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Time-Dependent Climate Impact of Production and Use of Wood
Pellets from Short Rotation Forestry and Logging Residues

Abstract

Anthropogenic greenhouse gas (GHG) emissions are the main cause of climate change,
with combustion of fossil fuels and land use changes being the main source of
emissions. Wood pellets are considered a viable replacement for fossil fuels. Therefore
this thesis sought to increase the knowledge base for planning new wood pellet
systems. This was done by investigating the energy efficiency and time-dependent
climate impact of production and use of wood pellets supplied to the Swedish heat and
power sector from short rotation forestry grown in central Sweden (willow and poplar)
and in central Mozambique (eucalyptus), and from residual forest biomass extracted
from final felling in Sweden. In conventional life cycle assessment (LCA), all
emissions from the system under study are usually summed up into a single pulse,
irrespective of when in time they occur, but this approach overlooks temporal CO;
fluxes between the soil, biomass and atmosphere connected to bioenergy systems. This
motivated the development of a new time-dependent approach for conducting LCA in
which both the timing and magnitude of GHG fluxes are considered in climate impact
assessment.

The main findings were that all three wood pellet systems investigated were a better
alternative than fossil coal for heat and power production from a climate impact
perspective, both in terms of global warming potential (GWP) and global mean surface
temperature change (ATs). Establishing short rotation forest plantations on former
agricultural land provided carbon sequestration potential in both live biomass and soil,
which resulted in an initial negative ATs, i.e. a cooling effect on the temperature.
However, wood pellets produced from logging residues extracted from final felling of a
boreal coniferous forest stand (Norway spruce) in northern Sweden resulted in a
positive ATs, i.e. warming temperature effect. Net emissions of biogenic CO;
accounted for by far the largest part of this temperature effect, while GHG emissions
from harvesting, upgrading and transport were of less importance. The energy output of
the wood pellet systems studied was 7 to 11 times the primary energy input.
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1 Introduction

Anthropogenic greenhouse gas (GHG) emissions are the main cause of climate
change, with combustion of fossil fuels and land use changes being the main
source of emissions (Ciais et al., 2013). Fossil fuels account for over 80% of
the world’s total primary energy supply (IEA, 2016) and this proportion needs
to be reduced in order to mitigate climate change. In addition, fossil resources
are finite and not evenly distributed globally. Diversifying the energy system
and reducing the dependency on fossil fuels are therefore also motivated from
an energy security point of view. Biomass is considered a viable approach to
replace fossil fuels and this has increased the demand for biomass for energy
conversion (Chum et al., 2011).

Unrefined biomass is often bulky, with low energy density and high
moisture content, which makes e.g. storage and transport challenging and
expensive. Upgrading woody biomass to a dry and uniform fuel, such as
pellets, briquettes or powder, makes the product more suitable for transport and
storage and improves the combustion properties (Paulrud, 2004). Global wood
pellet production has increased rapidly in recent decades (FAO, 2015) and a
further increase is expected (Lamers et al., 2015). Wood pellets are used for
heat and power production in both dedicated bioenergy plants and for co-firing.
Furthermore, wood pellets are considered a relatively economical and
technically straightforward way to mitigate GHG emissions by replacing fossil
fuels (Ehrig & Behrendt, 2013; Chum et al., 2011; Zhang et al., 2010).

Europe is currently the main market for wood pellets, partly as a
consequence of the European Union’s targets to reduce GHG emissions and to
increase the share of renewables. Large-scale wood pellet production plants
have emerged, especially in North America and Russia, with the main aim of
exporting wood pellets to heat and power plants in Europe (Lamers et al.,
2012). With increased demand for wood pellets, it is likely that wood pellet
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plants will also be established in other parts of the world where feedstock is
abundantly available (Sikkema et al., 2011b).

Traditionally, sawdust and shavings have been the main raw materials used
for wood pellet production. However, in many Western and Central European
countries these residues from the sawmilling industry are already utilised to a
large extent. Availability is also dependent on the shifting demand for timber
products. This has increased the interest in alternative raw materials such as
bark, short rotation forest, wood from thinnings, forest residues and even prime
log wood (Obernberger & Thek, 2010).

With its great forest resources, Sweden has a large bioenergy sector which
provided e.g. 23% of total domestic energy input in 2015 (Swedish Energy
Agency, 2015). By using non-traditional woody raw materials such as forest
residues or short rotation forest established on agricultural land for pellet
production, Sweden has the potential to increase production of wood pellets for
the domestic market, but also to meet the increasing demand from the
European market.

Life cycle assessment (LCA) is a frequently used method to evaluate the
climate impact of bioenergy systems (Matthews et al., 2014; Agostini et al.,
2013) and other environmental aspects. Most LCAs of bioenergy systems
include GHG emissions released from the production chain (e.g. harvest,
upgrading and transport) in the climate impact assessment. However, these
systems may also be connected to land use changes causing altered biogenic
carbon stocks in soil and living biomass. Furthermore, the general assumption
that bioenergy is carbon-neutral, i.e. assuming that the same amount of carbon
dioxide (COy) released during combustion is sequestered during regrowth of
new plants, has been questioned for disregarding the time lag between
emission and uptake of biogenic CO, (Brandao et al., 2013; Cherubini et al.,
2011).

The most commonly used metric in climate impact assessments is global
warming potential (GWP) (Matthews et al., 2014; Agostini et al., 2013). When
calculating the GWP, characterisation factors are used to convert the emissions
to COz-equivalents (CO2-eq.) (Myhre et al., 2013a). In LCA, all emissions
from the system are usually summed up into a single pulse, irrespective of
when in time they occur. With this approach, net changes in biogenic carbon
stocks during the study period can be captured in the climate impact
assessment, but not the temporary fluxes. In order to include these temporary
carbon fluxes connected to bioenergy systems, both the timing and magnitude
of the GHG fluxes need to be considered in climate impact assessment.

Overall, the increasing demand for wood pellets is likely to result in new
wood pellet systems, both with regard to raw materials and location of the

12



pellet plant. Replacing fossil fuels with wood pellets, or bioenergy in general,
is one approach to counteract global warming. However, it is important to
evaluate the climate impact of these complex systems. It is also essential to
increase knowledge of biogenic CO, fluxes between soil, biomass and
atmosphere and their climate impact connected to bioenergy systems. Such
knowledge is vital in the search for future bioenergy systems and determination
of their climate effects.
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2 Aim and structure

2.1 Aim and objectives

The overall aim of this thesis was to increase the knowledge base for planning
new wood pellet systems. The focus was on non-traditional raw materials and
time-dependent climate impact, including effects of temporal dynamics of
carbon stock changes in biomass and soil. Specific objectives were to
investigate the energy efficiency and time-dependent climate impact of
production and use of wood pellets supplied to the Swedish heat and power
sector from short rotation forestry grown in Sweden and in Mozambique, and
from residual forest biomass extracted from final felling in Sweden.

2.2 Structure of the thesis

A time-dependent approach for conducting LCA was developed in order to
include temporal aspects of CO; fluxes between atmosphere, biomass and soil,
in addition to the GHG emissions from the production chain connected to the
wood pellet system. This methodology, which was developed and evaluated in
Paper I, was then used to assess the climate impact over time of different wood
pellet production systems in Papers 11-1V (Figure 1).
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Development of a
time-dependent
climate model
Paper |

Wood pellets Wood pellets Wood pellets
based on willow and based on based on logging
poplar eucalyptus residues
(Agricultural land, (Agricultural land, (Boreal forest,
Sweden) Mozambique) Sweden)
Paper Il Paper 111 Paper IV

Figure 1. Structure of the thesis: A time-dependent climate model was developed in Paper | and
then used in different case studies to examine the time-dependent climate impact of production
and use of pellets from different non-traditional raw materials (Papers 11-1V).

The case studies focused on different non-traditional raw materials grown
directly for wood pellet production on agricultural land or by using residual
forest biomass extracted from final felling. Short rotation forests established on
former agricultural land were studied in Papers Il and I1l. Willow and poplar
grown in central Sweden were investigated in Paper Il and eucalyptus grown in
Mozambique in Paper I1l. Logging residues (branches and tree tops) extracted
from final felling in northern Sweden were studied in Paper IV. In all case
studies, the wood pellets were assumed to be delivered to and used in Swedish
heat and/or power plants.
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3 Background

3.1 Climate change and the role of bioenergy

Climate change is one of the greatest challenges of our time. It has
consequences such as rising temperatures and sea levels, as well as changing
precipitation and weather patterns (IPCC, 2013). The main cause of climate
change is the increasing levels of GHG emissions, with atmospheric
concentrations of the three major GHGs (CO., methane (CH4) and nitrous
oxide (N20)) having increased significantly since pre-industrial times. This is
mainly due to fossil fuel combustion and land use changes (Ciais et al., 2013).

In order to prevent serious impacts on human life, research indicates that
global warming needs to be limited to less than 2 °C and global efforts are
being made in order to stay below this level. For example, an agreement was
signed in Paris 2015 by member countries of the United Nations Framework
Convention on Climate Change (UNFCCC). That agreement recognises the
urgent need to reduce GHG emissions to keep the global temperature increase
below 2 °C and also that efforts should be made to keep the temperature
increase below 1.5 °C compared with pre-industrial times (UNFCCC, 2015).
Furthermore, the European Union has long-term goals to reduce its climate
impact and energy consumption, e.g. a 80% reduction in GHG emissions by
2050 (compared with 1990 levels). Near-term targets for 2020 have also been
defined, such as a 20% reduction in GHG emissions (compared with 1990
levels) and 20% renewable energy (EC, 2016). With the global energy supply
dominated by fossil fuels (IEA, 2016), a transition to renewable energy sources
is necessary to fulfil these agreements and targets.

Bioenergy is currently the largest renewable energy source, accounting for
about 10% of the global primary energy supply in 2014 (IEA, 2016).
Bioenergy is defined as energy derived from biomass fuels (CEN, 2004) and it
exists in solid, liquid and gaseous forms. This enables usage in a large variety
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of both small-scale and large-scale applications, e.g. transport, heating,
cooking and electricity production (Creutzig et al., 2015). Biomass fuels are a
viable approach to replace fossil fuels and are expected to play an important
role in future energy systems in order to fulfil climate and energy targets
(Creutzig et al., 2015; Chum et al., 2011).

In Europe, bioenergy accounts for about 15% of primary energy production
(Eurostat, 2016), but the share of biomass for energy conversion varies widely
between countries (Proskurina et al., 2016). For example, in Sweden, Latvia
and Finland, biomass fuels contribute over 20% of total energy use, whereas in
e.g. the UK and the Netherlands less than 5% of total energy use comes from
biomass fuels (Eurostat, 2016). In Europe, more than 80% of the biomass used
for energy comes from wood-based biomass (woody biomass) (Proskurina et
al., 2016) and includes e.g. wood logs used for residential heating and wood
pellets used in large-scale power production.

In Sweden, bioenergy accounts for 23% of the energy supply (Swedish
Energy Agency, 2015). This is mainly based on forest biomass fuels, while
agriculture-based biomass fuels are only used to a small extent (Ericsson &
Werner, 2016). The main users of biomass for energy in Sweden are industry
(mainly pulp and paper mills and sawmills) and the energy sector (district heat
and power production) (Ericsson & Werner, 2016; Swedish Energy Agency,
2015).

Unrefined biomass is often bulky, has low energy density and a high
moisture content. This makes storage, transport and use of the biomass
challenging and expensive. Upgrading the biomass to a dry and uniform fuel,
such as wood powder, pellets or briquettes, results in decreased transportation
and storage costs and improved combustion properties (Paulrud, 2004).

3.2 Wood pellets

Wood pellets are a standardised fuel with low moisture content, high energy
density and homogeneous shape. Production of wood pellets is a mature
industrial process whereby the raw material is densified into a cylindrical shape
with a diameter of about 6-8 mm (Obernberger & Thek, 2010). Before
densification, pre-treatment of the raw material is required and this includes
size reduction and drying. Depending on the shape of the incoming raw
material, several grinding units may be necessary. To maintain the low
moisture content and to increase the durability, the pellets are cooled after
densification. Finally, dust from the process is separated out by sieves and
returned back to the pelleting process. An overview of a typical pellet
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production chain is shown in Figure 2, where log wood, wood chips and
sawdust are considered as raw materials.

L%VOOd‘ H‘ Chipping

Wood chips

Coarse grinding

v

Drying

2

—
Sawdust H[ Fine grinding ]

2

Pelleting

\

Cooling

2

Sieving

N

Pellets

J

Figure 2. A typical Wood pellet production chain based on the raw materials log wood, wood
chips and sawdust.

With their consistent fuel quality, wood pellets are also suitable in a wide
variety of applications, from small-scale use in stoves for residential heating to
large-scale use in heat and power plants (Obernberger & Thek, 2010).
Depending on the end-user of the wood pellets, different qualities are required.
High quality wood pellets (also referred to as white pellets) are mainly used in
the residential heating sector, while low quality wood pellets (industrial pellets
or brown pellets) are also suitable for large-scale use due to more advanced
combustion and control systems (Goh et al., 2013; Obernberger & Thek,
2010). Standards have been developed (e.g. the European standard ENplus) in
order to ensure the quality regarding e.g. ash content, ash melting point and
mechanical durability for different wood pellet classes (European Pellet
Council, 2015).

In order to further improve the characteristics of the wood pellets, a
torrefaction step can be added before densification of the biomass. In this
process, the biomass is exposed to temperatures between 220 and 300 °C in a
low-oxygen atmosphere (Agar & Wihersaari, 2012). Typically, the torrefied
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biomass contains about 90% of the initial energy content but only 70% of the
initial mass (Tumuluru et al., 2011; van der Stelt et al., 2011; Bergman, 2005).
Pellets from torrefied woody biomass (referred to as torrefied wood pellets) are
more similar to coal in terms of handling, transport and milling (Batidzirai et
al., 2013a; Koppejan et al.,, 2012) than to non-torrefied wood pellets.
Furthermore, torrefied wood pellets have higher energy density, are less
moisture-sensitive and require less energy for grinding than non-torrefied wood
pellets (Batidzirai et al., 2013a; Agar & Wihersaari, 2012).

The interest in torrefied wood pellets has increased in recent years
(Batidzirai et al., 2013a; Koppejan et al., 2012). In existing coal-fired power
plants, co-firing rates of up 10-15% of non-torrefied wood pellets are possible
without major modifications. Use of torrefied wood pellets could considerably
increase the co-firing rate. Rates up to 50% (Agbor et al., 2014; Nunes et al.,
2014; Batidzirai et al., 2013a; Koppejan et al., 2012; Tumuluru et al., 2011) or
even 100% are mentioned (Cocchi et al., 2011). Great improvements have
been made in the torrefaction technology during the past decade and the main
challenge today is to move from demonstration to industrial scale (Thran et al.,
2016). However, with an extra process included as well as an increased raw
material demand, the production costs will most likely increase.

3.3 The wood pellet market

Global wood pellet production has increased rapidly in recent decades, from
1.7 million tonnes in 2000 to 26 million tonnes in 2014 (FAO, 2015; Lamers et
al., 2012) (Figure 3) and a further increase is expected (Lamers et al., 2015).
The main market for wood pellets is located in Europe, with about 80% of
global consumption in 2014 (FAO, 2015). However, wood pellet users differ
within Europe. In e.g. Germany, Austria and Italy, small-scale use of wood
pellets for residential heating accounts for a main part of the consumption,
while in e.g. the Netherlands, Belgium and UK large-scale use in power plants
for co-firing dominates. The increased use of wood pellets for co-firing is
partly a consequence of the EU’s climate and energy targets for 2020 (Lamers
et al., 2012). However, with limited amounts of available raw materials, many
of these countries rely on imports (Goh et al., 2013).

In Sweden, densified wood fuels account for about 8% of the biomass used
for energy (Swedish Energy Agency, 2015). Wood pellets are used in all
market segments and a large part of the consumption is covered by domestic
production, although Sweden is a net importer of wood pellets (21% of
consumption in 2015) (Swedish Association of Pellet Producers, 2016).
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Figure 3. Global wood pellet production, 2000-2014 (FAO, 2015).

Wood pellets are the largest internationally traded solid biomass fuel (Sikkema
et al., 2011a), with about half of all wood pellets produced being traded
internationally in 2014 (FAO, 2015). There is a large trade flow of wood
pellets to Europe, mainly from North America. In recent years, wood pellet
plants have been established, especially in southeastern USA, primarily
exporting to the European market (Lamers et al., 2015; Goh et al., 2013). This
development can be explained by a combination of large quantities of available
raw material, competitive prices, relatively simple logistics and low-cost
transport (Goh et al., 2013; Cocchi et al., 2011). Although the market is
currently focused on Europe, there is also a growing pellet market in Asia,
where production and consumption more than doubled in 2014 (FAO, 2015;
Goh et al., 2013).

3.4 Potential new wood pellet systems

The most common raw materials for wood pellet production are by-products
from the sawmilling industry, such as sawdust and shavings (Obernberger &
Thek, 2010). However, with growing demand for wood pellets, new raw
materials are being considered, e.g. short rotation forestry, log wood, forest
residues and bark (Goh et al., 2013; Cocchi et al., 2011; Fantozzi & Buratti,
2010; Obernberger & Thek, 2010).

Sweden has one of the largest wood pellets markets in Europe (FAO, 2015;
Sikkema et al., 2011a). With large forest and land resources, Sweden has the
potential to increase its raw material assortment for wood pellet production.

21



For example, a possibility to increase the use of forest residues has been
reported (de Jong et al., 2014), with the potential for increased extraction of
logging residues estimated to be 33 TWh (Pdyry, 2016). This can be compared
with extraction of about 11 TWh of logging residues in 2014 (Poyry, 2016).
Within Sweden, there are also around 300 000 hectares (ha) of former
agricultural land which have been removed from crop production since the
1980s (Statistics Sweden, 2014). Using a part of this land for cultivation of
short rotation forestry plantations such as willow and poplar has been pointed
out as a potential biomass supply option (Rytter, 2012). Other positive effects
of short rotation forestry on e.g. farm diversification and biodiversity, and its
possible use as a vegetation filter for contaminated water, have also been
mentioned (Mola-Yudego, 2010). To date, there are few commercial poplar
plantations in Sweden (Hjelm & Johansson, 2012), but commercial willow
plantations expanded in the 1990s, partly as a consequence of subsidies for
establishing willow (Mola-Yudego & Gonzalez-Olabarria, 2010). Currently,
forest residues and short rotation forests in Sweden are used for heat and power
production, but these raw materials could also be suitable for industrial wood
pellet production (Hollsten et al., 2011; Nilsson et al., 2011; Lehtikangas,
2001).

In an international perspective, there are several countries that have the
potential to establish and expand their pellet production. Along with countries
such as Ukraine, the Baltic States, Brazil and Australia, Mozambique is
reported to have potential for future wood pellet production (Lamers et al.,
2015; Goh et al., 2013; Cocchi et al., 2011). In this thesis, wood pellet
production in Mozambique was chosen as a model system. Mozambique is
located in south-east Africa and has favourable growing conditions and access
to land, water and labour, as well as great bioenergy potential (Schut et al.,
2010). Its coastal position gives the country a geographical advantage over its
inland neighbours. The area of available land for bioenergy production in the
form of surplus agricultural and marginal land is estimated to range between 9
and 85 million ha (Batidzirai et al., 2012). While there is no wood pellet
industry in Mozambique today, good theoretical potential for establishing
energy plantations, e.g. eucalyptus, for pellet production in Mozambique has
been demonstrated (van der Hilst & Faaij, 2012; Batidzirai et al., 2006).

3.5 Life cycle assessment of bioenergy systems

Life cycle assessment (LCA) is one of many methodologies available for
environmental assessments (Finnveden et al., 2009; Baumann & Tillman,
2004). Life cycle assessment is frequently used to evaluate climate effects of
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bioenergy systems (Matthews et al., 2014; Agostini et al., 2013). It is a
standardised method (ISO 14040, 2006; 1SO 14044, 2006) for assessing the
potential environmental impact throughout the whole life cycle of a product or
process. With a life cycle perspective, LCA can be a useful tool to find
hotspots in the system under study, compare environmental burdens of
different systems and avoid burden shifting from one part of the life cycle to
another.

The LCA process is an iterative process divided into four steps (1ISO 14040,
2006), as illustrated in Figure 4. The goal and scope of the study should be
clearly defined, as well as a functional unit (FU) describing the primary
function of the product or system to which all input and output data collected
in the life cycle inventory (LCI) are related. The data collected in the LCI are
then classified into different environmental impact categories such as climate
impact, eutrophication or acidification. Finally, the results should be
interpreted.

e \‘/ \

Goal and scope definition

y
A

S J
A
A
4 )
Inventory analysis P Interpretation
)l Ll
S J
A
A
( )

Impact assessment P
- J /

Figure 4. The different phases of a life cycle assessment (LCA) (ISO 14044, 2006).

A key issue connected to the climate impact of biomass-based systems is land
use changes (LUC), e.g. by converting forest land to agricultural land to meet
the growing demand for food, feed, fuel and raw material production (UNEP,
2014), which in turn may causes climate change. However, land use changes
can have positive effects, such as carbon sequestration when establishing forest
plantations on former agricultural land (Zanchi et al., 2012). Direct LUC are
immediately associated with the bioenergy system, e.g. when land is converted
to produce bioenergy crops and previous crops, grass or forest are replaced.
There are also indirect LUC, e.g. when a crop is displaced even though the
demand remains, resulting in a new cultivation of the crop elsewhere in the
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world. However, large uncertainties have been reported when estimating
emissions related to these land use changes (Ahlgren & Di Lucia, 2014).

Another key issue discussed in climate impact assessments of bioenergy is
its carbon neutrality. Combustion of biomass releases CO, emissions in the
same way as combustion of fossil alternatives. However, the difference
between bioenergy and fossil systems is the CO, uptake during regrowth of
new biomass in the bioenergy system. In LCA, all emissions from the system
are usually summed up into a single pulse, irrespective of when in time they
occur. With this approach, net changes in biogenic carbon stocks during the
study period can be captured in the climate impact assessment, but not the
temporary fluxes. Bioenergy is therefore generally assumed to be carbon-
neutral within LCA. However, this assumption has been questioned for
disregarding the time lag between release and uptake of CO; in new plants
(Agostini et al., 2013). For bioenergy systems with long rotations, this
becomes especially important (Lamers & Junginger, 2013).

The importance of including temporary and more long-term carbon stock
changes in biomass and soil in climate impact assessments of bioenergy
systems has been repeatedly emphasised, e.g. by Brandao et al. (2013), Lamers
and Junginger (2013), Zanchi et al. (2012), Cherubini et al. (2011) and
Searchinger et al. (2009). In order to include these temporary fluxes, both the
timing and the magnitude of the GHG fluxes need to be considered in the
climate impact assessment.

3.6 Climate impact assessment

The climate impact of a GHG emission can be described by a cause-effect-
chain (illustrated in Figure 5), where each step further down in the cause-
effect-chain is a consequence of the previous step. Greenhouse gas emissions
result in altered atmospheric concentrations, where the effect over time
depends on the residence time of the GHG in the atmosphere. The altered
atmospheric concentrations result in radiative forcing (RF), described in watts
per square metre at the top of the troposphere. Radiative forcing is a concept
for evaluating and comparing the energy imbalance on Earth, where a positive
RF results in a warming temperature response and a negative RF in a cooling
temperature response (Myhre et al., 2013a). Finally, temperature changes have
impacts on e.g. sea levels, precipitation and weather (Levasseur et al., 2016),
which may have severe consequences for ecosystems and human life.
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Figure 5. Cause-effect-chain of climate change from emission of a greenhouse gas (GHG) to
climate change (modified from Myhre et al. (2013a)).

Different metrics have been developed in order to quantify and compare
climate impacts. The climate impact metric can be anywhere along the cause
effect-chain (Levasseur et al., 2016). For every step downwards in the cause-
effect-chain additional assumptions and uncertainties are introduced, but the
result may be easier to interpret and more relevant to e.g. policymakers. The
choice of climate impact metric is therefore often a trade-off between increased
relevance and increased uncertainty for each step down the cause-effect-chain.

The most commonly used metric in climate impact assessments is global
warming potential (GWP) (Matthews et al., 2014; Agostini et al., 2013). This
method was developed in the 1980s and is widely used among policy makers
and in the LCA community. Global warming potential is defined as the
integrated RF due to a pulse emission relative to the integrated RF for a
reference gas over a defined time horizon. The reference gas is generally CO»
and the GWP is thereby expressed in CO.-eq. (Myhre et al., 2013b).
Characterisation factors for different time horizons (often 100 years) are used
to convert the emissions directly to CO2-eq. in the GWP calculations (Myhre et
al., 2013a).

Advantages and disadvantages of using GWP have been discussed
thoroughly by e.g. Cherubini et al. (2016), Levasseur et al. (2016), Fuglestvedt
et al. (2010) and Fuglestvedt et al. (2003). Global warming potential is a
cumulative metric where the RF is integrated over a defined time horizon. This
makes the choice of time horizon important, as it determines the relative
importance of long-term and short-term climate forces, with the importance of
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the latter decreasing with longer time horizons (Shine et al., 2007). Moreover,
a consequence of using a relative metric such as GWP is that the uncertainty is
related to both the GHG emission and to the reference gas.

Another used climate impact metric is the global mean surface temperature
change, AT, (Peters et al., 2011), also referred to as the absolute global
temperature potential (AGTP) (Myhre et al., 2013b). The temperature change
can also be expressed as the relative metric global temperature potential (GTP)
(Shine et al., 2005). It is defined as the AGTP of a GHG at a specific point in
time relative to the AGTP of the reference gas (most commonly CO,) at the
same point in time. In contrast to the cumulative (integrated) metric GWP,
GTP is an instantaneous metric that expresses the climate impact at a specific
point in time (i.e. not including the impact between the emission and the time
of evaluation). GTP (and AGTP) is found one step further down in the cause-
effect chain (Figure 5) than GWP, which is based on RF. By including the
temperature response the inertia of the Earth is also considered, resulting in
delayed temperature response after a RF.

When calculating the climate impact in LCA, a fixed time horizon is
generally used, irrespective of when in the life cycle the emissions occur
(Levasseur et al., 2016). This approach makes it impossible to capture the
effect of timing of emissions and the temporal GHG fluxes connected to
biomass-based systems (Brandao et al., 2013; Cherubini et al., 2011).
However, other methods have been proposed in order to include the timing of
GHG fluxes. For example, Levasseur et al. (2010) and Kendall (2012) propose
the use of time-dynamic characterisation factors in which the timing of the
GHG emission is taken into account. Furthermore, for biomass-based systems,
Cherubini et al. (2011) propose the use of GWPyio, Which includes the carbon
cycle. The climate impact over time of bioenergy systems has also been
expressed as RF, or as a cumulative radiative forcing (CRF) (also referred to as
absolute global warming potential, AGWP) (Gustavsson et al., 2015; Repo et
al., 2012) or as a temperature change (Zetterberg & Chen, 2015).

3.7 Previous LCAs of wood pellets

A lower climate impact of wood pellets, and torrefied wood pellets, instead of
fossil fuel alternatives has been reported in several LCA studies, e.g. by Agar
et al. (2015), Hansson et al. (2015), Roder et al. (2015), Batidzirai et al.
(2013b) and Ehrig and Behrendt (2013). The GWP value for wood pellets used
in Sweden is reported to range between 2 and 25 kg CO2-eq. per GJ pellets,
including both nationally produced and imported wood pellets (Hansson et al.,
2015). In comparison, a coal-based scenario would result in a GWP value of
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about 100 kg CO2-eq. per GJ fuel. Roder et al. (2015) reported a GWP value of
approximately 15 kg COz-eq. per GJ for pellets produced in the southeastern
USA (from forest residues) and exported for end-use in the UK. Agar et al.
(2015) found small differences in GWP between non-torrefied and torrefied
wood pellets produced from logging residues in Finland for co-firing in Spain
(recalculated to 12-13 CO»-eq. per GJ fuel for non-torrefied and torrefied wood
pellets). The climate impact of wood pellets from short rotation coppice (SRC)
eucalyptus produced in Mozambique and delivered to Europe was studied by
Batidzirai et al. (2013b), who found a climate impact of 13 kg CO2-eq. per GJ
pellets. Factors identified as having a large influence on the climate impact of
wood pellet systems in that study were: fuel used for drying the raw material
(often biomass or natural gas), moisture content of the incoming raw material,
share of fossil in the electricity mix used, international transport and N2O soil
emissions for nitrogen-fertilised systems (Batidzirai et al., 2013b). However,
these studies did not include biogenic carbon stock fluxes.

Including carbon stock changes in litter and biomass, Jonker et al. (2014)
calculated a carbon payback time of 5-11 years for wood pellet production
from softwood plantations in southeastern USA. The carbon payback time is
defined as the time after harvest required to reach an overall carbon balance of
a bioenergy system, including carbon in the harvested biomass and in regrowth
of new biomass, as well as avoided fossil emissions.

Biogenic carbon stock fluxes have been included in several LCAs of short
rotation plantations and in LCAs of forest residue extraction. For example,
SRC eucalyptus (Gabrielle et al., 2013) and SRC willow (Zetterberg & Chen,
2015; Brandao et al., 2011) established on abandoned agricultural land were
shown to have climate benefits due to carbon sequestration in live biomass
and/or soil. Furthermore, long-term climate benefits were shown for the
extraction and use of forest residues compared with a fossil reference by e.g.
Hammar et al. (2015), Zetterberg and Chen (2015) and Lindholm et al. (2011).
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4 Methodological approach

4.1 Time-dependent climate impact assessment (Paper )

One of the main objectives of this thesis was to develop a methodology to
assess the time-dependent climate impact of bioenergy systems. The
methodology was then used to assess the climate impact of different wood
pellet systems (Papers 11-1V).

In the methodology devised, which is described and evaluated in Paper I,
use of the time-dependent metric global mean surface temperature change,
ATs, is proposed. As a time-dependent, absolute and instantaneous indicator,
ATs can give additional values besides the more commonly used climate metric
GWP. Furthermore, when presenting the climate impact as a function of time,
the need to choose a defined time horizon can be avoided and the dynamic
behaviour of the atmospheric residence time of the GHG is captured. The
methodology also enables the evaluation of GHG fluxes of both fossil and
biogenic origin inherent to bioenergy systems. In this thesis work, the climate
impact assessment was limited to include the three major GHG (CO3, CH4 and
N20).

The temperature response, ATs(n), is defined as the time-dependent global
mean surface temperature change due to a specific emissions scenario, where n
is the year relative to the first year of the time frame of the study. The
calculation of ATs(n) can be divided into three steps:

» Step 1: Recording annual net fluxes of the GHG in a time-dependent
life cycle inventory.

» Step 2: Calculating the temperature response for all individual
emission impulses (EI) recorded in step 1.

» Step 3: Calculating the total temperature response, ATs(n), by adding
together all individual temperature responses calculated in step 2.
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Step 1: To calculate ATs, a time-dependent life cycle inventory is required in
which annual net GHG fluxes are recorded. This time-dependent life cycle
inventory makes it possible to include annual net biogenic CO; fluxes between
atmosphere, biomass and soil, as well as GHG emissions from the production
system connected to the bioenergy system.

Step 2: In order to calculate the temperature response for all individual
emission impulses, the change in atmospheric concentrations due to each EI of
GHG x first needs to be modelled. For CH4 and N2O, the mean residence time
is 12.4 and 121 years, respectively (Myhre et al., 2013a), while the
atmospheric residence time of CO; is more complicated as it is not chemically
decomposed in the atmosphere. About half of all anthropogenic CO; emissions
are taken up by the oceans and the terrestrial biosphere, while the rest of the
CO; remains in the atmosphere (Joos et al., 2001). Simple exponential decay
functions can be used to model the decay for CH4 and N2O, while the decay of
CO; can be modelled using the Bern carbon cycle model (Joos et al., 2013;
Myhre et al., 2013b; Joos et al., 2001). The relative atmospheric concentration
of a pulse emission of CO2, CHs and N0 is shown in Figure 6.
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Figure 6. Fraction remaining in the atmosphere (%) over a time span of 500 years after a pulse
emission of the greenhouse gases carbon dioxide (CO2), methane (CH4) and nitrous oxide (N20)
in year 0. Calculations based on Myhre et al. (2013b).

Changes in atmospheric concentrations result in radiative forcing. The RF of
GHG x is described by:
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RE.(t) = RE, - f:(t) W m?] (Y

where REy is the radiative efficiency of the gas (Ramaswamy et al., 2001)
describing the impact on the energy balance of a one unit change in the
atmospheric concentration of GHG x and f,(¢t) is the fraction of the gas
remaining in the atmosphere after a unit emission in year t after a pulse
emission at year 0.

The climate systems temperature response to a perturbation of the RF is
represented by a temperature response function 67s(t), which describes the
temperature response due to a unit increase in the RF. To calculate the
temperature response a convolution between RF and the temperature response
function, 67s(t), was used in Paper | and 1l based on the equation:

ATi(t) = [ RFy, (1)8Ts(t — 1)d K] )

In Papers 111 and 1V the algebraic solution to equation 2 (equations 3-5) for ATs
(also referred to as AGTP) was used instead, as presented in the Fifth Annual
Report of the IPCC (Myhre et al., 2013b). These equations give the same result
as equation 2, but are more convenient to use. In this thesis, all results
presented were recalculated with updated parameter values from Myhre et al.
(2013b). Figure 7 shows the temperature response of a single El of CO,, CH4
and N0, in year 0, which corresponds to an instantaneous RF of 1 W m™2,

AT{%(t) = Elgp, - RE¢o, X2y {aocj (1 —exp (— di)) +
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Figure 7. Temperature response (ATs) after a pulse emission of carbon dioxide (570 Pg), methane
(5 Pg) and nitrous oxide (3 Pg) in year 0. This corresponds to an instantaneous radiative forcing
of 1 W per m?, calculated based on Myhre et al. (2013b) and Joos et al. (2013).

Step 3: To calculate the total temperature response ATs(n) of a system, all
individual temperature responses for the GHG included (here CO2, CH4 and
N20) are added up for every year during the study period n:

ATs(n) = X3, T, AT (8) [K] (6)

4.2 Global warming potential

Besides the time-dependent metric ATs, the more commonly used metric GWP
was used in all papers in this thesis. It is a relative metric, expressing the
climate impact of a GHG in relation to the climate impact of a reference gas,
most commonly COx. It is defined as the integrated RF (AGWP) due to a pulse

emission of GHG x relative to the integrated RF of CO, over time horizon TH
(Myhre et al., 2013b):

AGWPF,

X TH

GWP}, = L O
AGWPTH

32



To calculate GWP, in Papers | and Il characterisation factors from IPCC
(2007) were used. In this thesis, updated characterisation factors of 28 and 265
were used for CH4 and N2O, respectively, based on a 100-year time frame
(Myhre et al., 2013b). Emissions from combustion of wood pellets and soil
carbon stock changes were not included in the GWP calculations.

4.3 Energy efficiency

There are many different approaches available to assess the energy efficiency
of a bioenergy system (Djomo et al., 2011; Murphy et al., 2011). One
commonly used indicator is the energy ratio, which describes the energy in the
output biomass relative to the energy input required to produce the biomass
(Djomo et al., 2011).

In this thesis, the energy ratio (Er) was calculated by dividing the energy in
the pellets produced (Eout), based on lower heating value (LHV) of dry biomass
adjusted for the specific moisture content, by the energy input to the system

(Ein):

E, = 2 (®)

Ein

where Ei» included primary energy input to the wood pellet system, but not the
energy in the biomass feedstock. However, the part of biomass feedstock used
within the system (e.g. for drying) and dry matter losses were captured in Eout
in the energy ratio calculations.

4.4 Wood pellet scenarios studied (Papers II-1V)

The climate impact and energy efficiency of production and use of wood
pellets from different non-traditional raw materials supplied to the Swedish
heat and power sector were assessed in Papers 11-1V. A time-dependent life
cycle inventory of each wood pellet system was constructed in which annual
GHG emissions connected to the production system and annual CO, fluxes
(ACO2gio) due to biogenic carbon stock changes were recorded (including CO»
emissions from combustion) (described further in section 4.5). Direct land use
changes in the form of biogenic carbon stock changes in soil and biomass were
included, but no indirect land use changes were assumed.

The production system included raw material supply, upgrading, transport
to the end-user and final use (including non-CO; emissions from combustion).
All upstream emissions from production of energy carriers, fertilisers and
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pesticides were accounted for in the year in which the input was used. All
wood pellet systems studied were also compared with a coal-based reference
scenario. An overview of these wood pellet systems is presented in Figure 8.
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Figure 8. Overview of the wood pellet systems investigated, including the production system and
CO: fluxes due to biogenic carbon stock change, compared with a coal-based reference scenario.

A stand perspective was adopted in all papers, which means that 1 ha of
agricultural or forest land was studied. The functional unit (FU) of 1 GJ pellets
delivered to the end-user was used for the GWP calculations. However, the
global mean surface temperature change (ATs) was related to more than one
FU. For wood pellets produced from short rotation forest (Papers 1l & 111) 1 ha
was used as the FU, while 1 GJ fuel and 1 GJ electricity produced in year 1
were used as FUs for wood pellets produced from logging residues (Paper 1V).

4.4.1 Production system

In Papers Il and 111, short rotation forestry established on former agricultural
land was assumed to be used for wood pellet production. The wood pellet
plants were assumed to be located close to the plantation. The studies included
primary energy input and GHG emissions for all activities connected to soil
preparation, planting, production and application of herbicides and fertilisers
(N-P-K), harvest, chipping and transport to the pelleting plant. In Paper Il, a
SRC willow (Salix ssp.) and poplar (Populus ssp.) plantation established in the
Mélardalen region (59°N, 16°W) of central Sweden were studied, while a SRC
eucalyptus (Eucalyptus grandis W. Hill ex. Maiden) plantation established in
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Manica province (19°S, 33°W) in central Mozambique was studied in Paper
1.

In Paper IV, logging residues were assumed to be used for wood pellet
production. These logging residues were assumed to be extracted from a boreal
coniferous forest stand (Norway spruce (Picea abies (L.) H. Karst)) in
Vasterbotten in northern Sweden (64°N). The rotation interval was assumed to
120 years and extraction of logging residues (70% of available biomass) was
assumed to take place during year 1 of a 120-year time frame. In this case, the
raw material supply included extraction, chipping and transport to a wood
pellet plant, while emissions occurring prior to final felling were not included.
The average distance between the forest site and the pelleting plant was
assumed to be the same as the average transport distance of forest fuels in
northern Sweden.

A similar pellet production chain was assumed in all papers. The main steps
included were comminution, drying, fine milling and pelleting of the raw
material and finally cooling of the wood pellets in order to retain the low
moisture content and to increase the durability. Heat required in drying the raw
materials (to 10% moisture content) was considered to be produced from part
of the ingoing raw material. The fuel demand was approximated to 3.6 GJ per
Mg of evaporated water (Thek & Obernberger, 2004).

Wood pellet production was assumed to take place in Sweden in Papers Il
and V. For the results from Paper Il cited in this thesis, the electricity mix was
updated to a Nordic electricity mix (originally a Swedish electricity mix was
assumed) in order to make the results more comparable with those from Paper
IV. In Paper Ill, the national electricity mix in Mozambique was used. Input
data and assumptions made in Papers II-1V are presented in Table 1.
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Table 1. Description of the wood pellet systems investigated in Papers 11-IV.

Paper II: Paper IlI: Paper 1V:

Willow/poplar Eucalyptus Logging residues
Location Central Sweden Mozambique North Sweden

(59 °N, 16 °W) (19 °S, 33 °W) (64 °N)
Land type Agricultural land Agricultural land Boreal forest
Average yield 9.2/12.6 15.4 33.52
(Mg hatyr?)
Rotation period/harvest Willow: 25/3° 20/4° 120
cycle?) (yr) Poplar: 10
Moisture content (at 50% 30% 45%
transport to pellet plant)
Average transport to 5/6 9 73
pellet plant (km)
Transport to end-user Truck: 150 Truck: 10 Rail: 1200
(km) Rail: 240

Ship: 17 500
End-user (efficiency) District heat plant Combined heatand  Power plant (35%)
(91%) power plant (89%)

aSingle harvest from one forest stand in year 1 (Mg ha'%); *Short rotation coppice.

4.4.2 Torrefied wood pellets

In Paper IV, in addition to the climate impact of non-torrefied wood pellets, the
climate impact of production and use of torrefied wood pellets was also
assessed. To produce the torrefied wood pellets, a torrefaction step was added
in the pellet production process. The heat demand for pre-drying the raw
material and for the torrefaction process was assumed to be covered by
combustion of the torrefaction gases released and by direct combustion of a
part of the incoming raw material. The systems studied for non-torrefied wood
pellets and torrefied wood pellets from logging residues are depicted in Figure

9.
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Figure 9. Overview of the production system for non-torrefied and torrefied wood pellet systems
based on logging residues, compared with its coal-based reference scenario.

The electrical efficiency of using conventional wood pellets in a dedicated
biomass power plant was assumed to be 35% for conventional wood pellets,
while for coal it was set to 45% based on Giuntoli et al. (2014). With the
properties of torrefied wood pellets being more similar to those of coal, the
efficiency of torrefied wood pellets was assumed to lie between that of coal
and non-torrefied wood pellets (40%).

Higher electrical efficiency and a higher co-firing rate can be expected for
torrefied wood pellets than for non-torrefied wood pellets. The total climate
impact per GJ electricity of co-firing non-torrefied and torrefied wood pellets
with coal was therefore studied for different co-firing rates for non-torrefied
wood pellets (5, 10 and 15% co-firing rate) and torrefied wood pellets (40, 50
and 60% co-firing rate), including emissions originating from both the wood
pellets and the coal.
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Furthermore, with the high energy density of torrefied wood pellets, more
efficient transport is possible compared with non-torrefied wood pellets. In the
base scenario, transport within Sweden or nearby countries was assumed (1200
km by rail) but different transport alternatives and distances were also analysed
in three scenarios (S1 (base case), S2 and S3), to assess the effect of transport
on the total climate impact (Table 2). Transport scenario S2 represented export
to e.g. the UK or the Benelux countries (600 km rail, 3000 km ship) and
scenario S3 (600 km rail, 25 000 km ship) represented export to e.g. Asia,
where wood pellet consumption more than doubled in 2014 (FAO, 2015).

Table 2. Transport distance (km) by different modes for the different transport scenarios S1-S3

Scenario Train Ship
S1 (base scenario) 1200 0
S2 600 3000
S3 600 25 000

4.5 Biogenic carbon stock modelling

In Paper I, willow and poplar were assumed to be established on fallow land
in Sweden. The growing site used for cultivation was assumed to have fallow
for the past 20 years and the soil organic carbon pool was assumed not to have
reached steady state since the transition to fallow. In Paper Ill, eucalyptus
plantation was considered to be established on surplus land with a soil organic
carbon pool in steady state.

The annual net biogenic CO- flux (ACOzgio) in year t was calculated as the
difference in total biogenic carbon stocks in biomass and soil organic carbon
stocks (referred to as soil carbon in this thesis), recalculated to CO; (by
multiplying by 44/12), between year t and the previous year (t - 1):

ACOZBio (t) = (CBL'O (t - 1) - CBio (t)) X % (9)

The annual net biogenic CO; fluxes between atmosphere and carbon stocks in
biomass and soil were modelled based on estimations, allocation patterns and
carbon balance models. The carbon stocks were divided into live biomass and
soil. Dead biomass was not included as a separate pool, but the biomass was
instead assumed to be directly transferred from the live biomass carbon pool to
the soil carbon pool.

To estimate annual changes in the soil organic carbon pool, the ICBM
model (Andren & Katterer, 1997) was used for the SRC willow and poplar
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plantation in Sweden (Paper Il). The ICBM model has two carbon pools, one
for ‘young’ (Y) and one for ‘old’ (O) carbon. The carbon input (i) from plant
litter first enters the young pool. From the young pool, a fraction of the carbon,
determined by the humification coefficient (h), is assumed to be transferred to
the old pool. The different pools have different decay rates (k), with a slower
decomposition rate of the old pool than the young pool being assumed.
External factors such as soil moisture and temperature are compensated for by
the parameter r.. The model was adapted to account for the input biomass (i) to
two separate pools, above-ground (iag) and below-ground (isg) residues. The
below-ground residues were assumed to contribute more to refractory soil
organic carbon than the above-ground residues by assuming a higher
humification coefficient value (hsc=2.3hac ) (Katterer et al., 2011)).

A dynamic soil carbon model, Yasso07, was used to estimate yearly
changes in the soil organic carbon stock for the SRC eucalyptus plantation in
Mozambique (Paper IlI), employing the graphical user interface software
developed for the Yasso07 model (Tuomi et al., 2011). The model describes
litter decomposition and the soil carbon cycle based on the chemical
composition of the litter, size of woody litter components and climate
conditions. The Yasso model requires data on litter input and its chemical
composition, as well as climate data.

In Paper IV, pellet production from logging residues extracted after final
felling was assumed. Yearly differences in biogenic CO, emissions from
combustion or decomposition of the biomass were included by comparing
combustion in year 1 with leaving the residues in the forest to decompose over
time. Data for a stand in northern Sweden (Paper IV) were taken from a
previous study that estimated biogenic carbon stock changes for different
Swedish climate zones, comparing extraction and use of logging residues with
no extraction of the residues (Hammar et al., 2015). Biomass stock changes
were simulated using the Heureka forestry decision support system and the Q
model. The Heureka system is a software developed for forest planning
analysis (Wikstrom et al., 2011) and can be used e.g. for projection of forest
growth modelling of live biomass stocks. The Q model can be used to simulate
carbon stock changes in Heureka (Rolff & Agren, 1999). The Q model
describes the decomposition over time of different litter fractions of a certain
litter quality and requires data on annual input of litter and annual climate data.
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5 Results and discussion

5.1 Energy use and efficiency

The primary energy input to the wood pellet systems studied in Papers II-1V
ranged between 90 and 150 MJ per GJ pellets and the energy ratio, i.e. energy
output relative to primary energy input to the system, was approximately 7-11.
The wood pellet systems based on logging residues and eucalyptus had a lower
energy ratio than the wood pellet systems based on willow and poplar (Figure
10).
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Figure 10. Primary energy (PE) input in MJ per GJ wood pellets (columns) and energy ratio
(dots) for the different wood pellet systems, divided into raw material supply, upgrading and
wood pellet transport to a Swedish end-user, from willow, poplar and logging residues in Sweden
(Swe) and from eucalyptus in Mozambique (Moz).
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In Papers Il and Ill, in which short rotation forestry grown directly for pellet
production was investigated, raw material supply included site preparation,
establishment and management of the plantation, as well as harvest and
transport of the raw material to the pelleting plant. For the eucalyptus
plantation in Mozambique, a more manual management system compared with
the willow and poplar plantations in Sweden was assumed. In Paper IV, the
raw material supply included only extraction of logging residues (and not
primary energy input occurring prior to final felling) and transport of the raw
material to the pellet plant. Furthermore, a considerably longer transport
distance between the forest site and the pelleting plant was assumed for
logging residues compared with short rotation forest.

Regarding transport of the wood pellets to the end-user, a longer transport
distance was assumed for wood pellets from logging residues extracted in
northern Sweden (1200 km rail) than for wood pellets from willow and poplar,
which were assumed to be grown in plantations on agricultural land close to
the end-user in central Sweden (150 km truck). A significantly longer transport
distance was associated with import of wood pellets to Sweden from
Mozambique (10 km truck, 240 km rail and 17 500 km ship). However, there
was a relatively small difference in primary energy input for the considerably
longer transport distance in Paper IV compared with Papers II-111, which is
explained by the more energy-efficient transport by ship than by truck and rail
(Figure 10).

5.2 Time-dependent life cycle inventory

Annual GHG emissions from the production system and annual CO, fluxes
(ACOy) due to biogenic carbon stock changes were estimated for the wood
pellet systems investigated in Papers I1-1V.

5.2.1 Biogenic carbon stock changes - short rotation forestry

For the wood pellet systems based on short rotation forestry, biogenic CO,
fluxes due to biogenic carbon stock changes in live biomass and soil were
included. The CO; fluxes due to live biomass carbon stock changes varied in a
repeating pattern following harvest and rotation cycles for all short rotation
plantations. A maximum live biomass carbon pool was reached within the first
rotation (for poplar) or second harvest cycle (for SRC willow and eucalyptus).
The higher yield assumed for poplar and eucalyptus and the assumed longer
time between harvests of poplar resulted in a larger maximum amount of
carbon sequestered in the live biomass pool for the eucalyptus and poplar
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plantation than for the willow plantation. Overall, the soil organic carbon pool
increased during the study period (50-100 years) for all short rotation
plantations investigated, striving towards a new steady state. Annual biogenic
CO;, fluxes for the short rotation plantations are presented in Figure 11.
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Figure 11. Yearly biogenic CO: fluxes (Mg CO2 ha?), referred to as ACO2, due to variations in
carbon stock in live biomass and soil for (a) short rotation coppice willow and (b) poplar
established on former agricultural land in Sweden, and (c) short rotation coppice eucalyptus
established on former agricultural land in Mozambique. A positive ACO2 value represents uptake
of carbon by soil and biomass and a negative value represents release of CO: due to decreased
carbon stocks.
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Carbon sequestration potential for short rotation willow and poplar plantations
established on agricultural land has also been reported by e.g. Djomo et al.
(2011), Rytter (2012), Rytter et al. (2015) and Grogan and Matthews (2002).
Furthermore, increased carbon stocks in live biomass and soil following
establishment of eucalyptus plantations on degraded forest land in
Mozambique has been recorded by Guedes (2016). For SRC eucalyptus
established on former agricultural land in France, an average increase in carbon
storage in live biomass has also been reported by Gabrielle et al. (2013), who
concluded that an increase in soil organic carbon stocks is likely.

5.2.1 Biogenic carbon stock changes - logging residues

Extraction of logging residues from long rotation forestry (Paper 1V) differed
from the other raw material systems in that biomass was only harvested,
pelleted and combusted once during the study period (in year 1). All emissions
associated with this production system were therefore assumed to be emitted in
year 1, while net CO, emissions were taken as the difference in CO2 emissions
between combustion of the pelleted logging residues in year 1 and leaving the
residues in the forest to decompose over time (Figure 12). The carbon in
biomass ends up in the atmosphere regardless of whether the biomass is
combusted or left in the forest. The positive ACO> in year 1 for the logging
residues system mainly represented CO; emissions from combustion, while the
negative ACO- during the rest of the time frame represented the decomposition
of the logging residues over time (Figure 12).
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Figure 12. Yearly differences in biogenic carbon dioxide (CO2) emissions (Mg CO2 ha™t), referred
to as ACO, between direct combustion of logging residues in year 1 and leaving the residues in
the forest to decompose over time.

5.3 Global warming potential

The global warming potential (GWP) ranged between 5 and 13 kg COz-eq. per
GJ wood pellets (not including GHG emissions from end-use) for the wood
pellet systems investigated in Papers II-1V (Figure 13). Biogenic CO; fluxes
due to carbon stock changes in soil and biomass were not included in these
calculations. In comparison, the fossil fuel reference scenario using coal
resulted in a much higher GWP of 114 kg CO2-eq. per GJ fuel.
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Figure 13. Global warming potential (GWP) for wood pellet production and transport to end-user
in Sweden (not including emissions from end-use of the pellets), divided into raw material supply,
upgrading and transport to end-user. The wood pellets were made from willow, poplar and
logging residues produced in Sweden (Swe) and from eucalyptus produced in Mozambique
(Moz).

Raw material supply contributed the largest share of GWP for all wood pellet
systems investigated. Hotspots in the wood pellet production based on short
rotation forestry plantations (Papers Il and I11) were emissions from production
of fertiliser and N2O emissions from soil. In Paper Il, these emissions
accounted for about 65% of the total CO2-eq. per GJ willow pellets, which is
consistent with findings in similar studies of willow, e.g. by Hammar et al.
(2016).

Electricity use in the upgrading process accounted for a large part of the
total primary energy input to the wood pellet systems. Despite this, upgrading
had a relatively low impact on the total GWP of the systems. This was due to
the relativity high share of renewables with low GHG emissions in both the
electricity mix used for the wood pellet production assumed in Papers Il and 11
(Nordic electricity mix) and in Paper III (Mozambique’s national electricity
mix). Assuming an electricity mix with a higher share of fossil fuels resulted in
considerable higher GWP values. For example, assuming 100% coal-based
electricity production in Paper Il resulted in about 70-100% higher GWP
values for willow and poplar pellets. The importance of choice of electricity
mix used was also pointed out by Hansson et al. (2015), who compared
national and regional electricity mixes and found that a Nordic electricity mix,
which was used in the Swedish wood pellet systems in this thesis, generates
e.g. higher emissions than the Swedish national mix. In Paper Ill, the national
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electricity mix in Mozambique was assumed. However, a regional mix would
also be interesting to study, as the electricity grid in Mozambique is connected
with nearby countries.

In Paper 1V, the climate impact of torrefied wood pellets from logging
residues was also estimated. The results showed a small difference in GWP
between non-torrefied and torrefied wood pellets for all transport scenarios
investigated. In contrast to the shorter transport scenarios (S1 and S2), a
slightly lower GWP value was obtained for torrefied wood pellets for the
longest transport scenario (S3) compared with non-torrefied wood pellets
(Table 3). However, a long transport distance resulted in significantly higher
GWP values for both non-torrefied and torrefied wood pellets.

Table 3. Global warming potential (GWP) for production and use (including non-CO2 emissions
from large-scale combustion, but not biogenic CO2 emissions) of 1 GJ non-torrefied and torrefied
wood pellets delivered to a power plant for no transport and for transport scenarios S1-S3

GWP (kg CO-eq. GJ?)
Non-torrefied Torrefied

Transport scenario: wood pellets  wood pellets
No transport 5.6 6.2
S1 (1200 km truck) 6.5 6.9
S2 (600 km rail, 3000 ship) 8.5 8.8
S3 (600 km rail, 25 000 ship) 26.5 24.6

The most common approach for assessing the climate impact of both non-
torrefied and torrefied wood pellet production chains in earlier studies has been
to use GWP and not include biogenic CO; fluxes (e.g. (Hansson et al., 2015;
Roder et al., 2015; Batidzirai et al., 2013b). The findings in this thesis were in
line with the results of those previous LCA studies (presented in section 3.7).
However, as also pointed out by e.g. Hansson et al. (2015) and Ehrig and
Behrendt (2013), the design of the supply chain determines the climate impact
and energy efficiency of a system. Different assumptions regarding e.g. raw
material used, transport alternatives and electricity origin mean that the results
of different studies of wood pellet production chains are not directly
comparable.
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5.4 Temperature response

5.4.1 Willow and poplar

In terms of total global mean surface temperature change, ATs, the willow and
poplar pellet system contributed to a negative ATs (i.e. cooling temperature
effect). A greater negative ATs per hectare was obtained for the pellet system
based on poplar than for the pellet system based on willow. This was mainly
due to more carbon sequestration in live biomass and soil due to assumed
higher poplar yield per hectare, as well as longer growth periods between
harvests in the poplar scenario compared with the willow scenario (Figure 14).
Using coal for heat production instead of wood pellets from willow and poplar
had a considerably higher climate impact, contributing to a positive ATs (i.e.
warming temperature effect). The higher yield per hectare of poplar was also
reflected in the higher positive ATs for the corresponding reference scenario
for poplar compared with the reference scenario for willow (Figure 14).
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Figure 14. Change in global mean surface temperature, ATs, over time for wood pellet systems
based on willow and poplar from 1 ha of plantation used in a Swedish district heating plant, and
their corresponding reference scenarios where coal was used to produce an equivalent amount of
heat to that obtained from the wood pellet systems.

Establishing willow and poplar plantations on former agricultural land in
Sweden was shown to result in continued sequestration of carbon in the soil
during the whole study period, striving towards a new steady state. This
resulted in a continuous increasing cooling effect on ATs, which is shown for
willow in Figure 15. However, the soil is not an infinite carbon sink (Lal,
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2004). If the land were to be converted back to the previous land use, most of
the sequestered carbon would be emitted back to the atmosphere over time. In
contrast to the long-term carbon sequestration in soil, a maximum carbon stock
in live biomass is reached relatively fast, as is its corresponding maximum
negative ATs (Figure 15).
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Figure 15. Change in global mean surface temperature, ATs, over time for willow pellets from 1
ha of plantation used in a Swedish district heating plant, divided into effect on carbon stock
changes in biomass and soil and greenhouse emissions from the production system.

5.4.2 Eucalyptus in Mozambique

Production and use of wood pellets from short SRC eucalyptus contributed to
an initial negative ATs (Figure 16). The increased biogenic carbon stocks in
both soil and biomass resulted in an overall negative ATs, In contrast, the
production system in which there were only GHG emissions and no carbon
sinks caused a positive ATs that increased over time (Figure 17). In total, this
resulted in the initial cooling effect declining over time, resulting in a positive
ATs after about 27 years (Figure 16). The corresponding coal-based reference
scenarios, in which equivalent amounts of heat and power were produced as in
the wood pellet scenario, all had a positive ATs during the whole study period
(Figure 16).
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Figure 16. Change in global mean surface temperature, ATs, over time for eucalyptus pellets from
1 ha of plantation used in a combined heat and power plant in Sweden and its corresponding
reference scenario where coal was used to produce an equivalent amount of heat and power to
that obtained from the wood pellet system.

Year 0 was defined as the initial carbon stock before establishment of the
plantation. The harvesting cycle gave regular peaks in the ATs curve for
biomass due to pulse emissions of CO, when the pellets were combusted,
followed by carbon sequestration in growing biomass until the next harvest
(Figure 17). The initial positive ATs for the biomass curve was due to the
removal and combustion of the initial vegetation.
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Figure 17. Change in global mean surface temperature, ATs, over time for eucalyptus pellets from
1 ha of plantation used in a combined heat and power plant in Sweden, divided into effect on
carbon stock changes in biomass and soil and greenhouse emissions from the production system.
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5.4.3 Logging residues

In contrast to pellets from short rotation plantations (Papers Il and 11), wood
pellets from logging residues (Paper IV) had a positive ATs, i.e. warming
temperature effect, during the whole period investigated for the system.
However, both non-torrefied and torrefied wood pellets still contributed to a
lower global mean surface temperature change (ATs) during the whole study
period compared with coal (Figure 18).

Non-torrefied wood pellets had a slightly lower ATs value than torrefied
wood pellets per GJ fuel. The difference in ATs between non-torrefied and
torrefied wood pellets peaked after about 10 years (0.4x10** K) and then
decreased over time. The highest positive ATs for all fuels was obtained about
10-15 years after the emissions impulse due to combustion in year 1. This
delay in temperature response after an emissions impulse is due to the inertia of
the Earth’s climate processes. For both torrefied and non-torrefied wood
pellets, the ATs curves declined faster over time compared with coal (Figure
18). This was because of the resulting negative CO; fluxes after year 1 when
comparing combustion with leaving the residues to decompose over time, as
illustrated in Figure 12.
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Figure 18. Change in global mean surface temperature, ATs, for 1 GJ non-torrefied and torrefied
wood pellets produced from logging residues combusted at a power plant in Sweden compared
with 1 GJ coal (produced and combusted in year 1) for one rotation period of 120 years.

Net emissions of biogenic CO, accounted for by far the largest part of the
global temperature effect for both non-torrefied and torrefied wood pellets
(Figure 19). These emissions were also found to be the main cause of the
higher ATs for torrefied wood pellets compared with non-torrefied wood
pellets. The higher raw material demand for production of torrefied wood
pellets resulted in greater net emissions of biogenic COy, as these are fixed per
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hectare. Factors such as thermal efficiency and the degree of torrefaction affect
the raw material demand within the torrefaction process. Thermal efficiency is
an important indicator of the technical performance of the process and is
determined by thermal losses, moisture content and heating value of the raw
material used. In a long-term perspective, Batidzirai et al. (2013a) point out
that the thermal efficiency is likely to increase due to expected technical
improvements in the torrefaction process, as well as more optimised use of
torrefaction gas. This would result in a smaller difference in ATs between non-
torrefied and torrefied wood pellets.
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Figure 19. Change in global mean surface temperature, ATs, over time for 1 GJ non-torrefied and
torrefied wood pellets produced from logging residues and used in a power plant in Sweden, and
temperature change for only biogenic carbon stock changes (ABio).

Despite a more energy efficient transport for torrefied wood pellets, the total
ATs was found to be lower for non-torrefied than for torrefied wood pellets for
all transport scenarios (described in Table 2). This is explained by the
dominating effect of biogenic CO, emissions on the results (which is not
included in the GWP values presented in Figure 13). Nevertheless, the long
transport distance in scenario S3 resulted in higher ATs and significantly higher
GWP values for both non-torrefied and torrefied wood pellets compared with
scenarios S1 and S2.

Higher electrical efficiency was assumed for torrefied compared with non-
torrefied wood pellets, which can be expected since the characteristics of the
torrefied product are more similar to coal. Thus, when also including the
energy conversion efficiency, a lower ATs was obtained per GJ electricity
produced for the torrefied wood pellets (Figure 20).
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Figure 20. Change in global mean surface temperature, ATs, over time for 1 GJ electricity
generated in year 1 from non-torrefied and torrefied wood pellets produced from logging residues
and used in a power plant in Sweden.

Furthermore, ATs from co-firing non-torrefied or torrefied wood pellets with
coal (including GHG fluxes from both pellets and coal) was also substantially
lower for torrefied wood pellets than for non-torrefied. This was due to the
expected higher co-firing rates for torrefied wood pellets (rates tested: 40, 50
and 60 %) than for non-torrefied wood pellets (rates tested: 5, 10 and 15 %),
and thus more coal being replaced in the former alternative (Figure 21).
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Figure 21. Change in global mean surface temperature, ATs, over time for 1 GJ electricity
generated in year 1 from non-torrefied (WP) and torrefied wood pellets (TOP) produced from
logging residues and used in a power plant in Sweden in different scenarios for co-firing WP (5,
10 or 15 %) and TOP (40, 50 or 60 %) with coal, compared with using 100% coal.
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6 General discussion

6.1 Time-dependent climate impact assessment and GWP

The time-dependent approach for LCA developed in this thesis gives additional
insights into the complexity of bioenergy systems compared with using GWP
with a fixed time horizon. With the time-dependent approach, temporal CO;
fluxes between the soil, biomass and atmosphere connected to bioenergy
systems are included. This information is not available by assuming a fixed
time horizon, where essentially only net changes in biogenic carbon stocks can
be obtained. In turn, this means that the time lag between emission and uptake
of CO; is disregarded and this has a major effect on the temporal climate
impact, especially for long rotation bioenergy systems. For the wood pellet
systems investigated in this thesis, the temporal fluxes had a major effect on
the climate impact.

Furthermore, expressing the climate impact as annual global mean surface
temperature change (ATs), as proposed in this thesis, can help to increase
understanding of the role of bioenergy systems in climate mitigation strategies.
This is beneficial since the aim of these strategies is often expressed as a
limited temperature change, e.g. the maximum temperature increase target of
2 °C set by the UNFCC. However, calculating ATsis not as straightforward as
determining the GWP and presenting the climate impact as a temperature
change over time is more complicated than presenting it as a single value given
in CO2-eq. It is therefore likely that the well-recognised climate metric GWP
will continue to be important in the future.

6.2 Temperature response of wood pellet systems

For the short rotation forest plantations established on agricultural land, overall
carbon sequestration in living biomass and soil was demonstrated. This
resulted in a negative ATs (i.e. cooling temperature effect). In contrast,
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extraction of logging residues resulted in a positive ATs (i.e. warming
temperature effect). The carbon in biomass eventually ends up in the
atmosphere as CO; regardless of whether it is combusted or left to decompose
over time. This is also true for other by-products such as the traditionally used
raw materials, sawdust and shavings. However, it should be pointed that fossil
coal was shown to have a considerably higher positive ATs than logging
residues (see Figure 18).

Furthermore, the increasing negative ATs due to carbon sequestration in soil
and biomass for the short rotation plantations will eventually reach a new
steady state (assuming continuous cultivation). On the other hand, ATs will
increase due to continuous GHG emissions from the production system. To
reduce the climate effects of a bioenergy system in a longer-term perspective, it
is therefore important to strive for more energy-efficient and fossil-free
solutions for bioenergy production systems.

The carbon sequestration potential is to a large extent dependent on the
initial carbon stocks. In the production systems investigated in this thesis,
former agricultural land where the carbon stocks were generally low was used
for plantation. Using land with higher initial carbon stocks would result in an
earlier or an immediately positive ATs. It is also worth noting that if the land
were to be converted back to its previous land use, the carbon stock level
would return to its previous value and would result in a reversed temperature
response. The cooling effect obtained by the systems is thus dependent on
continuous cultivation and retaining the sequestered carbon in the soil and
biomass, as also concluded by Hammar et al. (2014).

Yield is also an important factor for the total temperature response, as it
determines the carbon stock in the live biomass and the input to the soil carbon
pool. Variations in yield can be explained by the management of the plantation,
soil type and climate conditions. A relatively high yield was assumed for the
short rotation forest plantations investigated in this study, assuming optimal
management of the plantations. However, large variations in yield have been
reported, for example a considerably lower yield, 7-8 Mg ha?l yr?, was
reported for willow and poplar established on agricultural land in Sweden by
Dimitriou and Mola-Yudego (2017). Yields for willow and poplar ranging
from 4 to 17 Mg ha* yr! have also been reported in a review by Djomo et al.
(2011). Furthermore, yields ranging from 13 to 20 Mg ha?! yr! have been
reported for eucalyptus in moist tropical regions with a dry season reported by
IPCC (20064a).

The calculated temperature responses in this thesis were in the same range
as reported for willow and logging residues by Zetterberg and Chen (2015),
Hammar et al. (2015) and Hammar et al. (2014). However, those studies
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assumed direct combustion of the biomass for energy conversion, and
consequently did not include pellet production. The temperature response, on
the other hand, was shown to be mainly due to biogenic carbon stock changes,
which makes extra GHG emissions from pellet production less important for
the total temperature response.

6.3 Other methodological choices

Different functional units can be used when assessing the climate impact of
bioenergy systems. In order to capture the varying energy output between years
a functional unit of 1 hectare was used for wood pellets from short rotation
forestry in Papers Il and I11. A consequence of using this functional unit is that
the difference in energy output (GJ pellets or heat/electricity produced) per
hectare is not captured, which makes comparisons between different systems
not completely straightforward. However, by including a fossil reference
(corresponding to the same amount of heat and power produced as in the wood
pellet system), the total climate benefits of the system can be demonstrated.

Paper IV analysed the advantages of using torrefied wood pellets compared
with non-torrefied wood pellets in dedicated power plants for biomass fuels
and for co-firing with coal. However, biomass fuels are mainly used in heat
and combined heat and power (CHP) plants in Sweden. It should also be
pointed out that coal contributed only about 5% of the total fuels used in
Swedish CHP plants in 2015 (SCB, 2016). Nonetheless, the assessment in
Paper IV is relevant in a global perspective, where coal accounts for 40% of
the total global electricity generation (IEA, 2016) and co-firing is a viable
approach to reduce the use of fossil coal.

All studies included in this thesis adopted a stand perspective, i.e. one
hectare of agricultural or forest land was studied. However, a landscape
perspective including a continuous supply of biomass has been recommended
elsewhere, e.g. by Cintas et al. (2015). By using a landscape perspective, other
factors can be captured in the climate impact assessment, such as spatial
differences in the landscape regarding e.g. soil type and water availability
(Hammar et al., 2016). This in turn affects productivity and could be useful
information when drawing general conclusions on a regional or national level.
However, an advantage of using a stand-level approach is its simplicity, as also
pointed out by Lamers and Junginger (2013). This could facilitate a better
understanding of e.g. the effect on biogenic carbon stock of establishing short
rotation forestry on agricultural land or of increasing extraction of logging
residues after final felling of timber.
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6.4 Uncertainty

Biogenic carbon changes represented a large part of the total temperature
response for the wood pellet systems studied in this thesis. Biogenic carbon
dynamics are complex, however, and there are often few empirical data
available (Lamers & Junginger, 2013). Large uncertainties are therefore
associated with their estimation, both regarding the carbon balance models and
the accuracy of the input data and assumptions.

Another large uncertainty factor was estimation of N,O soil emissions in
climate impact assessments of the wood pellet systems based on short rotation
forestry. The IPCC default values were used when estimating these emissions
(IPCC, 2006b), but these values are general and do not consider site- and crop-
specific conditions. The actual emissions can thus vary widely between
different locations.

Moreover, Myhre et al. (2013b) and Joos et al. (2013) mention large
uncertainties associated with the climate models used. However, although the
total temperature response of any individual wood pellet system investigated
has uncertainties, the same uncertainties applies to all systems investigated.

Overall, uncertainties are inevitable in LCA and the wood pellet systems
studied in this thesis suffer from uncertainties associated with the models used,
as well as the parameters, choices and data quality. Despite this high degree of
uncertainty, it is still important to evaluate complex bioenergy systems, but the
result should not be regarded as an exact number, but more as an indication of
the potential climate impact.

6.5 Available raw materials

A prerequisite for increasing global wood pellet production is the availability
of biomass feedstock. Estimation of global bioenergy potential is complex and
a large range has been reported (50-1000 EJ yr by 2050) (Creutzig et al.,
2015). This can be compared with the global primary energy supply of 574 EJ
in 2014 (IEA, 2016). However, only a part of the potentially available biomass
would be used for pellet production.

This thesis focused partly on agricultural-based feedstock for wood pellet
production. A key question for these systems is the availability of agricultural
land. Campbell et al. (2008) estimated the global potential of abandoned
agricultural land to be 385-472 million ha, excluding land converted to urban
areas or forest. According to their study, about 7-8% of global primary energy
demand could be covered by using this land for energy crop production.
Estimating the global potential of available land is difficult, however, as it
involves the demand for other land use activities, such as food and feed
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production. The availability of agricultural land reported to be abandoned has
also been questioned (Creutzig et al., 2015).

In this thesis, short rotation forest plantations were assumed to be
established in Sweden and Mozambique and available former agricultural land
has been reported in both these countries (van der Hilst & Faaij, 2012; SJV,
2009). However, it should be stressed that grasslands play an important role in
securing the livelihood of around 80% of the Mozambican population, by
providing feed, food, fibre and ecosystem services. Today there is marked
interest among foreign investors in large-scale agriculture and forest projects in
Mozambique. Land conflicts involving forest plantations have been reported
(Overbeek, 2010; Schut et al., 2010), mainly concerning land access processes
and weak community consultation processes, combined with weak negotiating
ability by local people due to their low education level (Ministério de
Agricultura, 2010).

An advantage of using forest plantations dedicated to wood pellet
production is that the raw material is geographically concentrated. This
improves the logistics and decreases transport distances compared with e.g.
logging residues, which can be scattered over larger areas. Another advantage
of forest plantations dedicated to wood pellet production is that they are not
directly connected to the sawmilling industry and thereby the shifting demand
for other wood products, as pointed out by Goh et al. (2013).

The development of new large-scale pelleting plants in the southeastern
USA, where chipped log wood is used directly for pellet production, is partly a
result of the declining paper and pulp industry (Goh et al., 2013). With a paper
and pulp industry in transition, this development can also be possible in other
parts of the world. In Europe, only 60-70% of the annual growth in forests is
harvested (Proskurina et al., 2016), which could give opportunities for a raw
material supply directly from these forests to wood pelleting plants.

Theoretically, all woody raw materials can be used for pellet production
(Obernberger & Thek, 2010). However, many of the suggested raw materials
would result in wood pellets with lower quality than those produced from
traditional raw materials. Large-scale use is therefore more suitable for these
pellets. Non-woody raw materials, such as reed canary grass, hemp and
agricultural waste and waste products have also been suggested as feedstock
for pellet production (Nilsson et al., 2011).

6.6 Why wood pellets?

From a climate impact point of view, wood pellets are not necessarily better
than using unrefined biomass for direct combustion for heat and power
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production. On the other hand, wood pellets provide opportunities to use
biomass in other applications than unrefined biomass. For example, wood
pellets have been identified as a relatively fast and straightforward way to start
phasing out coal in large-scale power production and as an alternative to fossil
oil for residential heating (Goh et al., 2013).

In order to fulfil energy and climate targets by partly increasing the use of
biomass fuels, many European countries need to rely on import of biomass.
Wood pellets are a homogeneous, dense and dry fuel, which makes storage and
transport easier than with unrefined biomass. Long transport distances enable
new markets to be accessed, creating more export possibilities for regions with
available biomass.

Besides being easier to store and transport, less modifications are needed
when wood pellets are used in existing heat and power plants compared with
unrefined biomass. The properties of wood pellets can be improved further by
including a torrefaction process. Torrefied wood pellets have advantages such
as higher electrical conversion efficiency and higher co-firing rates when used
for power production compared with non-torrefied wood pellets. However, in
the long term, new power plants dedicated to using biomass, or high co-firing
rates, may reduce the benefits of using torrefied wood pellets compared with
non-torrefied wood pellets, as discussed by Koppejan et al. (2012).

Furthermore, the properties of wood pellets enable more flexible use of the
biomass. This is an advantage as flexible power production is likely to become
more important in order to balance demand and supply, with an increasing
share of intermittent electricity production.

If limited access to biomass is assumed, comparisons are needed not only
between biomass- and fossil-based systems, but also between different
biomass-based applications in order to find e.g. the most economic, energy-
efficient solution or the least GHG-emitting. This is also discussed by
Cherubini and Stromman (2011). However, assuming that there is available
biomass, all potential ways to reduce the use of fossil fuels, and thereby GHG
emissions, are relevant.
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7 Conclusions

In this thesis, a time-dependent approach for conducting LCA was developed
and both the timing and the magnitude of GHG fluxes were considered in
climate impact assessments. With this approach, temporal CO- fluxes between
the soil, biomass and atmosphere connected to bioenergy systems are included.
This methodology was used to investigate the time-dependent climate impact
of different wood pellet systems.

The analysis focused on wood pellet systems based on short rotation
forestry in Sweden and in Mozambique and residual forest biomass extracted
from final felling in Sweden. The main conclusions were:

>

From a climate impact perspective, all wood pellet systems studied
were a better alternative than fossil coal for heat and power
production.

Establishing poplar and SRC willow on former agricultural land in
central Sweden provided potential for carbon sequestration in both live
biomass and soil, which resulted in a cooling global temperature
effect.

Carbon sequestration potential was also shown for SRC eucalyptus
established on former agricultural land in Mozambique.

Over time, the cooling effect due to carbon sequestration in soil and
biomass will decline as a new steady state is reached, whereas the
warming effect due to GHG emissions from the production system
will continue to increase, resulting in a net warming temperature effect
of the wood pellet systems over time.

Wood pellets produced from logging residues extracted from final
felling had a warming temperature effect. Net emissions of biogenic
CO; accounted for by far the largest part of this temperature effect.
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» Torrefied wood pellets were better from a climate perspective due to
assumed higher electrical efficiency and a higher co-firing rate (with
coal) compared with non-torrefied wood pellets.

» The electricity used in the upgrading process accounted for a large part
of the total primary energy input to the wood pellet systems. Despite
this, upgrading had a relatively low climate impact due to the relativity
high share of renewables with low GHG emissions in the electricity
mixes used.

» The energy output of the wood pellet systems studied was 7 to 11
times the primary energy input.

The time-dependent climate impact methodology developed in this thesis
provided a better understanding of the wood pellet systems studied and their
climate effects and also captured the time-dynamic behaviour of the
atmospheric residence times of GHG emissions from the systems, as well as
the biogenic CO, fluxes between soil, biomass and atmosphere. This
methodology could be used for other bioenergy systems to complement climate
impact assessments and to increase knowledge of these complex systems.
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8 Future research

Extensive use of fossil fuels is the main cause of the climate changes the world
is now experiencing. In order to reduce the dependency on fossil fuels
diversification of the energy system is necessary, and bioenergy could play a
central part in such diversification. However, bioenergy has been questioned
with regard to its climate or carbon neutrality. It is therefore important to
increase knowledge of the climate impact of different bioenergy systems and to
identify hotspots within the systems. Factors that could be addressed in future
studies in order to increase understanding of the environmental effects of these
systems are as follows:

» Further empirical studies could help achieve better reliability of
biogenic carbon stock models. Improved access to input data could
also increase the accuracy of model estimates.

> In addition to the site-specific approach used in this thesis, a landscape
perspective could provide more general conclusions on regional and
national scale.

» This thesis focused on the major GHG (CO2, CH4 and N2O) but there
are other GHG and other climate processes, such as impact on albedo
due to changes in land cover that need further study.

» This thesis focused on climate change, but there are other relevant
features of a sustainable bioenergy system, such as biodiversity,
nutrient loss and social and economic aspects, that should also be
addressed.
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