth model was originally designed for growth prediction of

managed forests, and the predictions do not account for the possible impact of the increasing

occurrence of natural disturbances in old stands. Thus, the unadjusted output of the MOTTI model

for forest carbon stocks is most probably an overestimate of the actual evolution of future carbon

stocks in the no-harvesting scenario. To deal with this uncertainty in future carbon stocks in old-

growth forests, a sensitivity analysis was carried out to test how the final results will change as a

response to estimated minimum and maximum levels of potential forest C losses due to the

occurrence of natural disturbances. The MOTTI model output was applied as the maximum

estimate, and a linearly increasing deduction from 0% to 60% over the 100-year modelling run as a

minimum estimate. This leads to future forest carbon stock estimates between 90 to 220 tC ha-1

(cf. Fig. 2a), which is in line with data in Liu et al. (2014) on mature and old growth boreal forests.

/ Correction factors for delayed release in long-lived products /

The GWPbio indicators compiled in this study include an inherent assumption that the carbon

content in the harvested forest biomass is released to the atmosphere within the 1st year after

harvest. In many harvested wood product value chains this assumption is counter-factual, and

correction factors are needed in order to take account of the impact of delayed release in long-lived

products. Some previous estimates are presented in the scientific literature, but do not fully satisfy

the need. Cherubini et al. (2012) includes GWPbio factors that aggregate both the results of their

forest model and the delayed release in the product system into one value, and Pingoud et al.

(2012) include both substitution impacts and delayed emission in their GWPbiouse coefficients. Here

new GWPbio,product correction factors are formulated that allow transparent separation of the impact

of the product storage stage (delayed release) from the impacts of forest harvesting and/or product

substitution.



Modifying the approach presented in Pingoud et al. (2012) by the exclusion of substitution

impacts, the GWPbio,product correction factor is defined here as

, ( ) = , ( )
( ) =

( ) ,

( ) ,
(Eq.4)

where Sseq(t) is the reduced CO2 concentration due to delayed release (or permanent storage) of

C in biomass products. Sseq(t) is given a value -1 over the product lifetime  (t: 0 ) and instant

release to the atmosphere is assumed at the end of product lifetime for simplicity. For forest

biomass use with instant release to the atmosphere in t = 0, such as bioenergy, Sseq(0 100)

equals 0, thus GWPbio,product = 0.

Net climate impact of the forest biomass value chain, including impact of harvests and delayed

emission by C storage in long-lived product, is formulated as follows:

( ) = ( ) + , ( ) (Eq.5)

Results

/ Future forest C stocks, product output and uncertainty /

The difference in the total carbon stocks of the studied forest area in harvesting and no-

harvesting scenarios over time is presented in Fig. 1a (solid lines), and the marginal carbon stock

difference between two modelled scenarios, separated into distinct harvests, is presented in Fig.

1b. The MOTTI model result for the amount of C in harvested stemwood is presented in Table 1.

Table 1. Amount of harvested stemwood (expressed as C content) acquired from different harvesting
modes in the 1st modelling step (year) in the studied normal forest. Note that stemwood output is
presented relative to the area of the whole normal forest area, not relative to single forest stands.

Harvesting mode Harvested stemwood

[MgC ha-1], [(%)]

First thinnings 0.15 (9.7%)

Intermediate thinnings 0.44 (28.4%)

Final fellings 0.96 (61.9%)

All harvests, net 1.55 (100%)



Figure 1. (a) Evolution of forest carbon stocks in scenarios of no fellings (black lines) and fellings in
the 1st year (grey lines) with minimum (dashed lines) and maximum (solid lines) model estimates of
future evolution forest C stocks. (b) Deficit in forest carbon stocks in the four harvesting scenarios
relative to a no-harvest reference situation.
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/ Climate impacts of energy use /

Climate impacts of stemwood harvesting and immediate combustion are indicated with the

relative GWPbio coefficients. The climate impacts for stemwood from final fellings and first thinnings

are higher per unit of biogenic CO2 released than for an identical amount of fossil CO2 for the

majority of the modelled 100-year time horizon (Fig. 2). Stemwood from intermediate thinnings is

the only biomass fraction studied for which the GWP indicator results are smaller than for fossil

CO2 for the whole 100-year modelling horizon. The underlying reasons for such a result are that

the C accumulation (growth) is slower for the following decades in a final-felled or thinned site than

if the studied site is not harvested, thus leading to an increasing relative carbon deficit in the first

decades after the studied harvest. Differentiated results for distinct harvesting types (Fig. 2)

suggest that the relative climate impact of harvesting and energy use of stemwood are probably

lower for wood originating from intermediate thinnings than for wood from first thinnings of final

fellings, especially in the short term (a few decades). No significant difference in model result was

observed for the medium to long term (60 … 100 years).

Figure 2. Relative GWP (GWPbio) factors for stemwood from different harvest types for timehorizons
1…100 a.

Regardless of the significant uncertainty in the future evolution of C stocks in forests if left

unmanaged, the sensitivity analysis for both differentiated and aggregate (net) harvests confirms

that the results are not very sensitive to the assumptions made on the estimates of potential high

and low ends of future forest C accumulation (Fig. 3). The differentiated and aggregated results for

stemwood harvests overlap to a large degree in the medium to long term (GWPbio-100 values in the

range of 0.5…1), and the range of model results for stemwood from first thinnings and final fellings

is higher than for stemwood from intermediate thinning operations in the first few decades after

harvest in Fig. 3. The sensitivity analysis suggests that, irrespective of the assumptions made on

the uncertain accumulation rate of C in an unmanaged forest, the climate impact of stemwood

harvesting (irrespective of harvesting type) and immediate release to the atmosphere is similar, or

higher, than the impact of the reference gas, fossil CO2, when the forest is studied at a landscape

level.
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Figure 3. Uncertainty ranges of relative GWP (GWPbio) factors for stemwood from (a) first thinning (b)
intermediate thinnigs (c) final felling and (d) net for all harvests for timehorizons 1…100 a.

/ Impact of delayed carbon release (storage in products) /

The climate impact results presented above (Figs. 2 and 3) are representative of a forest value

chain in which the C content in harvested stemwood is released to the atmosphere immediately

(within the next year) after the harvest (e.g. for bioenergy). However, stemwood biomass from final

fellings is most often used in the mechanical forest industry, and some fraction of the stemwood

biomass may be stored in wood-based products for decades. The impact of delayed release was

taken into consideration in modelling of the climate impacts of long-lived products with the

GWPbio,product correction factors, modelled for different storage periods in this study (Fig. 4, Table 2).

These correction factors can be applied flexibly in LCA studies for the fraction of stemwood

biomass that is expected to be stored in wood-based products.

Figure 4. GWPbio,product correction factors for delayed release of carbon (storage in long-lived products)
for different storage times over timehorizons 1…100 a.
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Some examples of the net climate impacts, GWPnetbio, of exemplified stemwood-based forest

value chains with different product lifetimes are presented in Fig. 5 and Table 2. The model results

suggest that the forest value chain may reach relative climate neutrality in 100 years if the majority

of the harvested biomass can be stored for 100 years. This is more likely to be reached in the case

where C accumulation in old-growth forests is according to the low-end estimate of this study (Fig.

5b, light grey dashed line). Results confirm that the product lifetime has much higher relative

influence on the climate impacts of the wood-based value chain than whether the stemwood raw-

material originates from first thinnings, intermediate thinnings or final fellings. However, it needs to

be noted that only a fraction of harvested stemwood is stored in the final wooden product (e.g.

newspaper, book, furniture or construction panel) and some share of the wooden raw material is

always used for process energy or for other co-products, such as wood chip co-product from

mechanical wood processing or tall oil from pulp mills. The GWPbio,product correction factors should

be applied only to the harvested wood fraction that is actually anticipated to be stored in the long-

lived product pool, not to the whole stemwood biomass input to the processing plant.

Figure 5. Relative GWP factors for timehorizons 1…100 for all harvested stemwood (solid black line
above x-axis), correction factors for selected carbon storage timeframes (solid lines below x-axis) and
net impacts (for sum of harvest and delayed release) for different product storage times (dashed
lines). (a) High estimate and (b) low estimate for evolution of future forest C stocks.
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Table 2. Relative GWP factors for timehorizons (TH) 20 a, 50 a and 100 a for (a) harvested stemwood
from different harvest types, (b) GWPbio,product correction factors for selected carbon storage times and
(c) Examples of net relative GWPnetbio factors for simplified cases. Min refers to minimum estimate and
max to maximum result from the sensitivity analysis.

TH = 20 a TH = 50 a TH = 100 a

min max min max min max

(a) GWPbio,forest

First thinning 1.53 1.64 1.16 1.37 0.71 0.97

Intermediate thinnings 0.86 0.92 0.75 0.90 0.51 0.73

Final fellings 1.15 1.24 1.13 1.36 0.67 0.90

All harvests 1.10 1.20 1.03 1.23 0.63 0.86

(b) GWPbio,product

Storage 20a -1.00 -0.35 -0.17

Storage 60a -1.00 -1.00 -0.52

Storage 100a -1.00 -1.00 -1.00

(c) GWPnetbio

First thinning + instant
combustion

1.53 1.64 1.16 1.37 0.71 0.97

Intermediate thinning + 20a
storage

-0.14 -0.08 0.40 0.55 0.34 0.56

Final felling + 100a storage 0.15 0.24 0.03 0.23 -0.33 -0.10



Discussion

The approach and the results presented in this study aim to answer the question regarding the

direct climate impacts related to land use of the use of boreal stemwood originating from different

harvest types, relative to a no-harvest reference situation. The direct impacts of the activity were

studied in isolation from other product systems; that is, excluding market-mediated impacts such as

potential competing uses of forested land area and forest biomass. The GWPbio factors for

stemwood presented in this study can only describe the climate impacts of continued, ongoing and

unchanged forest value chains, and do not represent the impacts of changes in forest management

or demand for wood-based products. A potential application area is in (comparative) attributional

LCA studies for current or future forest value chains which do not imply changes in the current

forest management regime. A potential decision-support context is, for example, micro-level

decision on the selection of raw material or energy carrier in any existing or planned product value

chain. The authors do not suggest the application of the results of this study in supporting macro-

level political decision-making. Such change-oriented questions require identification and modelling

of changes caused on exogenous systems and value chains, within so-called consequential LCA

context (cf. Plevin et al., 2013), interactions which are outside the scope of the research questions

in this study.

The results obtained (see Table 2a for details) show that there are significant direct climate

impacts from the use of stemwood originating from all the harvest types studied. The underlying

reason for such a result is that the living wood would continue growing (sequestering carbon) at a

faster rate in the counterfactual baseline than occurs on the site after thinning or final-felling

activity, thus contributing to a relative C deficit in the forest. The climate impacts of an instant

release of biogenic CO2 in the energy use of boreal stemwood biomass are lower (GWPbio-100 =

0.5…0.95) than the climate impact of the release of a similar amount of the reference gas, fossil

CO2 (GWP-100 = 1) over a 100-year timeframe. However, in shorter timeframes, the climate

impacts of energy-use of stemwood from first thinnings and final fellings are higher (GWPbio-20 =

1.1…1.6 and GWPbio-50 = 1.0…1.4) than for the reference gas, fossil CO2. Stemwood from

intermediate thinnings resulted in the lowest climate impacts over the whole 100-year modelling

time horizon, and stemwood from first thinnings the highest.  It can be anticipated, however, that in

long, multi-centurial timescales the release of 1 unit of biogenic CO2 in the energy-use of

stemwood from boreal forests will result in smaller climate impact than in the release of 1 unit of

fossil CO2 in the combustion of fossil fuels (cf. Bright et al., 2012; Holtsmark, 2013). The climate

impacts of forest biomass use have been modelled only up to 100 years into the future, as the

reliability of forest growth models, and thereby the quantitative estimates of forest C stocks,

decreases when the models are applied outside their intended rotation times.

The results of this study allow better identification and differentiation of the climate impacts of the

raw material acquisition phase for stemwood biomass originating from different thinnings or final

fellings. Previously published estimates of GWPbio for energy use of stemwood from boreal forest

have focused on the wood obtained from final fellings. It needs to be stressed that stemwood from

final fellings is not commonly applied for bioenergy in Finland (Finnish Forest Research Institute,



2013. Table 8.0), mainly due to its inherent properties and high economic value as wood-based

material. However, to allow comparison, the GWPbio results for stemwood from final fellings in this

and previous studies is presented in Table 3. The comparison reveals that the results for the 100-

year time horizon in this study are similar (but lower) than the results in Holtsmark (2013) and

higher than in other studies considered.

The similarities with results in Holtsmark (2013) can be anticipated as Holtsmark’s (2013) model

definition bears the closest similarity to this study, that is, in including the evolution of C pool of

natural deadwood and soil and presenting the results relative to a no-harvest reference. The

reasons for higher GWPbio results in this study than in Cherubini et al. (2011), Pingoud et al.

(2012), Guest et al. (2013) and Soimakallio (2014) very probably stem from differences in

modelling system boundaries. Pingoud et al. (2012), Cherubini et al. (2011), Guest et al. (2013)

and Soimakallio (2014) do not include the C pool in natural deadwood, which was included in the

present study. This C pool in natural deadwood is higher in a no-harvest scenario than in managed

forests (cf. Liu et al., 2014), thus the inclusion of the C pool in deadwood leads to higher C stock

difference between a harvesting and no-harvesting scenario (thus higher climate impact).

Additionally, Cherubini et al. (2011) and Guest et al. (2013) did not consider no-harvest reference

situations (and respectively increasing C stocks), which leads to lower climate impact indicator

results.

Table 3. A comparison of estimates of GWPbio for stemwood from final fellings in the previous
literature and in this study. TH = time horizon. Note that only the values from previous literature that
do not include the collection of forest residues are presented here to enable inter-model comparison.

TH = 20 a TH = 50 a TH = 100 a

Cherubini et al., 2011 1 n.a. 0.4

Pingoud et al., 2012 1 0.9 0.6

Guest et al., 2013 1.3 n.a. 0.6

Holtsmark, 2013 1.6…1.9 >2 1.1…1.5

Soimakallio 2014 0,9…1.0 n.a. 0.2…0.7

Final fellings, this
study

1.1…1.3 1.1…1.4 0.7…0.9

It is common practice to utilise stemwood from first and intermediate thinnings in direct energy

use. Thus it is interesting to compare the results obtained in this study to those published

previously for other wood fractions widely used for energy in Finland: harvest residues and stumps.

Pingoud et al. (2012) and Soimakallio (2014) have estimated that the GWPbio for branches would

be circa 0.6 and 0.3 for 20- and 100-year timeframes, respectively, results that are significantly

lower than the model estimates for thinning wood obtained in the current study. Figure 5 in Repo et

al. (2012) would imply that the relative GWPbio-100 coefficient for stumps and young stand thinning



wood1 would be circa 0.6, thus similar to stemwood from intermediate thinnings and lower than for

stemwood from first thinnings over a 100-year timeframe.

The approach of this study is future oriented. At the same time, it is known that the reason for

rapid C accumulation in managed forest, especially in the case of no future harvests, is caused by

past forest management actions and strategies that have been implemented to optimise and

increase the growth rate of quality stemwood. As the past and current management regime has led

to the enhancement of forest biomass growth, and as the Faustmann rule of optimal net present

value of wood harvests leads to the final felling in managed forests occurring before the growth

curve has culminated (Faustmann, 1849; Holtsmark, 2013), and as thinnings and final fellings

occur long after the slow C accumulation phase in the first steps of forest succession, all these

factors lead to rapid C accumulation in the no-use scenario. This rapid forest C accumulation rate

in a no-harvesting reference situation is one of the main reasons for the high relative climate

impacts attributed in this study to forest biomass use, not the long rotation period of boreal

stemwood suggested in previous literature that does not consider the C stock evolution in the

absence of harvesting decision (e.g. Cherubini et al., 2011, Table 3). The length of rotation period,

per se, is not the key variable in climate impacts of biomass use when the no-use reference

scenario is considered in the assessment. From the viewpoint of burden sharing between different

sectors of society in climate mitigation efforts, although one can only influence the future, one

should give at least some consideration and potential credit to active past management decisions

made in the forest sector that have led to the rapid C accumulation and thus C sequestration rate in

managed forestlands in Finland.

In summary, the climate impact of energy use of boreal stemwood was found to be higher in the

short term and lower in the long term in comparison with fossil fuels that emit an identical amount

of CO2 in combustion, due to changes implied in forest C stocks. The climate impacts of energy use

of boreal stemwood were found to be higher than previous estimates suggest regarding forest

residues and stumps. The product lifetime was found to have a much higher influence on the

climate impacts of wood-based value chains than the origin of stemwood either from thinnings or

final fellings. Climate neutrality seems to be likely only in the case where almost all the carbon of

harvested wood is stored in long-lived wooden products.
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Electronic supplementary 1. Data for annual pulses of net emissions and sinks of CO2 in

tabulated form. Tables S1 and S2.

Table S1. Annual pulses of net emissions and sinks of CO2 derived from the difference in forest

carbon stocks in several scenarios, relative to a no-harvest scenario. Studied cases include only

first thinnings in 1st modelling year (FT scenario), only intermediate thinnings in 1st modelling year

(IT scenario), only final fellings in 1st modelling year (FF scenario) and sum of all harvests in 1st

modelling year (AH scenario). Carbon in stemwood harvested in 1st modelling year is presented in

red.

Table S2. Annual pulses of net emissions and sinks of biomass C relative to C content of

harvested stemwood.
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