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Abstract

Biomass plays a key role to achieve the EU’s 20-20-20 energy and climate targets.
Because of rising European demand and limited domestic resources, the EU relies
on worldwide imports.

Given this framework, the present thesis explores the influences on wood pellet
supply chains considering different environmental policies, price risks and the effect
of torrefaction pretreatment. The examinations refer to three real case studies for
pellet trade from Australia, Canada, and Russia to Europe.

In the first investigation, the efficiency of co-firing imported wood pellets in terms of
COs savings and related subsidy schemes is analysed. Scenarios show that co-firing
biomass is efficient to contribute to the EU energy targets. Though, policy makers
could use these instruments more effective when directing sourcing decision towards
options with even less environmental impacts.

The second analysis explores the influence of statistically derived price risks on total
supply chain economics. It is shown that price risks can effect strong fluctuations
in the short term, which seriously affect the profitability of individual trade routes.
Securing the supply chain is mainly based on individual producer-buyer agreements,
personal branch experiences and fast reactions on the subsidy system. Systematic
evaluation of supply chains could contribute to a more reliable market and thus
foster investment decisions.

In the last investigation, the economic and environmental performance of potential
torrefaction-based supply chains is assessed. As a result, torrefaction-based supply
chains turn out to be a certain alternative to conventional ones. Though, still huge
research efforts and industrial demonstration are required to make torrefied biomass
a real alternative on the market.



Zusammenfassung

Biomasse spielt eine Schliisselrolle bei der Erfiillung der EU 20-20-20 Energieziele.
Aufgrund des steigenden Bedarfs bei gleichzeitig limitierten einheimischen Ressour-
cen ist die EU auf weltweite Biomasseimporte angewiesen.

In diesem Rahmen untersucht die vorliegende Arbeit die Einflussnahme unterschied-
licher Forderungen, Preisrisiken und die thermische Vorbehandlung durch Torrefizie-
rung auf Pelletsversorgungsketten. Die Analysen basieren auf drei realen Fallstudien
fiir Pelletshandel von Australien, Kanada und Russland nach Europa.

In der ersten Untersuchung wird die Kofeuerung importierter Pellets auf ihre Ef-
fizienz hinsichtlich CO4 Einsparungen und verbundener Forderungen evaluiert. Szenar-
ien zeigen, dass Biomasse-Kofeuerung einen effizienten Beitrag zur Erfiillung der EU-
20-20-20 Ziele leisten kann. Dennoch kdnnten die Fordersysteme noch wirksamer auf
die Versorgungsoptionen mit geringstem Umwelteffekt abzielen.

Die zweite Analyse untersucht den Einfluss von Preisrisiken auf die Wirtschaftlichkeit
der Versorgungsketten. Es wird gezeigt, dass Preisrisiken extrem starke wirtschaftliche
Schwankungen iiber einen kurzen Zeitraum verursachen kénnen. Die Absicherung
der Versorgungskette geschieht oft iiber bilaterale Vertrige, personliche Erfahrungen
und schnelle Anpassungen an das Fordersystem. Dabei kénnte ein systematisches
Monitoring dazu beitragen, den Markt verldsslicher zu gestalten und Investition-
sentscheidungen zu erleichtern.

In der letzten Untersuchung werden die Vorteile von Versorgungsketten auf Ba-
sis torrefizierter Pellets bewertet. Im FErgebnis zeigt sich, dass torrefizierte Pellets
einen gewissen wirtschaftlichen und 6kologischen Vorteil erméglichen kénnen, es aber
noch Forschungsbedarf hinsichtlich der Technologieumsetzung und Marktimplemen-
tierung gibt.
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Chapter

Introduction

1.1 Role of biomass and wood pellets in Europe

Biomass plays a major role to fulfil the EU’s energy targets for 2020 [4]. The EU’s
20-20-20 targets aim for a 20 % reduction of greenhouse gas emissions from energy, a
20 % increase in efficiency and a 20 % increase of renewable energy sources in energy
consumption by 2020 compared to 1990 levels. Up to now, renewables take a share
of around 13 % of the EU27’s energy consumption, whereas most comes from woody
biomass, see Figure [I.1, Not only today, but also for the 2020 targets, biomass
should contribute much more than 50 % to the EU’s renewable energy consumption
and 19% (or 16 % solid biomass) to the EU’s renewable electricity production [5,6],
see Figure

In 2011, around 3300 PJ primary energy of biomass was produced in the EU, whereas
slightly more solid biomass (3383 PJ) was consumed [7]. That means 66 % of the
EU’s primary renewable energy production comes from biomass [8]. Thereby, cur-
rently 72 % of biomass is used for heating and cooling, about 15 % for transportation
and 13 % for electricity use [5]. In 2010, most electricity from biomass was produced
in Germany with 30,000 GWh/a, followed by Sweden, the UK, and Finland. For
this electricity, forestry in terms of wood and wood waste is the main supply sector.
According to EU estimations, forestry will remain the main supply sector for the
EU’s solid biomass supply by 2020 [5].

With tenfold increase in production, wood pellets have demonstrated the strongest
growth of solid biofuels within the recent 10 years from 1.6 million tons in 2000
to 15 million tons in 2010 [9]. Thereof 61 % (9.2 million tons) biomass originated

in Europe. In the same period, EU pellet consumption increased by 44 %, which
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Gross final energy consumption of
EU27 by fuel in 1000 toe

Figure 1.1: Gross final energy consumption of the EU27 by fuel in 1000 ton of oil equivalents
(toe) in 2011

Source:

was more than 11.4 million tons in 2010 (85% of global wood pellet demand) [10].
The surplus 20 % demand on pellets in Europe are covered by imports from non-EU
countries [9].

Currently, the EU27 produces only 46 % of it’s energy needs . The energy depen-
dency is particularly high for fossil fuels with 62 % for hard coal, 85 % for crude oil
and 67 % for natural gas, whereas only 7% of consumed renewable energy (which
is solely biomass) is imported to the EU. Within renewable energy resources, wood
pellets are predestined for long distance transportation due to their high energy den-
sity, storage properties and flexible utilisation options. Within the recent years, the
EU pellet production tripled from 3.5 million tons in 2006 up to 10 million tons in
2012. The bulk share of pellets imports still takes place between EU member states,
which are mainly destined for the large residential pellet market.

Nevertheless, in the period 2006 to 2012, imports from outside the EU rose five
times from 800,000 tons in 2006 to 4.4 million tons in 2012 . So far, most of
these extra-EU imports are used for industrial use. In a business-as-usual scenario,
Junginger [12] estimates that the EU pellet demand will rise to between 20 and

50 million t by 2020, which means a sharp increase of almost 16 milliont biomass
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Biomass in EU's renewable energy consumption
according to NREAPs
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Figure 1.2: Contribution of biomass to EU27 renewable energy consumption in 2010 and 2020
according to National Renewable Energy Action Plans (NREAPs)

Source: @
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imports (280 PJ) to the EU.

As shown in Figure[l.3]and Table[1.1] in 2011 most imports are from Canada and the
USA with each more than 1 milliont pellets in 2011, 0.5 million t from Russia and
some volumes from Fastern European neighbour countries. Other pellet exporting
countries far away from Europe are South Africa with 43,000t imports to the EU,
New Zealand with 30,000t and finally Australia with 14,000 t in 2011 (Australian-
European trade reached a high with 66,000 t in 2010) |11|. According to estimations
by the International Energy Agency in 2011, the main sourcing countries for im-
ported pellets to the EU by 2020 will be the USA, Canada, Russia, Brazil, but also
Australia and New Zealand [10]. One of the main drivers for imports to the EU is
the relatively high costs of wood pellets in Europe. In addition, large pellet produc-
ers in the EU, such as in Germany, Sweden, and Austria, have either slowed down
or decreased their production. The consequence is that in 2012, intra-European
trade of pellets declined by 12% and purchases from North America increased by
44 % |13]. As shown in Table most import volumes are destined for industrial
pellet markets in Northwest Europe, especially those sourced from overseas regions.
Until now, most pellet imports to the EU are destined for co-firing in coal power
plants [9,10]. The reason for that is that co-firing of industrial wood pellets rep-
resents one of the most cost-efficient and easy-to-adopt technologies to produce re-
newable electricity [14]. It is widely implemented throughout EU countries like the
Netherlands, Belgium, UK and Scandinavia [15]. During co-firing, pellets are co-
combusted in a pulverised coal power plant. Due to its robustness, co-fired pellets
can be of lower quality, meaning they can have a higher ash content and higher im-
purity and can contain more fines. These industrial pellets are classified as B quality
according to the European standards EN14961 [16]. Besides, there is an increasing
trend for premium pellet imports from Eastern European countries to meet increas-
ing demand in Central Europe. Premium pellets are usually destined for residential
heating in small-scale appliances and need to fulfill high quality standards. Also
North American pellet exporters make efforts in producing premium pellets for the
European market [17, 18|, conforming the European premium EN plus A classifica-
tion according to the EN14961 standard [16].

Trade with imported (industrial) pellets typically takes place at the large European
import harbours like Rotterdam, or through the trade departments of energy utilities
in demand. Since a few years, industrial pellets are traded via energy exchanges like

APX-ENDEX, whose price setting serves as reference for the European market [19].
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Table 1.1: Pellet imports to EU27 by main exporting countries in 1,000 tons (Eurostat category

CN 44013020)
Source: [11]

Pellet 2009 | 2010 | 2011 | EU Pellet

exporter destination quality
countries

Canada 520 983 1160 | IT, DK, BE, IR, | industrial,
NL increasingly

premium

USA 535 763 1001 | NL, UK, BE, industrial,

SE, DK increasingly
premium

Russia 379 396 477 | NL and industrial
re-export to EU

Ukraine 30 o7 150 | DK, IT, ES premium

Belarus 75 90 101 | UK, NL, BE, industrial
SE, DK, IT

Serbia 18 26 47 | 1T, DE, AT premium

Bosnia o4 44 47 | NL, IR, UK premium

Herzegowina

South Africa 42 25 43 | SE, DK, BE, FI, | industrial
NL, DE

New Zealand 0 21 30 | DK, IT, DE, premium
LT, HU, DE,
BE, EE, AT

Australia 9 66 14 | IT, SL, AT industrial

Argentinia 10 9 6 | LT, DK, DE industrial

Switzerland 6 15 5 | NL, UK, BE premium
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Pellet imports to EU27 in 1,000 t/a

2011

Australia
MNew Zealand
South Africa
u Serbia
2010 mBelarus
m Ukraine
= Russia
mUSA

mCanada

2009

0 200 400 600 800 1000 1200

Figure 1.3: Pellet imports to EU27 by main exporting countries

Source:

Although overseas pellet imports to the EU are profitable for energy utilities and
biomass traders, these pellet imports can have notable carbon and energy footprints,
resulting from the production, pretreatment, transport and logistics along the supply

chain to Europe.

Related to energy security, large pellet consumers such as electric utilities rely on
large volumes of biomass imports, a long-term and just-in-time supply as well as a
secured price range over the life cycle of their investments . While the interna-
tional market for wood pellets has just aroused over the last 10 to 15 years, pellets
are yet traded on stock exchanges like APX-ENDEX or FOEX and are on the way
to becoming a global commodity . At these exchanges, a market driven pellet
price is set. Though, pellet pricing is characterised by a complex pattern of multiple
market actors, interconnections and dynamics in the entire supply chain, which are
widely non-transparent and still widely intangible to allow for reliable, long-term
project and investment planning (see also Section [2 and [20]).

This thesis is addressing this research gap by exploring crucial influences and inter-

connections in the supply chain based on three exemplary case studies.

Torrefaction is one of the most promising and discussed pretreatment technologies
for biomass. Experts estimate that torrefied biomass can relevantly reduce biomass

trade costs and thus energy costs for the end-user. These advantages could further
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enhance biomass trade and make biomass imports and use even more attractive for
European consumers. Related cost and environmental estimations for the produc-
tion, transport and logistics of torrefied biomass have been published before [22-24|,
but with few background data on fuel and technology data and with extremely di-
verging values (see Section for more details). Furthermore, the data are often
estimated by the torrefaction plant operators themselves or by associate organisa-
tions. This research need is addressed by the present thesis, analysing advantages of
torrefied pellets versus conventional ones by evaluating up-to-date processing data

and research results on torrefied biomass.

1.2 Current European policies related to biomass use and trade

The demand for biofuel is driven by the European renewable energy targets for 2020
and beyond. These have been introduced to implement the targets set in the Kyoto
Protocol to the United Nations Framework Convention on Climate Change, and in
connected international greenhouse gas emission reduction commitments [4]. Main
aims and elements of the European energy policy are, within the context of stronger

economic growth:

e the need to reduce energy demand,

e to increase reliance on renewable energy sources, given the potential to produce

them domestically and their sustainability,
e to diversify energy sources,

e and to enhance international cooperation [25].

The current EU policies related to biomass imports and use are characterised by the

following legislations and EU documents:

e The European Renewable Energy Directive (RED - Directive 2009/28/EC) [4],
giving a common framework for the use of energy from renewable sources in
order to limit greenhouse gas emissions and to promote cleaner transport.
It gives binding guidelines for the sustainable production and use of liquid

biofuels.

e A non-binding recommendation by the European Commission on sustainability
requirements for solid and gaseous biomass (COM(2010)11 final) [26].
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e The National Renewable Energy Action Plans (NREAPs) and subsequent Na-
tional Biomass Action Plans [6,25|, determining the Member States’ national
targets and measures to contribute to the EU’s 20-20-20 targets. The Action
Plans set the share of energy from renewable sources consumed in transport,
as well as in the production of electricity and heating by 2020. With these,
the Member States should also establish procedures for the reform of planning
and pricing schemes and access to electricity networks, promoting energy from

renewable sources [4].

Consequently, main drivers for the EU biomass demand are incentives to implement
national policies and support measures for biomass use. These are e.g. policies on co-
firing in the UK, Netherlands, Belgium, and the combination of market dynamics for
coal plus CO, emission allowances. Furthermore, the continuity of biomass support
are crucial for the uptake of biomass markets, particularly for small-scale biomass
appliances, the price of fossil fuels and related attractiveness to switch from fossil

fuels to biomass for end-users [12].

This legislative framework reinforces the increasing biomass imports from outside
Europe (cp. [9] and Section [1.1). In this framework Hewitt (2011) [27] stated that a
consequence of satisfying the EU’s 2020 objectives — a decrease of carbon emissions
— could result in an actual increase of the EU’s own carbon footprint.

So when discussing the further increase of biomass use in Europe, a great contro-
versy remains around the questions which biomass supply chains can be seen as
sustainable and how to effectively and efficiently increase the share of electricity
from renewables.

Starting with the massive imports of liquid biofuels from all over the world, the
debate began on how environmentally justifiable imported biomass is. For liquid
biofuels, obligatory emission thresholds and environmental indicators in the origin
country are manifestated in the EU Renewable Energy Directive [4]. In 2010, the
European Commission (EC) made recommendations for estimating and meeting sus-
tainability criteria for solid biofuels [26]. These are already obeyed by many market
actors and national authorities. As a preliminary approach, the EU Directorate
Energy has recognised 14 voluntary evaluation schemes for sustainability criteria
of solid biomass |28, which are in line with the EU legislations mentioned above.
As the public debate on sustainable solid biomass is persistent, the EC is working
on a directive introducing EU harmonised, binding sustainability criteria for solid
biomass [29,30].
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In turn, the Member States are responsible to set the framework and incentives to
promote the use of low-emission energy pathways. Indeed, since several years, a cou-
ple of Member States - especially those with low domestic biomass potentials - like
the Netherlands, Belgium, the UK or also Scandinavian countries, successfully ap-
plies this model by having effective co-firing subsidies [10,14|. Up to now, no legally
binding sustainability requirement exists for supporting the use of solid biomass in
conversion plants, except from Belgium and the UK [26,31]. In Belgium, the up-
stream energy or CO, balance of supplied biomass is assessed and included in the
calculation of creditable co-firing subsidies [32,33]. The UK has introduced binding
sustainability criteria on the biomass upstream emissions in early 2013, which are
obligatory to receive support for co-firing [34,35]. These subsidy models could be
exemplary for other countries considering the support of biomass co-firing. For in-
land European countries like Germany, increased use of imported biomass, amongst
others for co-firing in existing coal plants, is already recognised as an interesting and
cost-effective option to reduce COy emissions [36,37].

On the one hand these environmental requirements gain more and more importance
for biomass imports to Europe. On the other hand, national subsidies and obli-
gations are currently the main incentives for using imported biomass. Connecting
both aspects, this thesis explores how they contribute to sustainable and economic

biomass use in Europe.

1.3  Outline of the thesis

The thesis is structured as follows: Chapter [2| outlines the scientific disciplines and
specific topics the thesis is dealing with. After that, Chapter |3| determines the
research problem, general and specific objectives of the thesis. In Chapter 4] data
used and the methodology for the investigations are explained. Respective results
are presented and discussed in Chapter Finally, the findings and answers on
the research questions in Chapter [3] are concluded in Chapter [l Additional data

extracts and information are given in the Appendix in Chapter
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Chapter 1 Introduction




Chapter

State of Research and Technology

2.1 Overall scientific scope of the research topic

This thesis deals with a topic, which encompasses various scientific issues and
management disciplines ranging from the “triangle natural resource sciences and

biomass technology and entrepreneurial management to energy and environmental

policies, see Figure

In the following, most relevant methods, theories and existing models related to and

applied in this thesis are outlined and discussed.

2.2 Biomass supply chain models

Since the last ten to fifteen years, several studies have been dealing with modelling
and optimisation of particular biomass supply chains using geograhical information
system (GIS) models, linear and mixed integer modelling (see e.g. [38]. These all
have a specific focus (e.g. optimisation of logistics, costs or allocation of resources),
and respond to a given framework and several assumptions, e.g. a local logistics
network, specific transportation means, or the allocation of resources for specific
end-use demand. Though, these models give limited representation of the actual
market situation. More focussed on actual trade flows, a comprehensive model on
biomass supply chains was accomplished by Hamelinck et al. (2005) [39] comparing
different international bioenergy chains to Europe with focus on logistics. An eva-
luation of supply costs from Argentina to the Netherlands was done by Uasuf [40].
Costs for the pellet supply from British Columbia to the EU has been assessed before
by Sikkema et al. [41].
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In several market reports, the given framework for international biomass trade and
specific aspects like shipping [42] or equity and investments [43] are discussed. More-
over, in a scenario-based study Heinim¢ (2011) determined critical factors for the

future development of the global (solid) biomass market |44], which are:

e Price competitiveness of bioenergy,

Energy policy (subsidies, research and development),

Imbalance between supply and demand of bioenergy (sources),

International agreements,

Sustainability issues to the utilisation of biomass.

Based on these existing studies, this thesis presents new investigations, which com-
bine an analysis of real case biomass supply with a detailed assessment of individual

variables underlying actual market, regulatory and technology actions.

2.3 Biomass pretreatment and supply chain operations

Biomass is used in a broad range of pretreatment, logistics and conversion technolo-
gies to convert the chemical energy stored in biomass into fuels, heat or electricity
(see Figure . In this thesis, the research focus for the different pathways begins
with different solid biomass resources, and continues with the collection, prepara-
tion, logistics and transportation up to combustion and the conversion into the final
product electricity.

Comprehensive assessments of biomass supply chain operations from harvesting,
preparation including grinding of the material, logistics and transportations as well
as their technology processes and respective energy demand and costs have been
conducted by researchers like Suurs (2002) 45|, Kaltschmitt et al. (2009) [46] or
Obernberger and Thek (2010) [47]. Specific logistical requirements for planning
biomass supply chains are summarised by Svanberg and Halldorsson (2013) [48].

Pelletisation is a mature technology for densification of biomass and resulting favourable
conditions for storage, handling and logistics. Since the last 15 years, pellet plants
are operated worldwide, while many technology providers and manufacturers are

based in Europe. Currently, most pellet plants are operated in Europe and North
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America [10,50]. The pellet production process is a mature technology, described
thoroughly by e.g. Obernberger and Thek (2010) [47]. It usually consists of a dryer
for reducing moisture content of the raw material, one or more grinding units to
make the raw material suitable for further processing, a pellet mill to densify the
material to pellet dimensions and a cooler to decrease temperature of the pellets af-
ter pressing. Additional equipment are storage systems for raw material and pellets,
and the peripheral equipment for conveyors and the construction of the plant. Usu-
ally the raw material is wood residues (sawdust, shavings), which often is a low-cost
by-product of the nearby wood industry. Synergies with the co-located wood indus-
try are also common for supplying the pellet plant with heat or low-value biomass
residues (bark, wood chips, sawdust) for drying [10,47,51]. In case of lacking wood
residues or low market prices for wood assortments of higher value, also wood logs
are used for pellet production. As an example, typical pellet production processes

for both sawdust, wood chips and for wood logs by plant manufacturer Andritz are

shown in Figures 2.3 and [2.4] [52].

The torrefaction technology process is a mild pyrolysis (thermochemical pretreat-
ment) of biomass in absence of oxygen at temperatures between 200 and 320 °C
over a time period of 10 to 30 minutes [53]. As a result, the biomass is expected to
obtain a better fuel quality with higher energy density, hydrophobic characteristics,
easy handling and better grindability. Objective of current research projects is to
upgrade biomass via torrefaction into a fuel with properties similar to coal. A ge-
neral framework for the fuel characteristic ranges is currently given with the draft
ISO 17225 standard for graded torrefied pellets [54].

With the promised advanced fuel characteristics, torrefied biomass should be suit-
able for existing combustion and gasification applications such as for coal co-firing
plants. So, in many research papers, torrefied biofuels are expected to relevantly
reduce biomass trade costs and thus energy costs for the end-user [22-24,48,55]|.
Though, there are no commercial torrefaction plants, but only pilot plants in oper-
ation yet. That makes it difficult to judge about the actual production, operational
costs and energy balances in the processes and allows for approximations only. Sev-
eral cost estimations for the production, transport and logistics of torrefied biomass
have been published before [22-24,55|, but with few background data on fuel and
technology data and with extremely diverging values. A review on the torrefac-
tion process by 2011 is presented by Stelt et al. (2011) and Ciolkosz and Wallace
(2011) [56,57]. The properties of torrefied biomass for co-firing in coal plants has
been reviewed by Agar and Wihersaari (2012) [58|. They find, that trade-offs in the
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energy balance occur when achieving favourable properties of the torrefied fuel.
Evidence is given by several publications that the quality and energy density of tor-
refied biomass increases with higher temperatures and longer residence time in the
torrefaction reactor [59-63|. The possibility to densify torrefied biomass was proven
in studies by Wang et al. (2013) [64], Stelte et al. (2012) [65] or Pointner et al.
(2013) [66]. Favourable end-use properties of torrefied biomass when combusted in
a pulverised coal boiler has been proved by Li et al. (2012) [67]. Pirraglia et al.
(2013) recently provided techno-economic results when modelling the production of
torrefied pellets in the US [60]. A first analysis of supply chain costs for torrefied
pellets is accomplished by Chieuh et al. (2012) [68|. It includes a cost and carbon
emission analysis of a torrefaction supply chain with focus on variating operations
in logistics and transportation. Svanberg et al. (2013) [69] conducted an advanced
study. Here, a Swedish resource-to-end-use chain is analysed with variation of differ-
ent processing and operational parameters. So far, there is a lack of realistic data on
the current fuel and technology status. Especially, evidence is not provided on the
overall energy balance of the torrefaction process. Furthermore, the data are often
estimated by the torrefaction plant operators themselves, as in the studies men-
tioned above. Also, few fuel specific, economic and environmental assessments of
torrefaction carriers consider the reference carriers with conventional biomass from
the same origin material.

Thus, the present study addresses the research gap when proving the realistic eligi-
bility of torrefied pellets for different production and supply chain options as well
as compiling relative advantages of torrefied pellets compared to conventional ones.
Given the current technology and market development stage, this thesis can provide

a basis for practical proof on the techno-economic feasibility of torrefaction.

2.4 Environmental and economic assessments along biomass

supply chains

A comprehensive analysis of different global biomass supply chains in economic and
environmental terms has been conducted by Hamelinck et al. (2005) [39]. This
is partly based on detailed investigations of the logistics and transportation pro-
cesses for different biomass assortments by Suurs (2002) [45]. One of their results
is that long-distance supply is necessary to meet the demand of importing regions
like Western Europe. This is connected with extra costs, energy consumption and

material loss. They conclude that densification of biomass, ship transportation and
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economies of scale are crucial for international trade as this reduces much the trans-
portation efforts in costs and energy expenses. More up-to-date, in his PhD thesis,
Uasuf (2010) |40] handled an energy, CO, and cost focussed assessment of Argen-
tinian pellets exported to Europe. He concluded that the trade is profitable from
the supply cost perspective, and trade economics are most dependent on raw ma-
terial prices and competition of wood resources in the origin country. He found
that most emissions are associated with the production and transportation of wood
pellets from Argentinia to Europe, but generally result in a positive energy balance.
With focus on a particular trade route and environmental impacts, Magelli et al.
(2009) |70] came to similar results applying a life cycle analysis for pellets produced
in Canada and shipped to Europe. Sikkema et al. (2010) [41]| have presented the en-
vironmental and economic balance for this Canadian chain to Europe as well as two
other intra-European pellet supply chains for premium pellets. They emphasized
that drying with biomass has crucial greenhouse gas saving potentials for Europe.
So they came to a total of 12.6 million t CO,, which have been saved by 8.2 million t
pellet consumption in the EU 27. Finally, they concluded that using low quality logs
as pellet raw material could exceed the raw material base, whereas policy makers
have to decide whether to focus on most GHG emissions avoided (favoring co-firing)
or to focus on lowest costs for GHG emissions (favoring heating oil replacement).
Further environmental and economic assessments of individual intra-continental Eu-
ropean biomass supply chains have been investigated by van Dam et al. (2009) and
Maderthaner (2012) [71,72]. A general evaluation and comparison of the UK’s and
German subsidy systems have been given by Mitchell et al. (2006) |73]. As a result,
the requirements for an economic operation of international biomass supply chains

can be summarised as follows:

e Biomass supply is strongly driven by the resource production costs (availability,

productivity, short delivery distances).

e Efficient infrastructure for transport & logistics of biomass is key for long-

distance biomass trade.

e Overseas shipping of large volumes of biomass is profitable, given high, cost-
efficient supply in the exporting and high demand and subsidies in the import-

ing countries.

e Continuous optimisation of economies of scale and of the pellet plant operation

is necessary to compete on the global market.
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In terms of environmental impacts of biomass supply chains, the following can be

concluded:

e Depending on the supply chain, long-distance trade with biomass can be as

sustainable (concerning energy demand and emissions) as regional biomass

supply.

e Most crucial environmental impacts result from the pretreatment of biomass

and transportation.

e Environmental impacts can be reduced when chosing renewables in place of

fossil fuels and achieving high efficiencies in conversion systems.

e Compared to fossil fuels, much favourable environmental balances can be

reached by imported biomass.

Nevertheless, few studies consider alternative raw material and the overall framework
conditions for profitable, sustainable biomass supply chains. Also, biomass supply
chains from Australia and Russia to Europe have not been investigated before in
environmental and economic terms.

Supplementary to these existing studies, the present thesis investigates how specific
regulatory measures (co-firing subsidies), market actions (price fluctuations) and
the introduction of torrefaction technology are influenced by specific biomass supply

chain designs.

2.5 Price risks and security in biomass supply chains

Price risks in energy projects can be described as negative (or positive) impact on
the financial value of an investment |74]. Risks are related to uncertain future events
and thus play a dominant role in investment decisions and implementation of invest-
ment projects. Cleijne and Ruijgrook (2004) classify them into three categories: I)
regulatory risks, IT) market and operational risks, and III) technological risks. Secu-
rity of energy supply and related risk can be analysed by applying different methods
like scenario analyses, sensitivities, multi-criteria analyses, calculating the correla-
tion amongst different factors, the price elasticities, the real option value or value at
risk (see e.g. Kruyt et al. (2009) [75]). For measuring risks, crucial requirements are
the applicability of the method for the investigated subject as well as available data

and information on the probability and distribution of uncertainty. For instance,



2.5 Price risks and security in biomass supply chains 21

the increasingly popular Real Options Approach [76,77] is an extension of the tra-
ditional net present value calculation. It allows investors to account for the value
inherent in the flexibility to delay an irreversible investment into the future |78]. But
few studies actually apply this complex approach in the field of biomass (amongst
the few Fuss et al. (2009) [79]), as it requires extensive data or assumptions on the
uncertainty of investigated aspects. Also, there are few attempts to combine indi-
vidual uncertainties for a comprehensive, but practically relevant risk accounting.
Among these are Adkins and Paxson (2011) [80] combining forest growth and tim-
ber prices, or Wieland and Wallenberg (2012) analysing risk management strategies
in supply chains [81]. Other studies as by Cavallaro (2005) apply a multi-criteria
analysis to assess energy options via a ranking of investor’s preferences for different
aspects [82] or for assessing the sustainability of bioenergy systems [83|. Besides,
Olsson (2009) found that although biomass price differences in different European
markets have decreased with more trade, there is still no completely integrated, Eu-
ropean biomass market [84]. Moreover, Dahlberg (2010) has interviewed European
biomass importers regarding the chances and challenges in international trade [85].
He found that strongly increased imports from outside the EU may have an effect
on European biomass prices. Nevertheless, he concluded that in the same time there
are barriers and uncertainties, which limit the expanding trade from countries like
Russia or from overseas.

There have been selected sensitivity analyses [41] or discussions of market impacts
and uncertainties in the pellet market [86,87], but no concrete evaluation of several
price risks along real biomass supply chains. Few studies and reports are available
on the management practice for fossil supply chains, related price formation and
security aspects. Joskow (1985) has provided fundamental knowledge on vertical
integration and pricing provisions for coal supply agreements, which are still widely
valid [88|. Ritschel and Schiffer (2007) have thoroughly analysed price setting mech-
anisms in the world coal market, exemplary coal supply costs, their dependence on
regional trade developments, and individual reasons for regional and global trends
in the coal market development [89].

Nevertheless, hardly any approach comprises a biomass related supply chain process
and is suitable for available data on biomass trade. Also, biomass supply patterns
do not follow a standard, but are dependent on the biomass source, the countries
involved and the particular regulatory framework. Even more important, there is
hardly any internationally relevant data series having a high resolution, but covering
partly annual or partly quarter data. Specific biomass data are available only for

the last few years, which makes an application of complex theories like real option
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calculation insignificant.

The present thesis responds to the given framework in biomass supply chain markets
and applies an empirical-statistical analysis to assess recent regulatory risks (subsi-
dies) as well as market and operational risks (price fluctuations and introduction of
torrefaction technology).

Considering different real case biomass supply chains and actual market dynamics,
the following analyses of environmental and economic aspects represent a novel ap-
proach. Particularly, the impact of exchange rate fluctuations on pellet trade is not

yet explored in a precise, empirical way and thus is handled in this thesis.



Chapter

Aims and objectives

3.1 Problem outline and need for research along real biomass

supply chains

This thesis addresses the research problem, how the EU’s energy targets can be eco-
nomically and sustainably achieved by international pellet supply chains on the real
market. Particularly, the investigations should clarify in which way dedicated sub-
sidies for using imported pellets make sense, which risks can influence international
supply chains and how to manage these, and if torrefaction-based supply chains can

be a reasonable alternative to efficiently import biomass to the EU.

The design and arrangement of the supply chain from biomass production, pre-
treatment, logistics and transportation to end-use is highly complex. Both aspects
depend on the particular market and countries involved and include a number of dif-
ferent market actors with different focus and interests. The spectrum of stakeholders
ranges from forest or land owners, plant operators for pretreatment technology, logis-
tics and transportation operators, and trading companies up to small- to large-scale
end-users. This makes biomass trade, but also research on it complicated. Like-
wise, the strategy of the International Energy Agency sees strong demand to deal
with sustainable biomass supply chains, their identification and implementation with
the aim of higher mobilisation of biomass. Particular actions are required to make
the market and its dynamics more transparently, as reported in documents like the
World Bio-trade Equity Fund Study [43] and in an inter-task strategic working doc-
ument [90].

A thorough, detailed analysis of technical, economic and environmental supply chain

parameters and subsequent policy and price risk investigation makes it inevitable to
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set-up a targeted, own calculation and dedicated analyses along case study supply
chains. As additional aspect, the option to torrefy biomass and to trade it more effi-
ciently has raised great awareness within the last years. These issues are addressed

in the present thesis.

3.2 General and specific objectives

Main aim of this thesis is to investigate the economic influences on pellet supply
chains considering different environmental policies and subsidies, price risks and the
effect of torrefaction pretreatment.

In particular, this thesis deals with the comprehensive assessment of three real case
studies on pellet trade from Australia, Canada, and Russia to Europe (see Figure
. With these as starting point, on the one hand their environmental balance and
the economic impact on related subsidies are investigated. On the other hand, the
supply chain economics are directly explored to gather basic supply costs along the
case studies and to determine main price drivers along the supply chains. Based
on these, underlying price risks for the case study supply chains and general de-risk
strategies are investigated. Furthermore, an economic and environmental assess-
ment is carried out for torrefaction-based supply chains using latest processing and
fuel data. Using the design of the three case studies, the relative performance of

torrefaction-based versus conventional pellet supply chains is estimated.

To tackle these topics, a series of key questions is raised and answered.

Concerning the impact of co-firing imported wood pellets in Europe the following

questions are examined:

e How is the most sustainable biomass supply chain for import characterised,

regarding the three real case studies (Australia, Canada, Russia)?

e Is co-firing of imported wood pellets efficient in terms of CO, equivalent

(COgeq) savings?

e How do existing co-firing support schemes as in Belgium and the UK respond
to the environmental footprint of concrete biomass imports? Which are the

impacts on supply chain decisions?

e Under which conditions is co-firing of imported biomass cost-effective for inland

countries like Germany and Austria?
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Concerning price risks, the thesis deals with the following central issues based on

the three case studies on pellet trade from Canada, Australia and Russia to the EU:

e Which price fluctuations have the biggest influence on pellet supply costs and
thus on the import price? How do they affect electricity production costs

during co-firing?

e What is the magnitude of pellet price volatility over typical supply contract

periods?

e In which way do pellet importers face and handle price variations and de-risk

the supply chain within contractual relationships?

Considering the future option to produce and use torrefied pellets along the three

supply case studies, this thesis deals with the following questions:

e What is the economic and environmental advantage of supply chains with

torrefied pellets compared to conventional ones?

e Which are critical cost and environmental aspects making torrefied pellets

competitive to conventional ones?

e Which general technical and market issues have to answered and solved to

make torrefied biomass a success?

These questions, analysed and answered on the basis of three case studies, allow for
further and general conclusions on market drivers in pellet supply chains. Underlying
methods and data are defined in Chapter[4, The results of the analyses are presented

and discussed in Chapter 5l Final conclusions and answers can be found in Chapter

61



Chapter

Methods and Data

4.1 Supply chain model for case study compilation

Biomass supply chains and related market effects comprise a complex pattern of
various market mechanisms and numerous actors (cp. Section [2). These interde-
pendencies are highly individual for different markets and operations in the supply
chain. Furthermore, the worldwide biomass market is quite young and still underlies
quick changes, many trials and errors and is highly characterised by the regions in-
volved. Trying to construct a too generic model on supply chain processes would not
allow much conclusions on the real market. This is why in this thesis, a case study
approach is applied, which gives a realistic picture of occurences in the international
biomass market.

Three different case studies for pellet imports to Europe are investigated for associ-
ated supply costs from resource origin to end-user in the EU, following the pattern
in Figure Studied phases include the raw material production and delivery,
pellet production, transport to Europe, as well as delivery and conversion in a coal
based co-firing power plant, located 75 km from EU import harbour (for the subsidy
analysis more locations are considered, see . Because of increasing biomass re-
sources and recent dominance over pellet imports into the European market, British
Columbia (Canada), Western Australia, and Northwest Russia are chosen as the case
studies [9,12,91]|. They further offer a good comparison as they differ significantly in
biomass source, distance and region. Existing studies in the field of biomass supply
chains serve as a profound reference and for comparison of assessed supply chains
in this study. The present study reassesses the Canadian case due to its prominent
role in pellet exports to the EU and also for evaluating new issues, such as the ef-

fect of co-firing policies, price risks and torrefaction-based supply chains. In terms
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of the environmental balance, this study includes the evaluation of the fossil fuel
input, which has not been assessed before along biomass supply chains, and further
considers different sourcing options. Comparable evaluations of the Australian and
Northwest Russian pellet chains do not exist in literature and therefore are new in
this study. For all calculations spreadsheet models are developed and used. Even
if every real case supply chain has unique properties and settings, the spreadsheet
model allows to flexibly handle process and input variations in the supply chain
pattern. With that, it allows to set-up new scenarios and analyse variations of the
base case situation.

For analysing the co-firing policy options, two different kinds of feedstock for each
export country are considered, i.e. the 'standard’ one consisting of sawmill or wood
residues, and an ’alternative’ one consisting of forest residues, plantation logs or
roundwood. The latter one is used occasionally in the export countries in case of
lack of standard feedstock or high competition with other sectors. The standard
feedstock is included in all environmental and cost assessments. That means, for
the standard environmental cases the same supply chain pattern as for the basic
supply costs are followed. The alternative one is considered in all environmental
and policy analyses. In economic terms, different biomass options and related prices
are considered in the analysis of price variations, see Section [4.5.3|

As result, a detailed description of the three pellet supply cases from resource origin

to conversion plant in Europe is presented in Section
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Figure 4.1: Outline of supply chain model
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4.2 Processing parameters for supply chain operations

4.2.1 Pellet supply chain processes and characteristics

The pellet production phase and logistic operations are based on typical capacities

and on technology in use in the respective countries. The raw material considered

is country specific as well as defined in Sections[4.3.2] and [4.4.1] and analysed in the

resulting Section 5.1} The standard raw material consists of typical biomass residues
from wood industry, forest management or plantations. Alternative raw material is
assessed for the policy and price risk assessments. For the standard resources in the
environmental and cost assessment, two fuel options are distinguished for drying the
raw material: biomass (Bio) and natural gas (NG). The most common fuel during
pellet production is bark or other wood residues [10|. Nevertheless, the option natu-
ral gas is considered in order to demonstrate the impact of increased fossil fuel use.
The pellet production phase is based on typical plant size capacity, on technology
in use and on fuel specific energy consumptions which were based on the data by
Obernberger and Thek (2010) [47]. Respective technology and cost parameters used
for the pellet production phase are listed in Appendix 7.1l Country specific costs
for employment of staff, electricity, fuel and biomass are summarised in Appendix
7.2l From the production site it is assumed that the pellets are transferred by train
or truck to the export harbour of the respective country. From there, the pellets are
shipped by bulk carrier (ocean) vessels to Western Europe. The inland delivery to
the conversion plants is assumed to be by train. For Belgium and the UK similar
logistics and prices are considered. Finally, the imported pellets are assumed to
be co-fired in a 800 MW, coal power plant located in Belgium, UK, Germany, or
Austria (see Section for economic details). Due to high ash contents caused by
bark or other impurities, the considered pellets fulfil the B category according to the
current standard for wood pellets [16]. Thus, the pellets are suitable for industrial
use only.

All information and calculations in this paper are based on the net calorific value
of fuels, which is 4.9 MWh/t for pellets with 6 % moisture content (mc) delivered
at the conversion plant. This conforms the elementary analysis calculations based
on the B category of the pellet standard [16]. For hard coal a net calorific value of
7.8 MWh/t with < 2% mc is used. These specifications reflect average values for

the considered fuels.
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4.2.2 Processes and characteristics of torrefaction-based supply chains

The analysis of torrefaction-based supply chains is based on the same production
capacities and supply chain settings (raw materials and their origin, transport dis-
tances, end-use location and product) as analysed for the conventional pellet cases
from Australia, Canada or Northwest Russia to Northwest Europe. This allows for
a step-wise comparison of production and supply costs as well as environmental bal-

ance of torrefaction-based pellet chains with conventional ones.

The regarded torrefaction unit of 40,000t/a or 120,000t/a production capacity is
based on a rotating drum reactor, belt dryer, heat generator for torrefaction and
drying, conveyor system, storage, cooling and grinding as described in frame of the
TorrChance project . A schematic outline is given in Figure This corresponds
to technologies applied e.g. at the Andritz pilot plant in Frohnleiten (Austria) [93].

Combustion
o & heat
exchange

Torrefaction

Raw material
(biomass)

Flue gas
| gas
Grinding Torrefaction Pelletisation 'gzlrlr:tfsled

Figure 4.2: Outline of the torrefaction and pelletisation concept

Source: own illustration based on

In the defined technology concept, the torrefaction reactor is fed by flue gas from a
biomass furnace. Biomass is torrefied for a residence time between 10 to 30 minutes
under homogenuous conditions and under temperatures between 250 and 350 °C.
Natural gas as process fuel is not considered in the torrefaction cases. In a 40,000
t/a torrefaction plant, the torrefaction gas provides around 2.7 MW thermal capac-
ity and can be partly used for drying the raw material to a moisture content < 5%
mc |92]. The rate of exothermic operation is depending on the moisture content of
raw material and the torrefaction temperature and respective torrefaction degree,
whereas for the latter factor just individual definitions exist . The standard over-
all thermal efficiency of the plant is assumed to be 84 %. Because of decomposition
of hemicelluloses during torrefaction, it is assumed that the process requires 1.25 tgyy
raw material input for 1.0 tq,, output of torrefied pellets. This corresponds to data
in literature as reviewed by van der Stelt et al. (2011) [56]. As this input-output
ratio is quite optimistic, the alternative ratios 1.5:1 and 2:1 are considered as well

in the economic and environmental analyses. While this raw material demand is
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considered as additional fuel input, there is no change of any other process or out-
put parameters. These higher input volumes demonstrate the requirement of more
biomass raw material required for torrefying the biomass, as additional process fuel
(biomass for combustion and heat generation) or more material loss during the pro-
cess. A full energy balance with variating parameters cannot be undertaken, as data
are not available or insufficient yet. The kind of raw material considered corresponds
to the same kinds as defined for the conventional pellet chains (biomass residues).
Biomass of lower quality is not considered for achieving the same output quality, as
existing investigations have shown that torrefaction cannot turn low quality biomass
into high quality fuel [66].

The characteristics of the torrefied biomass product depend very much on the tech-
nology procedure (residence time, torrefaction temperature, input material). So far,
there are no consistent data available on how these parameters influence each other.
Thus, the process and corresponding data as defined in TorrChance project [92] are
considered to be constant for all considered scenarios. Assumed production costs, as
well as calculated energy and raw material inputs are based on the assumed configu-
ration and mass balances of the torrefaction plant design [92| in frame of TorrChance
project, which are based on the engineering and set-up of a pyrolysis plant in Diirn-
rohr (Austria) with similar technology and literature data. The basic configuration,
investment and operational costs are confirmed as realistic by a torrefaction pilot
plant operator.

For the pelletisation process, standard equipment is considered as for the cases with
conventional pellets [47]. The technical feasibility of grinding and pelletising at labo-
ratory scale shown by Pointner et al. (2013) [66] and the related energy input during
grinding and densification are compared with those for conventional wood biomass.
Resulting findings on specific operational costs and energy demand are considered
as input data for the combined torrefaction and pelletisation concept.

The torrefied pellets end-product is defined by current fuel specifications of torrefied
biofuels according to European standards for solid biofuels (e.g. EN 14775 - Solid
biofuels - Determination of ash content, EN 14918 - Solid Biofuels - Determination
of calorific value, EN 15103 — Solid biofuels — Determination of bulk density), which
were accomplished by TorrChance project [66] and other studies [95|. Accordingly,
torrefied biomass and pellets originating from the considered woody raw material
are assumed to have a 10 % higher net calorific value compared to the conventional
wood pellets, both on dry basis. This increase corresponds to the maximum or av-
erage value results on fuel analyses by Bridgeman et al. [59], Agar et al. |58, Wang
et al. [64] Wojcik and Englisch [95]. According to this assumption, torrefied pellets
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have a net calorific value of 5.52 MWh/t considering a 4 % moisture content and a
bulk density of 705 kg/m3. More energy increase is partly demonstrated at higher
torrefaction temperatures and longer residence time in the torrefaction reactor, so
by Chen et al. (2011) [63]. These are likely to have significant negative influence
on the economies and the process design [58]. Due to still lacking data evidence on
effects concerning energy balance and process parameters, this variation of fuel out-
put properties cannot be covered by the present analysis. In terms of logistics and
transport, the basic assumption in available studies [22-24,48,96| is that torrefied
biomass is hydrophobic and stable and thus suitable for outdoor storage, which rele-
vantly reduces transport and logistics costs compared to conventional wood pellets.
Nevertheless, so far no evidence is given on that. Within TorrChance project, the
durability related fuel properties have been analysed in frame of outdoor storage
tests with 4 t torrefied pellets in Austria [97]. According to these tests and expe-
riences made by individual biomass traders and actors (see interview guidelines in
Appendix [B.1), up-to-date conclusions are made concerning the suitability of logis-
tics and transportation means for torrefied fuels on the market.

For the end-use of torrefied pellets — as for the conventional pellet cases — a 10%
co-firing in a coal power plant is considered. That allows a direct comparison of
conventional with torrefaction-based supply chain parameters. Due to torrefaction,
the relative proportion of the elements C and O is changed. The torrefaction of
biomass increases the content of carbon, while the oxygen content decreases due to
the torrefaction procedure, and the ash content is relatively increased [66]. As even
the use in small-scale appliances is generally possible with minor adaptions [66], it is
expected that torrefied pellets can be used without major adjustments or problems
in large-scale coal power plants. As well, the combustion efficiency corresponds to
those of pure coal firing according to simulation results by Wielen et al. (2013) [53].
Relevant adaptions of the conversion plant regarding grinding and combustion are
drawn from available testings [66,67| and interviews with technology and plant op-
erators (see Appendix [B.1).

The findings and cost data on production, supply and end-use of torrefaction-based
pellet production-to-end-use-chains are compared with existing conventional pellet
chains, as outlined in Section and described in Section [5.1l For all cases,
the raw material taken into account comprises of either sawmill or forest residues

(standard biomass), which is the most common input material.
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4.3 Environmental impact assessment

4.3.1 Methods

For assessing the environmental and sustainable impact of imported biofuels, the
fossil and primary energy balance and COs-equivalent (GHG or COyeq) emissions
are calculated. The direct energy input from all supply chain processes is considered,
which is derived from technology, logistic and process data.

For that purpose, the greenhouse gas emissions from the production of solid biofuels,
before conversion into electricity, are calculated according to the guidelines by the

European Commission [26] in Equation (4.1):
E = €ec + €1+ €p + €td + €y — €sca — €ccs — Eeer (41)

where E are the total emissions from the production of the fuel before energy con-
version, €., are emissions from the extraction or cultivation of raw materials, e, are
the annualised emissions from carbon stock changes caused by land use change, e,
are emissions from processing, e;q are emissions from transport and distribution, e,
are emissions from the fuel in use that is greenhouse gases emitted during the com-
bustion of solid and gaseous biomass, ey, is the emission savings from soil carbon
accumulation via improved agricultural management, e..s are emission savings from
carbon capture and geological storage, and e.., are emission savings from carbon
capture and replacement.

Emissions from the manufacture of machinery and equipment are not taken into
account. The emissions from biomass combustion (e,) are set 0, according to the
Renewable Energy Directive of the EU [4]. The following assessments assume that
the effects of carbon stock changes caused by land use change and the savings from
soil carbon accumulation via improved agricultural management should be offset.
That means, it is supposed that the removed carbon stock, dedicated for pellet pro-
duction, regrows under approved forest (or land) management practices (cp. Section
for further discussion). Measures for carbon capture, storage or replacement (e,
ecer) are not considered in the further assessments.

The emissions from the use of solid biomass in producing electricity, including the

energy conversion to electricity, is calculated as described in Equation (4.2) [26]:

E
ECq = — (4.2)
el
with ECq the total greenhouse gas emissions from the final energy commodity (elec-

tricity), and 7 the thermal efficiency, defined as the annual useful heat output that
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is heat generated to satisfy an economically justifiable demand for heat, divided by
the annual fuel input.

The finally allocated CO, emissions from combustion are calculated according to
the EU’s emission trading system [98], as described in Equation (4.3):

COg emissions = Egyel - Hy fuer - EF - OF (4.3)

where COs emissions is the annually emitted amount of COsg, Eg,e is the fossil fuel
consumed per year, Hy e is the net calorific value of the fossil fuel, EF is the emis-
sion factor, which is 353 kg COgeq/MWhy, for hard coal, and OF is the oxidation
factor, here: 1. For the sake of simplicity, only electrity output is considered for the
conversion step. Possible heat extracts during conversion are not taken into account.
The resulting energy inputs and GHG emissions are presented in kWh direct fossil
or primary energy and kg/COQeq, each per ton or MWh fuel of pellets or torrefied
pellets (for easy comparison of data, MWh or kWh are used consistently also for
the fuel). Taking the net efficiency of the conversion system into account, the en-
ergy input and emissions per MWh are derived. The subsequent listing of energy
consumptions and COy effects for wood pellets in Section follows a structure
similar to Sikkema et al.(2010) [41].

4.3.2 Data

Conversion factors and the process efficiency in each supply step, the fuel and coun-
try specific emissions and the primary energy factors are extracted from the GHG
databases Ecoinvent, accessed via software Gabi 4.4 [99], and GEMIS 4.7 [100|. For
cross-border transports and logistics within the EU, the energy and emission factors
for the EU’s electricity or fuel mix are assumed. The greenhouse gases COy, CHy,
N, O, perfluormethan and perfluorethan [99,100] are considered in the COqe, calcu-
lations. Resources originating as a by-product from the wood processing industry
or forestry are considered as COq-neutral up to the process of collection [4]. For pri-
mary biomass resources the energy input during production of biomass is included.
This assessment widely conforms to the recommendations by the EU [26]. Respec-
tive mass balances and biofuel characteristics are taken from the biofuel database
of University of Technology Vienna [101]. This approach is common and has been

applied in numerous studies [39-41,70].
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4.4  Economic assessment of pellet supply and energy produc-
tion costs, co-firing subsidies and torrefaction-based supply

chains

4.4.1 Basic costs for pellet supply to end-use

Methods

For evaluating the pellets production and end-conversion in power plants, a full
cost account on annual base according to VDI 2067 [102] is applied. This allows to
consider different options for raw material, and fuel use and varying other parame-
ters. Corresponding technology and cost parameters for a 40,000t/a or 120,000t/a
pellet plant and a 800 MW,,; coal power plant are based on acknowledged research
analyses [47,103| and are outlined in Tables[4.1]and Table in the results). For

both pellet plants and final conversion plant, the annual capital costs are calculated

according to Equations (4.4) and (4.5)):
Co = lp - CRF (4.4)

where C¢ is the capital costs, Iy the initial investment costs and CRF the capital

recovery factor,

(144)" -4
(1+4)" -1
with i the interest rate of the project, and n the life time of equipment. The electricity

CRF = (4.5)

production costs (without heat extracts) are calculated according to Equation (4.6):

Co + OM Cp
Co = 00, cost 4.6
! E m-0.0036 02008 (4.6)

where Cq) are the levelised costs of electricity [€/kWh]|, OM are the annual costs for

operation, maintenance and other costs [€/a], calculated as relative share [in %] of
investment costs, E is the annual electricity production [kWh]|, CF are the annual
fuel costs [€ per primary GJ|, 7 is the efficiency of the plant [%] and CO; costs are
the charged EU emission allowances for combusting the used fuel [€/kWh|. A 10%
co-firing of torrefied or conventional pellets (80 MW, installed biomass capacity in

a 800 MW, hard coal power plant) is regarded as technically viable [62].

Data

The specific supply costs for transporting the pellets from origin country to the EU

are derived from current market and country related data. This approach has been



4.4 Economic assessment along pellet supply chains 37

applied in several other studies [39-41|. Thereby, costs of raw material delivered to
the pellet plant, transport rates and logistic costs, common for the specific chain, are
requested from transportation operators, bioenergy traders and experts. The cost
term refers to the costs, which occur from the end-user perspective. By nature, these
costs are also composed of prices, such as for feedstock, fuels or freight rates. Thus,
the price influence on costs is examined subsequently (see . For the final use of
pellets, the 800 MW, power plant serves as basis, which is a standard technology
in Europe [103]. Relevant technology and economic parameters including additional

costs for the preparation and co-firing of pellets are summarised in Table

Table 4.1: Key parameters for a new coal power plant with steam turbine
Sources: [37,58,67,98,103-105]

Parameter Specification

Average nominal capacity 800 MW,

Basic investment 1040 million €

Net efficiency 46 %

Average operating hours 5000h/a

COg¢q emissions for coal 768 g/kWhg

Deprecation time 25a

Interest rate 6 %

Specific investment costs 1,300 €/kW,,

Operating costs 2% of investment costs,/a
Additional investment costs for 300 €/kW,, for separate feeding
direct co-firing of wood pellets and grinding unit
Additional operation costs during 3€/kW, due to increased
co-firing of wood pellets pretreatment efforts

No additional costs for co-firing torrefied pellets

The underlying cost data for energy conversion are adjusted using current fuel
prices [106,107|. The allocated COy emissions from combustion of hard coal are
calculated according to the EU’s emission trading system (see . All calculations
are estimated in Euro using the annual average exchange rates for 2011 (see Table
. VAT, profit margins or supply charges are not included. The results are pre-
sented either in €/t pellets (delivered at import harbour or conversion plant) or in
€ /MWh,,; converted energy. The resulting structuring of cost data along the supply
chain in Section [5.3is inspired by Sikkema et al. (2010) [41].
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Table 4.2: Currency exchange rates to Euro for the year 2011 (annual average)
Source: [108]

1 € corresponds to
1.35 | Australian dollar: AUS-$
1.38 | Canadian dollar: CAN-$
40.88 Russian rouble: RUB
1.39 US dollar: US-$

4.4.2 Electricity production costs under co-firing policies

Methods

The derived pellet supply costs are evaluated under the effect of different co-firing
subsidies, dealing with the subsidy schemes in Belgium and the UK. These subsidy
schemes are analysed with respect to the current and future financial support for
co-firing. Considering the three different supply chain designs in this work (Aus-
tralia, Canada, Russia to the EU), the support options for co-firing are compared
and their application to inland locations in Germany and Austria is investigated.
For these countries, the electricity production costs, the financial gap of co-firing
and CO, mitigation costs are modelled in different fuel and emission allowance price
scenarios, which are defined below.

A comparison with current costs for other renewables proves the financial perfor-
mance of co-firing pellets. This type of policy evaluation is new and allows for new
findings on effective strategies to reduce CO,. The analysis is conducted for all
supply cases for conventional wood pellets. Torrefied pellets demonstrate innova-
tive biofuels under development, which are not yet mature for the market and thus

should not be considered in these investigations.

Based on the electricity production costs of coal and those including 10 % co-fired

pellets, the respective financial gap can be assessed, as described in Equation (4.7):

Cco—ﬁring - (09 : Ccoal)

FG =
0.1

- Cco—ﬁring (47)

where FG is the financial gap, Ceo-firing are the electricity production costs for 90 %
coal and 10% pellets firing (constant for all considered scenarios), and C.o are
the electricity production costs for coal only [each in €-Cent/kWh,|. The financial
gap indicates the difference in €-Cent/kWhg of electricity production using either
co-fired pellets and coal (10 % pellets, 90 % coal) or 100 % coal. That means, the
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lower the pellet fuel price compared to the coal price, the lower will be the electricity
production costs for co-firing compared to electricity production costs using 100 %
coal. As a result, a low financial gap induces higher profitability of co-firing, and
electricity costs are closer to those from coal only. The more the financial gap turns
negative, the higher is the cost advantage of electricity costs from co-firing against
those from coal firing only.

The CO, mitigation costs specify, how much € have to be spent to avoid one ton of
COsy. They are a measure to compare the efficiency of a technology’s CO, reduction
potential applied in research and policy (see examples in [109-111]. Moreover, COq
mitigation costs offer a reference value to compare renewable energy technology
with alternative allocation of emission allowances at energy exchanges. The CO,
mitigation costs are indicated in €/t COq, which are incurred by the coal and co-

firing electricity production costs and saved CO, emissions, see Equation (4.8):

(Cco—ﬁring - Ccoal) -10 - Eoutput

MCeco, = S
? CO, emissions

(4.8)

where MCco, are the mitigation costs (in €/t CO2), Eouiput is the annual electricity
output of the conversion plant (in MWh,;), and CO,emissions are the annually
emitted emissions (cp. Equation (4.3)).

Data for co-firing subsidies

The efficiency of co-firing under the influence of the support schemes from Belgium
and the UK as well as variable prices are investigated. Different cases and scenarios
for co-firing support are presented for Belgium, the UK, Germany and Austria and
compared with other renewable energy generation systems. The explicit findings are
presented in Section [5.3.2

In Belgium, co-firing biomass in coal plants is supported by the Green Certificate
System (GCS). The GCS requires an inclusion of upstream biomass energy (i.e.
direct fossil energy required to produce and transport the biofuel to the conversion
plant). The number of credited green certificates for co-firing biomass in a coal plant
is calculated according to Equation 132,33):

Hu ellets * Tlcoal plant — Eu stream fossil
No of GC = P P Z P ' Epellets (49)

Hu,pellets * Nlcoal plant

where No of GC is the number of annual Green Certificates granted for the co-firing of

biomass in a coal plant [in %], Hy penets is the net calorific value of pellets [in MWh],
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Neoal plant 1S the electric efficiency of coal plant [in %], D Eupstream,fossii 1 the total
energy consumed during upstream production and transport operations [in MWhy, /¢
pellets|, and Epepets is the amount of electricity produced from pellet co-firing |in
MWhg|. The value of one Green Certificate (GC) is at least 80 € per MWhg, which
corresponds to generation plants under operation prior to 2010 [112,113]. This
value is used for all considered scenarios. To summarise, the GC calculation scheme
indicates that the more upstream fossil energy is consumed for pellet production and
transportation to the conversion plant, the less green certificates will be granted and

the lower is the profitability of co-firing pellets.

In the UK, the Renewables Obligation (RO) system provides support for the co-firing
of biomass and energy crops [114]. For co-firing biomass, 0.5 Renewables Obligation
Certificates (ROCs) per generated MWh, are granted. For energy crops the support
is 1 ROC/MWhg, [109]. The reference buy-out price for 2012/2013 is 40.71 £/ROC,
which corresponds to 50.60€/MWhe (1 £ = 1.243€). Starting from 2011, the
RO system requires biomass power generators to provide sustainability reports for
the biomass feedstock. The target maximum level of GHG lifecycle emissions from
resource to electricity generation is 285 kg COgeq/MWhe. From April 2013 onwards,
meeting this GHG criterion should formally be linked with the eligibility for ROC
support [34,35].

The Flemish and English subsidy schemes are analysed considering possible price
variability for pellets, hard coal and COy prices. Thus, a base case and three sce-
narios for co-firing are investigated, with price assumptions presented in Table

More exactly, the four cases are:

e The base case and current policy case with actual market prices,
e Scenario 1 with low CO, and high pellet prices,
e Scenario 2 with moderate fuel and CO, prices,

e Scenario 3 with high coal and CO; prices.

For the base case, real market prices for industrial pellets and hard coal delivered to
Rotterdam and CO; allowances are assumed. According to APX-ENDEX, the pellet
market price in Rotterdam is assumed to be 130€/t [19]. The prices for imported
hard coal at the cross-border point is set 85€/t for Belgium and the UK, and 90 €/t
for Germany and Austria [106,115]. The final fuel prices and underlying prices in
the scenarios are listed in Table and include inland transportation costs to the



4.4 Economic assessment along pellet supply chains 41

conversion plant, which are derived from Prognos (2006) [116] and Sumetzberger
(2012) [117]. The inland transport distance is assumed to be 75km for Belgium
and the UK, 400km for Germany, and 1200 km for Austria. The price for COs,
auctioned at the European Energy Exchange, is set 15€/t [107].

Table 4.3: Base case and scenario price assumptions for fuels delivered at conversion plant and
COy allowances (in €)

Prices ex works Pellets | Import hard coal | CO, allowances

Base case and current policy case

Belgium, UK 140.50 90.00 15
Germany 152.00 94.33 15
Austria 162.50 94.33 15
Scenario 1: low CO, and high biomass prices

compared to base case: | +20% stable low
Belgium, UK 168.60 90.00

Germany 182.40 94.33

Austria 195.00 94.33

Scenario 2: moderate fuel and CO, prices

compared to base case: | +10% +25% moderate
Belgium, UK 154.55 112.50 15
Germany 167.20 117.91 15
Austria 178.75 117.91 15
Scenario 3: high CO, and coal prices

compared to base case: | +20% +40% | peak 2005 - 2012
Belgium, UK 168.60 126.00 30
Germany 182.40 132.06 30
Austria 195.00 132.06 30

Other incentives like tax reduction (BE) or market regulations (UK) are not consid-

ered.

4.4.3 Costs for torrefaction-based supply chains

Investment costs for the biomass pretreatment, with either typical pelletisation tech-
nology or combined torrefaction and pelletisation plant, are derived from plant en-

gineering expertise, literature data and technology component costs. Above all, the
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described data are based on the experience in concept development, engineering and
set-up of a pyrolysis plant in Austria [47,92].

For the 40,000 t/a torrefaction unit, investment costs are derived from typical engi-
neering and commissioning costs and the technology component costs, consisting of
belt dryer, torrefaction rotating drum reactor, heat generator for torrefaction and
drying, conveyor system, storage, cooling and grinding [92|. The combination with

a 40,000t /a pelletising plant allows several cost and energetic synergies. Total in-

vestment costs are evaluated and presented in Sections [5.5.1] and [5.5.4L The basic

technology and cost data for the pelletising technology are based on detailed anal-
yses of pelletising costs [47] (see [4.4.1). Adjustments in terms of costs and energy
balance are derived from grinding tests in a 1.5 kW, mill and pelletising tests in a
3kW, laboratory pellet press from Amandus Kahl, documented in [66] (cp. Section
4.2.2)). The operation and maintenance, costs for energy consumption and other costs
are estimated due to average operation costs for production and energy conversion
plants, the capacities of technology components and based on the recommendations
of the VDI 2067 [102].

The combined torrefaction and pelletising plant was up-scaled to 120,000t/a pro-

duction capacity using the same, branch typical factors as for pellet plants [47].

Methods and data used for the raw material and fuel costs in the exporting coun-
try, transportation routes and logistical means as well as investment costs for the
pelletising equipment and coal conversion plants are the same as described for the
conventional pellet production, supply and end-use phases for a conversion plant
75km from EU import harbour, see Section [4.4.1!

Coal and CO, costs at the EU end-user correspond to 2012 levels with 97€ /t hard
coal and 7€/t EU emission allowances. Fuel specific properties like increased net
calorific value, specific energy and mass balances and operating costs for pretreat-
ment and end-use (cp. Section are translated into respective costs and energy

inputs of the torrefaction-based supply chains.

4.5 Price risk evaluation

4.5.1 Definition of price risks along pellet supply chains

The risk analysis in this thesis starts with the definition and characterisation of
most relevant price risks along international supply chains. This is based on a com-

prehensive literature review and individual interviews with biomass market actors.
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As a result, significant risks along the supply chain pattern are characterised and
correspondent price indices and their recent development — as starting point for the
subsequent risk assessment — are discussed. As for the policy analysis, the assessment
of price risks is investigated for the conventional wood pellet supply chains only. For
torrefied pellets no market exists yet, which makes it impossible to conduct a reliable

and credible analysis.

4.5.2 Evaluation of 10-year price variations

Methods

The defined supply costs for wood pellets are basis for evaluating market risks in the
supply chain. Thus, for most vulnerable, market-related cost items, the imputed risk
is evaluated as effect of underlying price changes. This is a common approach during
cost accounting for entrepreneurial activities. That means, based on historical price
variations within one contractual period, the expected losses or revenues for the
future period can be extrapolated [118]. Certain attempts of this approach have
been performed for individual price effects [41] or in connection with sensitivity
analyses [40]. Sikkema et al. (2011) [87] further explored the general market and
trade conditions and prospects of the European pellets market. Anyway, so far there
has been no comprehensive price risk analysis for pellet supply chains. So in this
thesis, most relevant price variations within the recent 10 years are identified and
determined. The 10-year period covers the time frame the pellet market has just
evolved. Hence, a straightforward and unambiguous statistical analysis is applied
by assessing the range of price variations as factors of total supply chain costs.
Based on the obtained supply costs for Canadian, Australian and Russian pellets
exported to the EU, the total supply costs for pellets delivered at the conversion
plant are assumed to be arithmetic mean. With that, the relevant price variation
— in terms of their standard variation or range — is charged as multiplier of the
respective cost share in the supply chain (see Equation and [4.11). In that way,
the price effect of each factor on total costs can be revealed.

The total supply costs subject to standard deviations of price indices are defined as:
CTotal(z,U;Fp) =C,- (14 U Z C (4.10)
i=1,i#x

where CTotal( oL are the total supply costs, which are subject to the standard

deviation of price index xp in cost item C, [€/t], o5, is the negative (-) or positive
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(+) standard deviation of index xp, described as percentage of arithmetic mean of
index xp [%] and C; are the cost components 1 to n in the supply chain [€/t]. The

total supply costs subject to lower and higher ranges of price indices are defined as:

CTotal(x,Ri‘tp) =Gy R;tp + Z G (411)

i=1,i#z

where Crypa, r2,) are the total supply costs, which are subject to the lower (R;,)

or higher (ij) range of price index xp in cost component x.

Data

As shown in Figure[4.3]and listed in Table[4.4] different price indices along the supply
chain are identified. The selection is based on available data, which match best the
respective cost items in the supply chain. Thus for some aspects, only approaching
indices are recorded and available, e.g. the wood product index in Russia, which is
used here. Another example is that no EU transport index is available. Therefore,
the German freight index is applied, which is representative for West and Central
Europe. The stated data series for a 10-year period are inflation-adjusted using the

relevant consumer price indices [119).

Price (1M, 1Q, 1Y)
for industrial pellets by APX ENDEX

EU market price for industrial pellets CIF ARA
I

Exchange rate currency export country - Euro US-3 - Euro
|
1 1

Raw Pellet Ocean Transport Co-firing in
material production hipping EU coal plant
National National EU price for
material price natural gas Baltic Dry Producer import hard coal
indices for price indices Index for price index
wood and logs for industrial international for freight
(includes use bulk freight transportation Price for EU
supply to (if used as rates by train emission
costumer) drying fuel) allowances

Export country Import country (EU)

Figure 4.3: Price indices for modelling 10-year price fluctuations along pellet supply chains
destined for EU co-firing
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Table 4.4: List of considered price indices and their influence on the supply chain

Price aspect

Considered price index

Data sources

Raw material (and biomass | Wood chipping index Australia [120]
process fuel) price for pellet | Raw material index, logs and [121]
production bolts, softwood, Canada
Wood product and [122]
manufacturing index Russia
. Natural gas wholesale prices [123]
Process fuel price for pellet )
production Australia
Natural gas consumer price [124]
index Canada
Natural gas consumer prices [125]
industry Russia
Exchange rate AUS-$ - € [108|
Influence on costs in Exchange rate CAN-§ — €
exporting country Exchange rate RUS rouble—€
Exchange rate US-§ — €
Worldwide index for dry Baltic Dry Shipping index [126,127]
bulk freight rates (adjusted to €-equivalents)
Import market price for EU pellet market price [19]
industrial pellets at ARA
ports
Index for rail freight rates in | Freight rate index Germany [128]
the EU
Price for fossil fuel to be Hard coal EU [106, 115]
substituted
COq prices on fossil fuels COs emission allowances [129]
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4.5.3 Simulation of recent 3-year variations on supply costs

Methods

After the observation of long-term price variations, actual supply cost changes in
the 3-year period from 2008 to 2011 are investigated. A period of 3 years complies
with the typical (long-term) planning and contracting horizon of pellet producers
and end-users [86,87]. So the simulation of the recent 3-year variations reflects the
cumulative annual price changes due to raw material prices, exchange rates, and
ocean shipping rates as crucial price factors (see Figure . Apart from that, all
other costs (the “base costs”) are assumed to be constant as defined for 2011 (see
Section . The EU pellet market price for imported pellets reported by APX-
ENDEX [19] serves as reference.

Price (1M)
for industrial pellets by APX ENDEX

| Reference price: EU market price for industrial pellets CIF ARA
]

| Exchange rate currency export country - Euro | l US-$ - Euro
[ Pellets
_ delivered
“Pellet Transport Ocean St L
materlal roduction lo export shippin ,
P harbour BE import
harbour
Baltic Dry Index for
Ranges and development of raw material international bulk
market prices (parameter for pellet freight rates
feedstock and drying fuel) (adjusted to US-$ -
€ currency rates)
Export country Import country

Figure 4.4: Indices and prices for simulating 3-year price fluctuations

As fossil reference, the composition of hard coal supply costs from Australia and
Russia to Europe is demonstrated. The projected changes of the supply costs due
to exchange rates are displayed. Due to scarce data on coal supply costs, here 2007
serves as reference year with a projection to 2011. For comparison, the achievable
market prices CIF Northwest (NW) Europe are presented. This comparison provides
a rough reference to the corresponding fossil supply system. As data are available
just rudimentarily and thus cannot be investigated in detail, it gives some indication
for reference, but cannot meet the challenge to comprehensively compare the fossil

and biomass supply systems.
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Data

For actual pellet feedstock price variations the use of alternative assortments is

considered. Due to higher quality and the delivery over long distances or demand

from other industries, this feedstock is associated with higher purchase prices, see

Table For Australia, the case of cheaper alternative sawdust at minor costs is

investigated as well [130]. The variation of exchange rates and ocean shipping rates
is derived from data sources described in Table Reference supply costs for hard
coal and their specific freight rates are based on the market report from Ritschel and
Schiffer (2007) [89], detailed supply data from Baruya (2007) [131| and summarised

market prices from Euracoal association [132].

Table 4.5: Price variation of raw material in the case study countries

(price decrease)

Country Price changes | Unit & biomass assortment Sources
(base price)

Canada 65 (32) | €/tary harvest residues [17,133]

Russia 40 (22) | €/tary sawmill residues purchased | |[10]

Australia 70 (39) | €/tary plantation whole tree chips | [134,135]

(price increase)

Australia 11 | €/tary sawdust [130,134]

4.5.4 Sensitivity analysis for pellet production, raw material prices and

exchange rate fluctuations

In another step, the effect of variating operational parameters during pretreatment is

examined in economic terms. Based on experience of pellet production plants, often

part time operation is applied rather than 8000 h year-round operation. That means,

instead of 7 days/ week operation pelletising is running only 5 days/ week and many

pellet producers have an annual 2 week revision phase with shut-down of all ma-

chines. Resulting effects on the pellet production economies are calculated, with the

electricity and heat costs, operating efforts (personnel), product input and output

as variable, linearly adapted parameters. Thus, the economic impact of operating

hours on total supply costs (free EU import harbour) are described. Furthermore,

the impact raw material prices on total supply costs are investigated. The prices

are considered as delivered at the pellet plant, variating in the same range (-35%
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to +35%). The characteristics of raw materials are assumed to be constant for the
respective production country and correspond to the standard cases. In addition to
the investigations on empirically based exchange rate fluctuations, their theoretical
impact in full range on production and supply costs in the exporting country are
examined. Therefore, a range between -35% to +35% of the 2011 exchange rate
between export country currency and Euro is considered. These variations are de-
scribed as factor for all costs incurred in the examined export countries Australia,
Canada and Russia. For all sensitivities, the costs for pellets with natural gas as
processing fuel are considered. This allows, above all for raw material prices, to un-
derstand the pure changes due to input material and to exclude the factor process
fuel. All other relevant costs, which underlie variations along the supply chain, are
covered in the previous investigations regarding price risks (see Section . Vari-
ations related to the environmental impact and applied policies are discussed and
covered in frame of the scenario analysis (see Section . Variating parameters
for torrefied pellets such as lower/ higher investment costs or increased raw mate-

rial input are directly considered in the respective torrefaction investigations (cp.

Section [4.2.2)).

4.5.5 Expert interviews on supply risks and de-risk strategies

The risk analysis is complemented by personal communications with pellet market
actors and related literature regarding their evaluation and hedging mechanisms
against price risks in international biomass trade. The interviews were conducted
face-to-face or via e-mail, following a semi-structured guideline. Not all questions
have been or could be answered by all intervieweed experts. For confidentiality
reasons, interview results containing potential sensitive data are indicated in aggre-
gated form in Appendix[B.1] With these, insight is gained into possible hedging and
contractual provisions to catch arising price gaps. Resulting findings can be found
in Section Giving the frame of questions raised to the interviewees and the
different position of interviewees, neither questions nor answers fulfil a strict stan-
dard scheme, which allows or intends to compare statements. In this context, the
aim is to gather insight into the dynamics and interconnections within the supply
chain patterns and market activities. That is why interview citations and results do
not have the claim to represent the meaning of all actors interviewed, but demon-
strate a kind of collective understanding or statement of several stakeholders. Not
confidential data information from interviewees like biomass or logistics prices are

indicated separately and cited with the name of the interviewee. The interview re-
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sults are incorporated into the price risk section, in defining most crucial price risks
in Section and above all in concluding hedging strategies in Sections and
in summarising decision making aspects in Section [5.6.4l Beyond, individual data
or information and statements are used consecutively in other methods and results

sections, where applicable .
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Chapter

Results and Discussion

5.1 Supply chain case studies

5.1.1 Australia to Europe

Southern Australia offers an increasing potential of eucalyptus (blue gum) plan-
tations from marginal farmland destined for industrial pellets production. Tt is
expected to provide significant volumes to the global pellet market, including Eu-
rope [12,91]. Foresters expect an extension of the plantation area from 0.58 million ha
in 2009 up to 2million ha in 2014. In 2010, the first large-scale 125,000t /a pellet
plant (later upscaled to 250,000t/a) started the production of industrial wood pel-
lets from plantation residues in Albany (Western Australia), mainly for export to
Northwest Europe. The industry and biomass representatives announced an increas-
ing set up of pellet plant facilities from 80,000 to 850,000t/a production capacity in
near future [136-138|. The location of future plants should be in the centre of South
Australia’s major pine milling industry [138|. But different factors currently hinder
the pellet export: The operator of the largest Australian pellet plant recently faced
economic problems due to strength of Australian dollar to Euro, problems with the
processing of blue gum material (contaminated with sand), and resulting switch from
residues to more expensive raw material [139]. Another influencing factor for the
Australian-European trade is the competition with Asia, which could lead to more
exports from Australia to Japan or Korea [137]. Thus pellet exports to the EU will
be favoured only if 1) the production chain is optimised, 2) ocean freight rates are
cheap, and 3) the exchange rate is favourable [136|. Nevertheless, the EU is still one
of the dedicated target markets for future pellet exports from Australia [9,134,140].

The present supply model is based on the evaluation of the existing pellet plant in
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Western Australia replying on local eucalyptus plantation residues [137,141|. The
assumptions and results related to the environmental balance for this standard case
are listed in Table

The use of plantation logs is analysed as an alternative feedstock in terms of variat-
ing costs (see and concerning the environmental balance as described in Table
5.2l Plantation logs are a much more expensive but an actually used feedstock
option for pellet production in Australia [139,142|.The production phase is based
on 120,000t /a capacity, which corresponds to approximately one pelletising unit in
Albany. The modelled pellet production plant includes an additional grinding unit
suitable for coarse material (wood chips). The transport distance to the export har-
bour Albany is roughly 25km by truck [137]. The shipment to Rotterdam via the
Cape of Good Hope accounts 21,570 km [143].

The corresponding cost breakdown for all standard costs from raw material supply
to delivery at conversion plant are described in Table



5.1 Supply chain case studies

53

Table 5.1: Energy consumption and COgeq emissions along the supply chain Australia - Europe,

standard biomass

of hard coal in EU

Basic data Direct Primary GHG | Reference
fossil energy emissions | for basic
energy input kg | data
input [kWh/t CO2¢q/t
[kWh/t pellets pellets
pellets delivered] delivered]
delivered]
1) Raw material production and collection
Raw material transport 10 km to collection point 8.40 12.17 1.07 [45,(137]
Raw material preparation Chipping plantation logs 29.98 9.42 9.07 [391/45]
roadside, 45 % mc, 51
diesel/ MWh biomass 3 % mass
losses
Raw material transport 50 km by truck (including 37.80 54.74 4.29 [1364137]
empty return trip)
2) Densification
Handling & storage of raw 0.25 kWh electricity & 0.02'1 1.89 4.78 1.55 | [41]
material diesel/MWh biomass
Pellet production 120,000 t annual production, 1 % mass losses included
Electricity consumption (for | 26 kWh electricity/MWh 125.00 474.39 158.71
both process fuels) pellets Adapted
- from [47]
Natural gas consumption for | 551 MJ/MWh pellets, 90 % 760.68 874.72 192.51
drying boiler efficiency
Biomass consumption for 551 MJ/MWh pellets, 90 % 0.00 775.58 2.92
drying efficiency
Handling & storage assumed as negligible
3)-+4) Export to Europe
Transport to port Albany 40km by truck 18.12 26.23 2.03 [137]
Handling & storage 0.25 kWh electricity & 0.02 1 2.20 5.11 1.82 [41]
diesel/ MWh biomass
Ocean transport 40,000 t load capacity, 21,570 959.41 990.34 285.00 [991/143]
km, 0.0039 1 heavy fuel
oil/tkm 1.5 % mass losses
1)-4) Subtotal pellets Biomass 1183 2346 466
delivered at Rotterdam (natural gas) (1943) (2445) (656)
harbour
5) Delivery to conversion plant
Handling & storage at 0.25 kWh electricity & 0.02 1 2.13 5.11 1.00 [41]
import port diesel/MWh biomass
a) Transport to BE/UK Train electric, 75 km 3.34 11.00 1.89 [99]
c¢) Transport to AT Train electric, 1,200 km 49.65 175.95 30.29 [99]
Handling at coal plant 2.1 kWh electricity/MWh 9.38 33.24 5.72 [41]
biomass, 1 % mass losses
6) Conversion in power plant
Coal power plant 800 MW, coal plant, 46 % MWh/ MWh/ kg CO2¢q/
electric efficiency MWhg MWhg MWhg; [103]
a) in BE/UK, pellets Bio 0.53 3.25 212.55
(NG) (0.87) (297.38)
c) in AT, pellets Bio (NG) 0.55 3.32 225.25
(0.90) (310.08)
For comparison: Conversion 4.49 900.55

All primary energy and emission factors from [99,100].
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Table 5.2: Energy consumption and COgey emissions along the supply chain Australia - Europe,

considering alternative raw material plantation logs

Basic data Direct Primary GHG | Reference
fossil energy emissions | for basic

energy input kg | data

input [kWh/t CO2¢q/t

[kWh/t pellets pellets

pellets delivered] delivered]

delivered]

1) Raw material production and collection
Alternative raw material: Eucalyptus plantation incl. 43.02 13.38 13.01 [451/100]
wood chips from eucalyptus energy use for production: 5 1
logs diesel/MWh biomass
All other processing and operational phases 1) to 4) are added as described
in Table For drying the use of biomass residues is assumed (see Table
1)
1)-4) Subtotal pellets 1226 2372 480
delivered at Rotterdam
harbour
5) Delivery to conversion plant as described in operational phases in Table
51
6) Conversion in power plant
Conversion in coal power 800 MW, coal plant, 46 % MWh/ MWh/ kg CO2¢q/
plant electric efficiency MWhg, MWhg, MWhg; [103]
a) in BE/UK, pellets 0.56 3.26 218.37
(drying with alternative
biomass)
c) in AT, pellets (drying 0.58 3.33 231.07

with alternative biomass)

All primary energy and emission factors from [99,100].
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Table 5.3: Cost breakdown along the supply chain Australia - Europe, corresponding to basic costs

with standard biomass

Basic data

€/t pellets delivered ‘ References

1) Raw material supp

y

Raw material

Sawdust and wood chips from
blue gum plantation incl.

delivery, 45 % mc

27.20 €/t feedstock

[120,134}/135]

Raw material delivered to

pellet plant

198,327 t/a feedstock used

44.95

Own calculation based
on feedstock

characteristics

2) Pellet production

Pellet production

120,000 t/a production,

11.29 million € investment

Own calculation based

additional coarse grinding unit costs | on [47], local energy
suitable for wood chips, 1 % prices and staff costs
mass losses (see[A.2); data include
Capital costs 6 % interest rate, 17.5 a life 8.83 | handling & storage of
time of equipment raw material and
Consumption costs excl. raw material & fuel 9.19 | pellets
Natural gas costs for drying 90 % boiler efficiency 13.83
Biomass costs for drying 90 % boiler efficiency 8.27
Operation & maintenance 3 shifts/day, 7 working 5.25
days/week
Other costs 2.60
Subsum pellet production Drying with natural gas 84.65
costs Drying with biomass 79.09
3) Transport to export port
Loading 3.00 147]
Transport to export port 40 km (20 km with empty 6.17 [136,144,145]
Albany return trip) by truck, incl.
unloading
4) Ocean shipping to Europe
Handling & storage at Dedicated wood pellets 2.70 [146]
export port terminal available, 1 % mass
losses
Ocean transport handysize or panamax, 47.50 [147]
Albany-Rotterdam: 21,570
km, 1.5 % mass losses
1)-4) Subtotal import costs Pellets (NG) 144.03
to Rotterdam Pellets (Bio) 138.46
5) Delivery to conversion plant
Handling & storage at Discharge by clam buckets, 5.00 [41,47,117]
import port conveyor system, storage &
load
Transport to conversion 75 km by train 5.50 | Calculation based
plant on [116,148] with cost
adjustment based
on [128]
Total costs free Pellets (NG) 154.53
conversion plant Pellets (Bio) 148.96
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5.1.2 West Canada to Europe

British Columbia in Western Canada has a vast potential of 417 million ha forests
representing the 3™ largest forest area in the world [149]. An area of 60 million ha
is forested, with timber production on 25 million ha woodlands. In 2010, the lumber
production was 27 million m® |[150] with resulting volume of sawmill residues between
18 and 25.6 million m?/a (6.8 to 9.7 million tq,y/a) [151,152]. The amount of biomass
feedstock originating from forest harvest was around 9.95 million t4,, in 2008 [150].
The resource base should be stable within the next years with an expected decrease
from 2015 to 2017 induced by reduced cut of beetle infected wood [85,152].

The standard raw material for pellet production taken into account consists of saw-
dust and shavings from spruce (36 % mc), which is transported 100 km on average
from sawmills or harvesting sites to the pellet plant [41,51]. The alternative raw
material for the environmental analysis are wood chip residues from timber harvest-
ing, (36 % mc after air drying at roadside). The energy consumption for haulage
and chipping of biomass at forest road (2.231 diesel per MWh biomass) conforms
to an average value for producing forest wood chips [45,153]. A supply radius of
150 km, which is the maximum feasible distance according to Verkerk (2008) [151], is
assumed (see Table . The use of forest chips implicates the need of an additional
grinding unit in the pellet plant, resulting in slightly higher electricity input require-
ments. The assumed pellet plant capacity is 120,000t/a. Within the production
process, a rotary drum dryer with respective energy demand is considered [51,70].
Table presents all supply steps and respective environmental balance for the
standard case from Canada to Europe. For the standard case, the raw material
costs are set 23.41 € /tye; feedstock delivered at pellet mill gate. This corresponds
to 33.25€ /tye; pellets, which is in line with the data provided by Sikkema et al.
(2010), Bradley (2012), and Ferguson (2010) [41,133,149].

The cost related input data and results for the pellet production and delivery phases
are listed in Table
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Table 5.4: Energy consumption and COgz., emissions along the supply chain Canada - Europe,

standard biomass

Basic data Direct Primary GHG | Reference
fossil energy emissions | for basic
energy input kg | data
input [kWh/t CO2eq/t
[kWh/t pellets pellets
pellets delivered)| delivered]
delivered]
1) Raw material production and collection
Raw material at sawmill Sawdust & shavings from 0 0 0 14]
spruce, 36 % mc
Raw material transport 100 km truck transport to 66.66 96.52 7.57 | Data
sawmill, 3 % mass losses from [87|
2) Densification
Handling & storage of raw 0.25 kWh electricity & 0.021 1.77 3.94 0.69 [41]
material diesel/ MWh biomass
Pellet production 120,000 t annual production, 1% mass losses included
Electricity consumption (for | 22 kWh electricity/MWh 70.93 259.29 35.42 | Adapted
both process fuels) pellets from
Natural gas consumption for | 299 MJ/MWh pellets, 90 % 418.72 483.62 103.72 | [47,51}70]
drying boiler efficiency
Biomass consumption for 299 MJ/MWh pellets, 90 % 0.00 442.97 0.74
drying efficiency
Handling & storage assumed as negligible
3)+4) Export to Europe
Train transport to port 500 km, train electric 72.17 263.83 7.33 [154]
Vancouver
Handling & storage 0.25 kWh electricity & 0.02 1 1.83 4.07 0.71 [411/45]
diesel/ MWh biomass, 1 %
mass losses
Ocean transport 40,000 t load capacity, 16,500 722.93 749.99 215.83 [991/143]
km, 0.0039 1 heavy fuel
oil/tkm 1.5 % mass losses
1)-4) Subtotal pellets Biomass 936 1810 268
delivered at Rotterdam (natural gas) (1355) (1866) (371)
harbour
5) Delivery to conversion plant
Handling & storage at 0.25 kWh electricity & 0.02 1 2.16 5.19 1.00 [41]
import port diesel/MWh biomass
a) Transport to BE/UK Train electric, 75 km 3.34 11.00 1.89 [99]
¢) Transport to AT Train electric, 1,200 km 49.65 175.95 30.29 [99]
Handling at coal plant 2.1 kWh electricity/MWh 9.51 33.72 5.80 [41]
biomass
6) Conversion in power plant
Conversion in coal power 800 MW, coal plant, 46 % MWh/ MWh/ kg CO2eq/
plant electric efficiency MWhg MWhg MWhg; [103]
a) in BE/UK, pellets Bio 0.42 2.99 122.00
(NG) (0.60) (168.00)
c) in AT, pellets Bio (NG) 0.44 3.06 135.00
(0.63) (180.00)

All primary energy and emission factors from [99,100].
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Table 5.5: Energy consumption and COgz., emissions along the supply chain Canada - Europe,

considering alternative raw

material forest residues

Basic data Direct Primary GHG | Reference
fossil energy emissions | for basic
energy input kg | data
input [kWh/t CO2eq/t
[kWh/t pellets pellets
pellets delivered| delivered]
delivered]
1) Raw material production and collection
Alternative raw material: Haulage, air drying incl. 34.20 130.15 33.09 [451/153]
forest residues from chipping at roadside: 2.23 1
coniferous wood diesel/MWh biomass, 36 % mc
Raw material transport 150 km truck transport, 3 % 99.98 144.78 11.36 [151]
mass losses
2) Densification as described in Table [5.4/ with exemption of electricity consumption:
Electricity consumption 26 kWh electricity/ MWh for 83.26 304.37 41.58 | Adapted
wood chips from [47]
3) + 4) Export to European import harbour as described in Table [5.4.
1)-4) Subtotal pellets 1016 2049 315
delivered at Rotterdam
harbour
5) Delivery to conversion plant as described in Table 5.4|
6) Conversion in power plant
Conversion in coal power 800 MW, coal plant, 46 % MWh/ MWh/ kg CO2eq/
plant electric efficiency MWhg MWhg MWhg [103]
a) in BE/UK, pellets dried 0.46 3.04 142.60
with alternative biomass
c) in AT, pellets dried with 0.48 3.11 155.12

alternative biomass

All primary energy and emission factors from [99,100].
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Table 5.6: Cost breakdown along the supply chain Canada - Europe, corresponding to basic costs

with standard biomass

Basic data

€/t pellets delivered ‘ References

1) Raw material supp

y

Raw material

Sawdust and wood chips from

spruce incl. delivery, 36 % mc

5.00 €/t feedstock

[51}/150]

Raw material transport to

pellet plant

100 km on average by truck
from sawmill incl. unload and

handling

18.41 €/t feedstock

[51] with annual 2 %

cost increase

Raw material delivered to

pellet plant

170,438 t/a feedstock used

33.25

Own calculation based
on feedstock

characteristics

2) Pellet production

Pellet production

120,000 t/a production, 1 %

9.18 million € investment

Own calculation incl.

mass losses costs | use of rotary drum
Capital costs 6 % interest rate, 17.5 a life 7.18 | dryer based
time of equipment on [47,/51,70], local
Consumption costs excl. raw material and fuel 7.52 | energy prices and staff
Natural gas costs for drying | 90 % boiler efficiency 7.42 | costs (see[A.2); data
Biomass costs for drying 90 % boiler efficiency 3.17 include handling &
Operation & maintenance 3 shifts/day, 7 working 4.82 storage of raw
days /week material and pellets
Other costs 2.60
Subsum pellet production Drying with natural gas 62.79
costs Drying with biomass 58.54
3) Transport to export port
Loading 1.50 [41]
Transport to export port 500 km by train, 84 t (130 m?) 24.85 [1541/155)
Vancouver load per railcar, incl.
unloading
4) Ocean shipping to Europe
Handling & storage at Wood pellets terminal, 1 % 2.38 [41]
export port mass losses
Ocean transport handysize, 36.61 [1491/156]
Vancouver-Rotterdam: 16,500
km, 1.5 % mass losses
1)-4) Subtotal import costs Pellets dried with natural gas 128.12
to Rotterdam Pellets dried with biomass 123.87
5) Delivery to conversion plant
Handling & storage at Discharge by clam buckets, 5.00 [41,47,117]
import port conveyor system, storage &
load
Transport to conversion 75 km by train 5.50 | Calculation based
plant BE on [116}/148] with cost
adjustment |128]
Total costs free Pellets (NG) 138.62
conversion plant Pellets (Bio) 134.37
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5.1.3 Northwest Russia to Europe

Russia has vast wood reserves and a strong wood industry. The region Northwest
Russia is favoured by direct access to the Baltic Sea. Sawmills in the Leningrad
region surrounding St.Petersburg process more than 1 million m® wood per year [157].
The annual forest waste composes at least 100 million m?, reported by Cocchi et al.
(2011) [10]. The number of pellet production plants is constantly growing. The
800,000 t/a production capacity reported in 2008 [158] and the recent increase by the
1 million t/a pellet plant Vyborgskaya amount to a total capacity of 1.8 milliont/a
in the region. Up to now, the actual production is estimated at only 1 milliont/a
[159]. Most pellets are exported to the EU industrial market, where the revenue
is comparably high. It is assumed that no export duties are imposed to exported
pellets [158]|. For the Russian supply case, sawdust from soft wood with 55 % mc
is considered as standard raw material. The supplying wood industry is nearby the
pellet plant. As alternative feedstock for the environmental analysis, roundwood
from regional coniferous forests is chosen, as described in Table [5.8] This is much
more expensive than sawmill residues, and the use of primary wood resources is
controversial (see Sections and for discussion). Nevertheless, roundwood is
used at the Vyborgskaya pellet plant [10,160] and is therefore considered as well. For
that case, tree harvesting is accounted with an energy consumption of 273 MJ/m?
[70]. The roundwood is transported 200 km to the pellet plant. A special roundwood
handling and pretreatment (debarking) unit is necessary. Similar technology used
at Vyborgskaya plant [160] is considered. This requires around 6 kWh electricity per
MWh biomass and 0.341 diesel per MWh biomass for additional on-site transport
efforts, according to Reisenbichler(2009) [161]. All assumptions and results on the
environmental balance can be found in Table 5.7

Following the market price for sawdust in Northwest Russia, the raw material
price results in 28 €/t pellet product (see Table . A smaller pellet plant with
40,000 t/a capacity is taken into account, which is the case at installed sites in North-
west Russia [10]. From the pellet plant the transport distance to export harbour
St. Petersburg is 400 km on average. The costs for handling and transshipment of
pellets at St.Petersburg harbour is high with 12€/t pellets. This is due to a lack of
a specialised cargo handling terminal with dedicated equipment for pellet transship-
ment [10,162,163|. All economic input data and resulting costs are listed in Table
5.90 In consequence of the highly unpredictable economy and strongly fluctuating
and negotiable tariffs e.g. for transportation [164], the given supply costs give a

realistic point of reference, but are subject to constant variations.



5.1 Supply chain case studies

61

Table 5.7: Energy consumption and COg., emissions along the supply chain Russia - Europe,

standard biomass

Basic data Direct Primary GHG | Reference
fossil energy emissions | for basic
energy in- kg | data
input | put[kWh/t CO2eq/t
[kWh/t pellets pellets
pellets delivered| delivered]
delivered]
1) Raw material production and collection
Raw material from wood Residues from spruce, 55 % mc 0 0 0 14]
industry
Raw material transport 25 km truck transport, 3 % 23.58 34.14 2.68 [158]
mass losses
2) Densification
Handling & storage of raw 0.25 kWh electricity & 0.021 1.85 3.93 1.04 [41]
material diesel/ MWh biomass
Pellet production 40,000 t annual production, 1% mass losses included
Electricity consumption (for 23 kWh electricity/MWh 105.99 321.49 84.17
both process fuels) pellets Adapted
- from [47]
Natural gas consumption for | 878 MJ/MWh pellets, 90 % 1230.58 1353.64 308.68
drying boiler efficiency
Biomass consumption for 878 MJ/MWh pellets, 90 % 0.00 1241.89 1.10
drying boiler efficiency
Handling & storage assumed as negligible
3)+4) Export to Europe
Train transport to port 400 km, train electric 81.54 247.34 13.16 [157]
St.Petersburg
Handling & storage 0.25 kWh electricity & 0.02 1 1.83 4.07 0.71 [411/45]
diesel/ MWh biomass, 1 %
mass losses
Sea transport 4,000 t load capacity, 1,600 71.89 72.73 20.93 [391/143]
km, 0.004 1 heavy fuel oil/tkm
1.5 % mass losses
1)-4) Subtotal pellets Biomass 287 1931 125
delivered at Rotterdam (natural gas) (1518) (2038) (433)
harbour
5) Delivery to conversion plant
Handling & storage at 0.25 kWh electricity & 0.02 1 2.13 5.11 1.00 [41]
import port diesel/MWh biomass
a) Transport to BE/UK Train electric, 75 km 3.34 11.00 1.89 [99]
¢) Transport to AT Train electric, 1,200 km 49.65 175.95 30.29 [99]
Handling at coal plant 2.1 kWh electricity/MWh 9.38 33.24 5.72 [41]
biomass
6) Conversion in power plant
Conversion in coal power 800 MW, coal plant, 46 % MWh/ MWh/ kg CO2eq/
plant electric efficiency MWhg MWhg MWhg; [103]
a) in BE/UK, pellets Bio 0.13 3.07 58.66
(NG) (0.68) (194.32)
c) in AT, pellets Bio (NG) 0.16 3.15 71.18
(0.70) (206.84)

All primary energy and emission factors from [99,100].
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Table 5.8: Energy consumption and COge, emissions along the supply chain Russia - Europe,

considering alternative raw material roundwood

Basic data Direct Primary GHG | Reference
fossil energy emissions | for basic
energy in- kg | data
input | put|kWh/t CO2¢q/t
[kWh/t pellets pellets
pellets delivered]| delivered]
delivered]
1) Raw material production and collection
Alternative raw material Coniferous roundwood, 55 183.14 205.11 55.38 | |70]
production % mc; forest management,
harvesting & haulage to
forest road: 4.36 1
diesel/MWh biomass; 3 %
mass loss
Raw material transport 100 km truck transport 92.41 133.81 10.50 [158]
2) Densification
Handling & storage of raw 0.25 kWh electricity & 1.82 3.85 1.04 [41]
material 0.02 1 diesel/MWh
biomass
Pellet production 40,000 t annual production, 1% mass loss [47]
Roundwood pretreatment Incl. debarking: 6.3 kWh 23.85 72.33 18.94 | Data
electricity/MWh biomass derived
On-site handling of 14.27 15.98 4.32 | from
roundwood: 0.34 1 [161}165]
diesel/ MWh biomass
Electricity consumption 27 kWh electricity/MWh 124.43 377.43 84.17 | Adapted
pellets from [47]
Biomass consumption for 878 MJ/MWh pellets 0.00 1358.62 26.78
drying (biomass residues), 90 %
boiler efficiency
Handling & storage assumed as negligible
3)+4) Export to Europe see Table [5.7]
1)-4) Subtotal pellets delivered at Rotterdam harbour 596 2497 ‘ 251
5) Delivery to conversion plant as described in Table 5.7]
6) Conversion in power plant
Conversion in coal power 800 MW, coal plant, MWh/ MWh/ kg CO2eq/
plant 46 % electric efficiency MWhg MWhg MWhg; [103]
a) in BE/UK, pellets dried 0.27 3.31 114.56
with biomass
c) in AT, pellets dried with 0.29 3.39 127.09
biomass

All primary energy and emission factors from [99,100].
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Table 5.9: Cost breakdown along the supply chain Russia - Europe, corresponding to basic costs

with standard biomass

Basic data

€/t pellets delivered ‘ References

1) Raw material supply

Raw material

Sawdust incl. delivery, 55 %

mc

13.89 €/t feedstock

[10]

Raw material delivered to

pellet plant

80,800 t/a feedstock used

28.06

Own calculation based
on feedstock

characteristics

2) Pellet production

Pellet production

40,000 t/a production, 1 %

3.74 million € investment

Own calculation based

mass losses costs | on [47], local energy
Capital costs 6 % interest rate, 17.5 a life 8.78 | prices and staff costs
time of equipment (see Appendix ;
Consumption costs excl. raw material and fuel 8.44 | data include handling
Natural gas costs for drying 90 % boiler efficiency 8.80 | & storage of raw
Biomass costs for drying 90 % boiler efficiency 8.33 | material and pellets
Operation & maintenance 3 shifts/day, 7 working 6.22
days/week
Other costs 2.60
Subsum pellet production Drying with natural gas 62.89
costs Drying with biomass 62.43
3) Transport to export port
Loading 1.50 [41]
Transport to export port 400 km by train, incl. 10.03 [157,163]
Vancouver unloading
4) Ocean shipping to Europe
Handling & storage at Standard terminal, 1 % mass 12.00 [10162]
export port losses
Sea transport small vessel (4,000 t capacity), 20.30 [117]
St.Petersburg - Rotterdam:
1,600 km, 1.5 % mass losses
1)-4) Subtotal import costs Pellets dried with natural gas 106.72
to Rotterdam Pellets dried with biomass 106.26
5) Delivery to conversion plant
Handling & storage at Discharge by clam buckets, 5.00 [41,47,117]
import port conveyor system, storage &
load
Transport to conversion 75 km by train 5.50 | Calculation based
plant BE on [116}/148] with cost
adjustment based
on [128]
Total costs free Pellets (NG) 117.22
conversion plant Pellets (Bio) 116.76
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5.2 Environmental balance along the three supply chains

5.2.1 Base data from biomass to end-use

Based on the previous assessments (Sections to [5.1.3)), the direct energy con-
sumption up to delivery at the conversion plant is shown for the three cases Australia,
Canada, Russia in Figure Most direct fossil energy is used in the Australian case
considering natural gas for drying (almost 2 MWh /t pellets), followed by the Russian
and Canadian cases (natural gas) with a consumption between 1.6 and 1.4 MWh/t.
All biomass cases are less extensive in fossil energy consumption, with the Russian
biomass case at the minimum of only 0.3 MWh/t. Heavy fuel oil use during ocean
transports has a strong impact in the Canadian and Australian cases. Production
of plantation logs has a minor effect on the overall balance for Australian pellets,
but using roundwood doubles the fossil fuel input for Russian pellets compared to
the standard case. The energy balance for delivery of pellets either to Belgium or

to Austria is similar, as train transport is very energy-efficient.
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Figure 5.1: Direct fossil energy consumption along the supply chain of exported pellets from
Australia, Canada, and Russia to Europe
For electricity, the share of fossil energy included in the national electricity mix is considered.

Handling, storage and loading activities are included in the preceding supply step.
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Concerning primary energy, the difference between the use of natural gas and biomass
is marginal only. Figure demonstrates that due to the Russian electricity mix
and drying of wet fuel, all Russian pellets cases have a higher primary energy con-
sumption than Canadian pellets. Russian pellets from roundwood have an extremely
high primary energy use due to raw material production and 60 % increased energy
input for pellet production.

The results (2.51 MWh/t for pellets from Australia, 1.95 MWh/t from Canada and
2.05 MWh/t from Russia when biomass is used for drying) comply with the assess-
ments by Sikkema et al.(2010), who reported 1.94 MWh/t for the Canadian chain
to the Netherlands, and with Uasuf (2010) for Argentinian pellets from sawdust
(563% mc) with 1.79 MWh/t pellets, which are shipped 12,000 km to the Nether-
lands. Hamelinck et al.(2005) [39] reported slightly lower values for pellets from
Latin America to the Netherlands.
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Figure 5.2: Primary energy consumed along the supply chains of exported pellets from Australia,

Canada, and Russia to Europe

Calculation of primary energy consumption is based on the direct energy consumption and the

primary enerqy factor for the respective source of energy

The greenhouse gas emissions along the supply chain are particularly high for cases
with long ocean transports and natural gas use, as shown in Figure[5.3| The resulting
emissions are in agreement with Uasuf(2010) and Magelli et al.(2009) [40,70]. For the

Australian supply case, the resulting CO, emissions from plantation to pellet plant
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gate are in agreement with those estimated for eucalyptus plantations by Jawjit et
al. (2006) [166].
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Figure 5.3: Greenhouse gas emissions calculated along the supply chains of exported pellets from
Australia, Canada, and Russia to Europe
GHG calculation is based on the direct energy consumption and the GHG emission factor for the

respective source of energy.

The CO, emissions for ocean transport and the energy demand for drying raw ma-

terial for the Canadian case study conform to the values assessed by Magelli et al.

(2009) [70].

Figure illustrates the GHG emissions of generated electricity from pellets im-
ported from the three countries. The CO, savings related to the EU-average electric-
ity mix are marked. All supply chains meet the 60 % standard target of 285 kg COqqq/
MWhyg, as well as the 66 % emission savings (UK target for 2020), except Australian

pellets with process fuel natural gas.
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Figure 5.4: GHG emissions per generated MWhe; from pellets exported from Australia, Canada,
and Russia to Europe, and svaings compared to EU average electricity mix
Sources: own results with UK’s saving targets from
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5.3 Supply costs along the supply chains

5.3.1 Base data from biomass to end-use

The overall pellet supply costs for supply chains from Canada, Australia and Russia
to EU import harbour are summarised in Figure The raw material costs amount
to about one third of the total costs. Transport costs from pellet plant to EU import
harbour amounts to another 30 to 50 % of total supply costs. The cases with natural
gas (NG) as drying fuel are slightly more costly than those with biomass (Bio), which
is due to the quite low raw material costs required for international pellet trade. The
resulting total supply costs from Australia to Europe are in line with the estimations
by Smith (2010) [136], taking into account the 2009 framework assumed in his study.

e Pellet costs delivered to EU import harbour
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Figure 5.5: Supply costs of defined pellet chains from origin to EU import harbour Rotterdam
and average market price for pellets.

Source for pellets market price:

As seen in Figure the total costs for Canadian pellets delivered to Rotterdam
are 124 to 128 €/t, or 134 to 139€/t pellets delivered to the conversion plant 75 km
from EU import harbour. The composition of costs is similar to those estimated
by Ferguson(2010) and Sikkema et al.(2010) [41,149]. Compared to Sikkema et
al.(2010) less freight costs are spent on shipping, which is result of increased
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freight capacity and return trips on the Vancouver — Rotterdam route that could be
realised within the last few years (interviews according to Appendix B.1)).

The CIF ARA market price (price including cost, insurance, freight set at the ports
Amsterdam, Rotterdam, Antwerp) indicated in Figure is 131 €/t pellets on av-
erage for the year 2011 [19]. Apparently, the Australian supply costs exceed the
achievable market price in the EU. Thus, for the present input data and exchange
rate, the Australian supply chain is not profitable. Supply costs for Canadian pellets
are below the market price, but without much scope for profit or guarantee margins.
Against, the supply costs for Russian pellets are very low with sufficient scope for
both pellet producer and trader margins, which usually amount to between 8 and
10 % each (interviews according to Appendix .

5.3.2 Effect of co-firing policies on electricity generation costs

Co-firing under current policies

In Figure [5.6] the electricity production costs for coal combustion and co-firing of
pellets are illustrated according to the current policy frame. As shown, the pro-
duction costs with or without co-firing pellets do not differ substantially, but in
most cases are still higher for co-firing. This particularly applies to Germany and
Austria, where no co-firing support scheme exists. Here, the difference in produc-
tion costs is around 0.40 to 0.45€-Cent/kWh, and the financial gap is between
3.64€-Cent/kWh, (Germany) and 4.06 €-Cent/kWh, (Austria).

For comparison, the Belgium and UK’s situations are included in Figure For
Belgium, the electricity production costs for co-firing are much closer or even below
those from coal only. The effect of offsetting the number of green certificates against
the upstream energy balance results in a clear favouring of low energy biomass
chains. In the UK, ROCs are constant for each case. Thus, the financial gap and
CO. mitigation costs are equal for each case with forest biomass or with energy
crops. Opposite to the Flemish system, in the UK the relatively energy intensive
Australian chains are credited with full certificates because energy crops are used.
Co-firing Canadian and/or Russian pellets in the UK is still more expensive than

electricity from coal.
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Electricity production costs under current policies
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Figure 5.6: Electricity production costs under current national policies
Base case: Applying the Flemish und UK's co-firing subsidies to Germany and Austria

Assuming that the Flemish or UK’s co-firing subsidies are applied, the electricity
production costs for co-firing pellets are adapted for Germany and Austria. Figure
illustrates the situation with Belgium and the UK as comparative factors. The
result is that cost levels approach those of Belgium and the UK with financial gaps
mostly between 0 and 2€-Cent/kWhy.

Scenario analysis for variable fuel price development

Next, the co-firing support schemes are evaluated for different price scenarios (see
. Scenario 1 (Figure demonstrates low CO, and high pellet prices. The
impact of unfavourable pellet price conditions becomes very obvious. Financial gaps
are much higher, thus co-firing pellets becomes less attractive, especially for pel-
lets dried with natural gas under the Flemish subsidy system. Australian pellets
lose their cost advantage in the UK’s system and reach a financial gap of 0.4 to
1.4€-Cent/kWh,,. The Russian case (biomass) still achieves favourable values for
Germany and Austria. The CO, mitigation costs mainly exceed the set market price
for COy with 7€/t, except for the Russian cases with biomass as drying fuel and
partially for Canadian pellets. In scenario 2 (Figure [5.9), moderate fuel and CO,
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Figure 5.7: Base Case: Electricity production costs applying the Flemish and UK’s subsidies to

locations in Germany and Austria

prices are considered. Under this scenario, the production costs for co-fired Russian
pellets (biomass) are very low under the Flemish support system, resulting in a fi-
nancial gap of up to -2.95€-Cent/kWh,. Favourable CO, mitigation costs are also
reached by Canadian pellets in Germany (biomass and forest residues). Australian
pellets reach negative CO, mitigation costs under the RO system. The remaining
cases have much lower CO, mitigation costs than in the base case, mostly between
0 and 30€/t CO4. Scenario 3 (Figure represents high coal and COs prices. It
shows that in the Flemish Green Certificate System pellets from all origin countries
are favoured against coal, except for pellets with natural gas as process fuel. Once
more, the UK’s system represents an advantage for Australian pellets solely falling
below coal costs.

For Germany, all pellets dried with biomass are cost-competitive under the Flem-
ish system and have favourable CO, mitigation costs between -48€/t and -4€/t
COs, under the English system between -24.4 and 8.5€/t CO,, and with -17 and
16 €/t COy in Austria. All pellets dried with natural gas achieve a much lower fi-
nancial gap with a maximum of 2€-Cent/kWhg under the Flemish system. In turn,
the RO system results in financial gaps between -2 and 1€-Cent/kWh, with the

most advantageous values for Australian ’energy crop’ pellets.
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Scenario 1: Electricity production costs from coal plant and with
10 % pellet co-firing under Belgianand UK co-firing subsidies
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Figure 5.8: Electricity production costs

under scenario 1 (low COy and high pellets prices)

Scenario 2: Electricity production costs from coal plant and with
10 % pellet co-firing under Belgianand UK co-firing subsidies
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Scenario 3: Electricity production costs from coal plant and with
10 % pellet co-firing under Belgianand UK co-firing policies
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Figure 5.10: FElectricity production costs under scenario 8 (high coal and COs prices)
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Comparison of co-firing with other expenditures on renewable electricity

Figure gives an outline of cost ranges for different renewable electricity (RE)
technologies referenced by the International Panel on Climate Change (IPCC, 2012)
[31]. For comparison, the results from the base case analysis (without funding) are
included. With a cost range between 1.7 and 6.8 €-Cent/kWh, [168], co-firing is one
of the cheapest renewable energy technologies available. Only hydropower, onshore
wind or geothermal energy can demonstrate cheaper alternatives when consider-
ing the minimum production costs, starting from 1.4€-Cent/kWh, (hydro), 2.9
(geothermal) and 3.4 €-Cent/kWh (onshore wind). In contrast, electricity from
photovoltaic (PV) is the most expensive technology with costs between 13 and 53 €-
Cent/kWh,,.

Electricity production costs for different RE
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Figure 5.11: Electricity production costs for different renewable energy (RE) technologies
Sources: own results, [31,/168-170]

In terms of CO, mitigation, co-firing implicates costs between -43 and 59 €/t CO,
(Figure[5.12). Most other state-of-the-art renewables (compared to a reference elec-
tricity generation mix) are more expensive with 50 to 166 €/t COy for biomass
power [110,171], for wind power with 60 to 100€/t COy and for PV with 300 to
950€/t COy ( [36,171]. Only small hydropower in Austria [171] and the current
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price for EU emission allowances [107] allow for comparably low mitigation costs.
As evaluated in Section [5.3.2) the financial gap for co-firing (see Figure [5.13)

CO, mitigation costs for selected RE technologies
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Figure 5.12: CO2 mitigation costs for co-firing biomass (reference coal plant) and selected re-
newable energy (RE) technologies for power generation (compared to natural gas or respective ex-
penditure on support payments)

Sources: own results, [36,/107,110,/111,171]

is between -3€-Cent/kWh,, (Flanders) and 4€-Cent/kWh,; (Austria). Compared
with the current electricity support for renewables [103,113,172,173], highest grants
are spent on PV with 6 to 24€-Cent in Germany, 8 to 26 €-Cent in the UK (sup-
plementary to ROCs) and 50€-Cent/kWh,; in Austria, 5 to 13€-Cent/kWh,, for
hydropower and 22€-Cent/kWh,; for geothermal power in Germany. When con-
sidering the relatively low biomass subsidies with 8 €-Cent/kWh,; in Belgium and
2.5 to 5€-Cent/kWh,, plus 4€-Cent for feed-in, co-firing biomass demonstrates a
cost-attractive and low subsidised technology.

Therefore, the present study might serve as a supporting tool for policy makers in
order to decide which sort of renewable energy technology should be promoted (via
incentives or similar supports) from COy emission reduction, economic constraints

and sustainability point of view.
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Financial gap of co-firing and RE electricity support
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Figure 5.13: Financial gap of electricity production costs from co-fired pellets against coal firing
only (base case) and reference subsidies for electricity generation from remewable energy (RE) in
Germany, UK, Flanders (BE) and Austria

Sources: own results,
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5.4 Price risks along the supply chains

5.4.1 Identification of most crucial price risks and related indices
Raw material

Availability of feedstock is directly dependent on (regional) forests, on supplying
sawmills as well as the regional demand for the specific feedstock. Hence, pellet
producers compete not only among themselves, but also against the wood industry
(panel and paper) for the same wood assortments [20],(interviews according to Ap-
pendix. Also, when not supplying sawmill residues to other industries, sawmills
can convert it to heat and power for own utilisation. Bradley et al.(2010) [150] ar-
gue that the economic recession led to worldwide closure of sawmills, which resulted
in drastically reduced supply of low-cost sawdust, and in transition to more costly
harvest residues as pellet feedstock. Actually, pellet feedstock is increasingly get-
ting scarce while brokers enter this market to capture supply. One approach of
pellet producers must therefore be to purchase feedstock from multiple sources and
providers [20,174|. Another approach is investing in energy crop plantations in warm
climatic zones [10,91].

Scarce data is available about biomass prices, because residues — the main feedstock
for pellets — are not traded as commodity yet, and so market prices are not mo-
nitored. In the countries considered in this thesis, currently biomass residues from
forests and industry are often available for free or at minor costs, so harvesting and
delivery are main cost factors (interviews according to Appendix . Nevertheless,
for a statistical indication, national raw material indices for wood logs or the wood
industry [120-122] (see Figures|C.1][C.5| as appendices) are chosen as indicator
for the price development for respective feedstock delivered to the consumer. That

means any kinds of transportation efforts to the recipient are included here.

Pellet production

For the pellet production process the main risks are the raise of new capital, the
technology investment at a certain location and in time, as well as the cost-effective
operation [150], (interviews according to Appendix B.1). These technical and en-
trepreneurial issues should not be considered here. As a measurable price risk, nat-

ural gas as drying fuel in pellet production might have a considerable effect. Thus
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national price indices for natural gas are selected for investigation (see Figures

and as appendices) [121/-123].

Transportation and logistics

Transportation and logistics highly depend on the load volumes shipped, the fre-
quency, utilised capacity of transportation routes and on the storage duration at
transshipment sites, as discussed by Bradley et al.(2009) [42], Senechal et al.(2009)
[175] and Sikkema et al.(2011) [87]. Mostly, the transportation over long distances
is only economic when large volumes are shipped and return trips with the same
means of transportation can be realised [158|, (interviews according to Appendix
B.1). As already mentioned in Section [5.1] the infrastructure for logistic operations
is a crucial aspect with significant cost differences, depending on the availability of
suitable port handling and loading equipment. Ocean shipping of pellets is operated
by dry bulk transportation companies and generally underlies extremely fluctuat-
ing freight rates on a global scale. These variations influence operating costs for
vessels, fuel, crews as well as the degree of matching supply and demand of trans-
ported goods, frequency of transport routes and available ship capacity [42,48|. For
maritime shipping, the Baltic Dry Index (BDI) is the common price indicator. It
records current ocean shipping rates (including heavy fuel oil) for transporting dry
bulk good on main and most frequented trade routes, reported from various market
actors [126,127].

Figure shows the inflation adjusted annual rates, peaks and lows of the BDI
and heavy fuel oil prices from 2000 to 2011. Within this period, the index shows re-
markable fluctuations with the total peak (11,793 points) and total low (663 points),
both in 2008. These are a result of the increasing global trade with goods, due to
the enormous economic growth and trade in Asian countries and the lack of new
shipping capacity to meet this demand. In particular, the strong fluctuation is also
reflected by a variation of pellet shipping rates from Vancouver to Rotterdam be-
tween 35 and 100 US-$/t in 2009 [42,150].

The actual freight rate for shipping pellets is usually fixed bilaterally in US dollar
for every individual route, depending on volumes, utilised capacities and the con-
tract period [147,150], (interviews according to Appendix B.1)). For the EU inland
transport by train, no official indicator for price changes is available. Instead, the
German transportation index for rail freight rates, starting from 2006, serves as a
reference for the further analysis [128](see Figure as appendix).
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Figure 5.14: Annual rates of Baltic Dry Indez representing bulk shipping freight rates and heavy
fuel oil prices between 2000 and 2011

Sources:

Conversion in power plants

Industrial pellets in Europe are currently destined for power production, above all
for co-firing in coal power units. Dedicated funding opportunities are the crucial
economic aspect for co-firing as investigated by Ehrig and Behrendt (2013) [1]. Other
competing factors are the price for fossil fuel to be substituted by use of pellets and
the charged EU emission allowances (interviews according to Appendix . The
following analysis is based on the price developments for EU emission allowances and
import hard coal (CIF ARA) reported by the energy exchanges EEX and bluenext
from 2006 to 2012 [106,107,129]. As illustrated in Figure and Figure some
correlation between coal prices and US-$/€ exchange rate as well as between prices

of coal and EU emission allowances exists.
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Figure 5.15: Prices of coal year futures (1 year forward prices) traded at ARA ports in US-§/t
and exchange rate US-8/€ 2006 to 2012
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Figure 5.16: EU emission allowances and German import price for hard coal 2006 to 2012

Sources:
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Prices affecting the whole supply chain

The upstream supply chain to export harbour is subject to varying exchange rates
of the origin country’s currency to Euro. The exchange rate data of AUS-$, CAN-$,
US-$ and Russian rouble per € from the European Central Bank are visu-
alised in Figure and Figure For CAN-$ and AUS-$, a significant decline
per € (or strong dollars to Euro) can be determined from 2009 to 2012. Based on
average annual rates, the Australian dollar changed from 1.77 AUS-$/€ in 2009
to 1.35 AUS-$/€in 2011, which amounts to 31 % variation. That means, within
this period Australian exporters have faced a crucial disadvantage for trades to the
EU when contracts were set in €. The effect of exporters” impaired profit margins
due to strongly variating exchange rates is well known from the trade with hard
coal . With a similar effect, the Canadian dollar per € declined 15% in the
same period with remarkable disadvantages for pellet exporters. As a result, even
North American export prices in CAN-$/t have fallen since 2010 due to the weak
Euro . For the Russian rouble the opposite trend can be observed, with a 12%
increase of rouble per €, which means that purchase prices tied to € became more

profitable.

Exchange rates AUS-$, CAN-$ and US-$ per Euro
2000 - 2012
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=CAN-5 per €
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Figure 5.17: Exchange rates AUS-§, CAN-$ and US-$ per € from 2000 to 2012, monthly data

Source:
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Figure 5.18: Ezxchange rates of Russian rouble per € from 2000 to 2012, monthly data
Source: [108]

Concerning the situation at the EU import harbour, the pellet supply price is deter-
mined by exchanges like APX Endex, which reports the actually set forward market
prices in trades and orders for industrial pellets since beginning of 2008 at the ARA
ports [19](see also Figure as appendix). The CIF ARA price development is pre-
sented in Figure and compared with exchange rates € per US-$ and per CAN-$.
There is correlation between pellet prices and US- and CAN-$, which might result
from Canada and the USA as main pellet exporting countries to the EU. Besides,
a general correlation exists among EU import energy prices traded in US-$, and
among exchange rates in $§ to € [176], which are also used as reference for pellet
trade (interviews according to Appendix . A slight shift between reported and
actual pellet market prices results from the forward trade terms, which means the

price is fixed one month ahead from supply (month-+1).

Price data as for CIF ARA or at other pellet market places serve as reference within
price negotiation between pellet exporters, traders and buyers (interviews accord-
ing to Appendix . These data are significant market indicators, even if the
exchanges as market places have a limited amount of actors [87| due to few large
power companies dominating the EU market. Besides, bilateral trade contracts and

supply agreements between these actors predominate. Furthermore, it should be no-
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Figure 5.19: Pellet price CIF ARA in €/t and exchange rates US-$ and CAN-§ to €
Sources: (pellet prices 2008 to 2012), , (pellet data in 2007 are for the Netherlands)

ticed that the CIF ARA price does not reflect price determination within longer-term
contracts [87]. As shown in Figure [5.20] there is a certain upward trend for both
coal and pellet prices from 2010 to 2011. As found by Alakangas et al.(2012) |86]

and visible here, often a time lag of a year or more occurs between fossil fuel price

hikes and increases in pellet prices because of long-term decisions to switch from

fossil fuel to bioenergy.
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Figure 5.20: Pellet and coal prices CIF ARA in €/t from 2007 to 2012

Sources:
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5.4.2 Modelling 10-year price variations

The price indices discussed in Section serve as indicator for modelling latent
10-year price variations along the three pellet supply chains from Section 3. For

all indices the standard deviation as well as the upward and downward ranges are

calculated and described as percentage of the arithmetic mean, see Table [5.10

Table 5.10: Standard deviation, lower and higher range limits of 10-year historic index values

Index Standard Lower Upper Data

deviation range range source

limit limit
(o) (R-) (Ry)

Wood chipping index 8% 88 % 113% [120]
Australia
Raw material index, logs 6 % 86 % 112% [121]
and bolts, softwood, Canada
Wood product and 9% 94 % 105 % [122]
manufacturing index Russia
Natural gas 20% 75 % 135% [123]
wholesale prices Australia
Natural gas consumer 6 % 87 % 110% [124]
price index Canada
Natural gas consumer 3% 94 % 105 % [125]
prices industry Russia
Exchange rate AUS-$ — € 8% 82% 108 % 108
Exchange rate CAN-§ — € 6% 2% 109 % 108
Exchange rate RUS rouble —€ 13% 3% 124 % 108
Exchange rate US-$ — € 6% 922% 109 % 108
Baltic Dry Shipping index 48 % 43 % 201 % | [126,127
(adjusted to €-equivalents)
EU pellet market price 5% 86 % 112% [19
Freight rate index EU 0.9% 99 % 102% [128
Hard coal EU 32% 57% 159% | [106,115
CO, emission allowances 30 % 0.1% 211 % [129
Basis: 10-year time series of indices based on their annual average values
(5 years Russian data, EU pellet market price and transport EU, 7 years CO,
emission allowances).
Inflation adjusted with national consumer price indices from Eurostat [119]
values are indicated in % of arithmetic mean of historic values

As defined in the methodology (Section , these price variations are integrated
into the respective cost components of the supply costs from assessed case studies
(cp. Section [5.3.1). As a result, the varying supply costs from Canada, Australia,
and Russia (free EU conversion plant) are illustrated in Figure Figure and
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Figure for all chains with natural gas for drying (NG). As shown, the imputed
variations based on the raw material indices are minor. On the one hand, this is
due to the quite low share of raw material costs on total supply costs. On the other
hand, these results show that the existing raw material indicators allow only little
conclusion about the real cost variations for pellet feedstock (cp. Section .
Thus, the issue of actual feedstock market prices will be further discussed in Section
5.4.3  Also minor influence results from the natural gas prices as marginal costs
within the whole supply chain.
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Figure 5.21: Supply costs for Australian pellets to the EU, subject to 10-year price variations

The exchange rate indicates only slight variations between 4 % (o) and 6 % (R..) for
the Canadian pellet supply to the EU. For the other cases a more significant effect
from 5% (o) to 12% (R_) for Australian supply and between 10% (o) and 20 %
(R_-) for the Russian supply chain can be determined.

Varying shipping freight rates turn out to have the strongest influence on prices.
Depending on the share of freight costs for the total supply costs, they cause a price
range of between 17% (o) and 36 % (R, ) for the total Australian and Canadian
supply chain or, due to minor share of freight costs, between 9% and 18 % for the

total Russian supply chain.
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Figure 5.22: Supply costs for Canadian pellets to the EU, subject to 10-year price variations

The EU market price for industrial pellets causes 5% (o) to 14% (R_) variations
in supply costs. With that, it shows only little variation compared to the preceding
price risks, which are integral part of the EU market price. Inland EU freight rates

turn out to have minor impact on supply costs.

The influence of fuel price variations on electricity costs is shown in Figure [5.24] For

the pellet supply prices three different kinds of upstream prices are distinguished:

e Raw material and shipping index,
e Exchange rate fluctuations and shipping index,

e U market price.

The standard deviation of electricity generation costs for burning 10 % pellets and
90 % coal is between 15 and 17 % of the mean costs. As for the pellet supply costs,
the lower and upper ranges of co-firing costs are significantly more pronounced with
30 (R-) to 140% (R4) of mean values. 100 % coal firing (subject to coal and CO,
price fluctuations) can cause higher fluctuations with 22 to 143 % range in the given

period. Consequently, even when only 10 % of fuel input are represented by pellets,
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Figure 5.23: Supply costs for Russian pellets to the EU, subject to 10-year price variations

the fuel price risk can be reduced by co-firing. Beyond, the three kinds of pellet

price composition differ only slightly from each other.
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Figure 5.24: Co-firing costs in EU coal power plant (90 % coal, 10 % pellets) under fuel price
variations (raw material and shipping, exchange rate and shipping, CIF ARA price)
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5.4.3 Simulation of recent 3-year price fluctuations on supply costs

Besides purchases on the spot or forward market, long-term supply contracts over 3
years (or longer) are very common in the industrial pellets market |87, (interviews
. Moreover, in the very young pellet sector, recent market developments have
shown extreme fluctuations within a relatively short time. Therefore, the following
analysis simulates relevant price changes within a 3-year supply period, i.e. the sit-
uation between 2008 and 2011. As the use of natural gas for drying turned out to
have minor influence (cp. Section [5.4.2), only cases with biomass for drying (Bio)
are considered here. For the same reason, EU transport costs are excluded here, i.e.
the supply price at EU import harbour is the reference.

First, the influence of exchange rates on supply costs is described. From 2008 to
2011, the annual increases of Canadian and Australian dollar against Euro caused
a 12% (Canada) to 21 % (Australia) increase of export supply costs. This results
in 8% to 15% increased total pellet supply costs to Europe by 2011 compared to
2008, see Figure and Figure[5.26| In contrast, the Russian rouble was devalued
against the Euro, which resulted in 10 % reduced supply costs for Russian pellets
in 2011, see Figure column B. By knowing that the Australian and North
American pellets export to the EU was strongly affected by exchange rate fluctu-
ations [139,149|, one can approve the evidence by Auboin and Ruta (2011) [178]
that exchange rate volatility has a significant (negative) effect on trade, especially
for differentiated products like pellets. This aspect is supported by the fact that
general imports from these countries to the EU dropped in the strong dollar years

while Russian imports rose [11].

A negative situation as mentioned above can have extreme effects when regarding
the case of simultaneously occurring, positive or negative annual changes: Within
the 2008 to 2011 period, exchange and shipping rates together resulted in a range
of 66 to 157 % of the 2011 base price, with most pronounced ranges for Australian

pellets, see columns B and C in Figures[5.25[5.26][5.27] Thus, freight rates alone can

easily turn supply costs to uneconomic, but also to more profitable values. Increased
raw material costs (D) can effect a 16 to 30 % increase of total supply costs, whereas
this rise is reduced in Canadian or completely compensated in Australian supply,
when the exchange rate falls back to 2008 values (columns E). For Australia, the use
of low cost sawdust could even turn the 2011 supply costs into positive values. In

contrast to these huge variations, the EU pellet import price CIF ARA reflects just
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Figure 5.25: Projection of 3-year changes on supply costs for Australian pellets exported to the
EU

¢ Canada: 3-year changes of supply costs at market conditions
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Figure 5.26: Projection of 3-year changes of supply costs for Canadian pellets exported to the EU
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minor volatility with o = 5% and Ry between 86 and 112 % of total costs within

these 3 years.
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Figure 5.27: Simulation of 3-year changes of supply costs for Russian pellets exported to the EU

A rough comparison of average hard coal supply costs imported to Europe in 2006/
2007 with these in 2011 is given in Figure For approaching the costs for the
year 2011, the variation of exchange rates from 2006 to 2011 is included in projected
2011 costs. As for pellet supply costs, hard coal supply from Australia has become
more costly in €-equivalents, which means less profit margins for exporters. In the
same time, actual freight rates for hard coal shipped from Australia to Europe [132]
have decreased from 41 €/t in 2007 to 14 €/t in 2011, which corresponds to the
trend of the Baltic Dry Index and related shipping rate variations demonstrated
for pellet supply chains. As for pellets, supply costs for hard coal from Russia to
Europe are reduced by the exchange rate difference, meaning less costs for Russian
exporters. The achievable hard coal import costs CIF Northwest Europe for 2007
as well as 2011 show that there is a much higher profit margin than for pellets.

Furthermore, the gap between US-$ as trading currency and export currencies like
AUS-$ and CAN-$, as stated by Ritschel and Schiffer (2007) [89], was narrowed
within the recent years (cp. Section and Figure [5.17). That means, for the
trading currency US-$, profit margins of exporters in these countries were less af-

fected by exchange rates.
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Figure 5.28: Supply costs for imported hard coal from Australia and Russia to Europe for
2006/2007 and projected changes to 2011

Sources:
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5.4.4 Sensitivity against pellet plant operation, raw material prices and

exchange rate fluctuations

As discussed in the methodology (Section , the operating hours of a pellet plant
is a sensitive issue affecting the economics during the production phase. In Figure
the total supply costs for all three pellet origins, subject to variating operating
hours of pellet production, are presented. For all three pellet origins, a similar rise
in production costs is taking place when less annual operating hours can be reached.
Pellet production costs alone are rising by 6 to 7 % when 6000 h /a instead of 8000 h /a
are realised. When the capacity even drops to 4000 h/a, production costs increase
by 12 to 15%. That means, an insufficient utilisation of capacity has immense
economic impacts for the plant operator. These presented relations correspond to
the findings by Obernberger and Thek (2010) [47], who examined the influence of
operating hours on specific pellet production costs in Austria. They state 8000 h as
maximum applicable operating hours per year. According to the increase of pellet
production costs, total pellet supply costs to EU import harbour are influenced and
increase with less capacity used. For 6000 h/a instead of 8000 h/a, supply costs are
3 to 4% higher. 4000 h/a effect a 6 to 9% increase of total supply costs.

Total supply costs influenced by annual
operating hours of pellet plants
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Figure 5.29: Total supply costs influenced by operating hours of pellet production, base value for
calculations = 8000 h/a, value often applied in Europe: 6000h/a
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As analysed before in this Section, raw material prices have a crucial effect on the
total pellet economics. The detailed variations in a -40% to +40% range of base
prices are illustrated in Figure[5.30l When raw material can be purchased to a 20 %
less (higher) price, 5 to 6 % less (higher) total supply costs are effected, while a 40 %
increase (decline) means 10 to 12 % higher (less) supply costs to Europe. For the
pellet producer, 20 % variation means 6 to 10 % higher or less production costs, while
13 to 15 % higher (less) product costs result from a 40 % increase (decrease) of raw
material prices. Comparing the sensitivity results for pellet production costs assessed
by Uasuf (2010) [40] and Obernberger and Thek (2010) [47], similar variations and

trends can be determined.

Total pellet supply costs influenced
by raw material prices
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Figure 5.30: Total supply costs influenced by raw material price changes in percentage of base

prices

The influence of exchange rate variations on total supply costs is presented in detail
in Figure [5.31] While a 5% variation of export country currency to Euro has a 3 to
4% effect on total supply costs to Europe, 20 % exchange rate fluctuation results in
13 to 16 % change and 40 % fluctuations in up to 32 % changed supply costs. For the
respective exporting countries, these effects are of course even more pronounced and
cruicial for the trade economics, when the trade currency or achievable EU import

prices are set, in Euro.
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5.4.5 Concluding risks and related hedging strategies

In this Section, most significant price risks, relevant aspects and respective hedging
strategies — based on the previous discussion (Sections [5.4.1] to and interviews
with market players — are summarised in Table The categories follow the
previously applied supply chain pattern from raw material to conversion and cross-
cutting aspects. Listed aspects and de-risk measures comprise both issues already

implemented and those proposed or in planning.



98

Chapter 5 Results and Discussion

Table 5.11: Price risks and related hedging strategies along international pellet supply chains

Sources: own results from previous sections, supplemented with literature results [1,20, 85, 87,88,
150,174, 178], interviews according to Appendia:

e Suitability of transport,
handling and storage
equipment and facilities

o Sufficiency of storage
capacities

e Quality loss in the

logistics trajectory

frequented routes

e Logistical capacities

e Seasonal access of
inland waterways

e Logistical access to
producer site &
end-user

e Standards on
durability and fines of
pellets

Supply Price risks Relevant aspects Hedging and de-risk
chain and indicators strategies
pattern
Raw e Availability of feedstock | e Supply and demand e Long-term indexed contracts
material in suitable quality, for feedstock in with feedstock suppliers
(just-in-)time, to competing industries e Multiple feedstock sources
certain amount, and to | e Resource potentials e Involvement in resource
reasonable price e Regulatory production
e Price setting among framework e Agreement on price collars
feedstock suppliers e Monitoring of raw ¢ Controlling volumes and
material prices and quality of feedstock
indexes, if available
Pellet pro- | ® Fuel price fluctuations ¢ Raw material and e Preferring long-term and
duction e Investment risk fossil fuel prices upfront supply contracts
e Delays in operation ¢ Financial security e Reduction of production costs
start (equity) e Build aggregation network of
e Operation and e Experienced producers and buyers for
maintenance operation staff and optimised pellet allocation
performance sector networks e Domestic purchase of pellets
as back-up solution
Transport o Freight rate volatility o Global economic o Freight rates concluded with
and e Expensive development freight operators, fixed over
logistics transportation e Use of highly supply period

e Extend storage capacities at
export and import harbours

e Upstream investments
(storage capacity, port
equipment, biomass specific
transportation means)

e Implementation of standards
on biofuel handling, logistics

and storage

continued on next page
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fluctuations

e Shortfall of supplies

e Geopolitical risks
(export taxes)

e Environmental risks
(extreme weather
events, rise or fall of

water level)

experience, number,
size and in time
realisation of
production projects
and shipping
activities

e Quality standards

Supply Price risks Relevant aspects Hedging and de-risk
chain and indicators strategies
pattern
Conversion/| * Prices of fossil fuel e Fuel and CO; price e Minor retrofit costs allow for
End-use (coal) to be substituted development flexible fuelling of co-firing
e CQOy prices e Just-in-time delivery plants, thus low investment
e Storage capacities at of fuel in certain risk
conversion plant quality and volumes e Access to regional biofuel as
e Price setting among e EU energy and back-up
few large consumers emission policy e Approved monitoring of
market prices
Cross- e Economic stability of e Country related e Mix of long-term contracts,
cutting export country economic indicators and of forward and spot
e Market price of pellets e Sustainability market transactions for fuel
aspects and fossil fuels regulations, public supply
affecting e Regulatory framework acceptance e Producer-buyer agreements
the whole e Evolving sustainability | e Exchange rates on price collars (high-low)
supply requirements e Professionalising of e Vertical integration of supply
chain e Exchange rate pellet industry: chain for better control over

volumes, quality and price

e Supply contracts and trading
in US-$ (partly minor
fluctuation and no currency
converting)

e Establishing networks of
producers and buyers

e Financial hedging of
exchange rates, fuel, freight
rates (forward transactions)

e Taking account of risk
margins

e Standardisation of contract
terms, fuel quality,

sustainability
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5.5 Economic and environmental performance of torrefaction-

based supply chains

5.5.1 Parameters of the torrefaction and pelletisation process

Based on the methods described in Section and the investment, capital
and operational costs for a combined torrefaction and pelletisation plant are derived
with basic technology, energy consumption and cost data summarised in Table
For the combination of a torrefaction and pelletisation plant, investment costs and
efforts for operation and maintenance can be remarkably reduced, as the components
belt dryer, grinding, coolers, storage, peripheral equipment and general investments
arise only once. Also, a combined torrefaction and pelletisation plant is assumed to
be operated by the staff, which is required for the torrefaction unit only. Though,
the torrefaction process requires a much higher raw material input (1.25 tq,y input
for 1.0 tqy, output) for producing the torrefaction gas. The investment costs are 11.4
million € for a 40,000 t/a torrefaction and pelletisation plant, excluding guaranties,
liability and profit margin of the plant manufacturer, but including contingency costs
for the development, set-up and the commissioning phase. They may vary between
=+ 20 % depending on legal or operational requirements, the kind of procurement and
the capacities of plant manufacturers and technology providers [92]. Drying the raw
material is mainly fuelled by the torrefaction gas, but requires additional process
heat. The internal recovery of heat by using the torrefaction gas is assumed to pro-
vide 2.7 MW capacity for a 40,000 t/a plant. This value depends on the torrefaction
degree for the product and the moisture content of the input material. By using the
torrefaction gas, the additional heat demand is significantly reduced compared to
pelletising plants only. Though, for raw material with high moisture content (e.g.
55 %), a much higher share of extra process heat is required. Besides the basic as-
sumption of an input-output material ratio of 1.25:1, varying ratios with 1.5:1 and

2:1 are considered in all calculations.

The electricity consumption during fuel production can be reduced as grinding is less
energy intensive for torrefied material. Though, during the pelletising tests it has
been found that much more energy is necessary to densify torrefied material. This
is mainly due to higher temperatures required to activate bonding mechanisms and
due to increased residence time resulting from that. Nevertheless, it has been proven

that pelletising in the laboratory pellet press is technically feasible for the provided
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raw material sample A. The pelletising is possible without bonding agents and can

be realised by higher temperatures to activate the lignin and increased moistening

of the input material. Nevertheless, for industrial pelletisation the required high

temperatures and dust emissions are critical factors [66].

These results comply

with the results published by Wojcik and Englisch (2013) [95] as well as Larsson

(2013) [179] and are taken into account in the cost estimations.

Table 5.12: Comparative technology and cost data for a pelletising and combined torrefaction &

pelletising plant.
Sources: Adapted from [47,92]

Pelletising plant

Combined
torrefaction &

pelletising plant

Production capacity

40,000 t/a (upscal

ed to 120,000 t/a)

Investment costs

3. 74 million €
(9.18 million €)

11.4million €
(27.9 million €)
+20%

Technology

Belt dryer, hammermill,

pellet ring die

Belt dryer, rotating
drum reactor, heat
generator, hammermill,

pellet ring die

Operation &

maintenance

1.8 % of investment costs

4% of investment costs

Other costs (insurance)

3% of inves

tment costs

Required staff

1.25 persons/shift
3 shifts per day

1.5 persons/shift
5 shifts per day

Internal heat recovery

due to torrefaction gas

2.7 MW (8.1 MW

upscaled)
depending on

torrefaction degree

Input-output mass ratio

1.01:1

1.25:1 (1.5:1, 2:1
considered as possible

variations)

Final product
NCV (based on defined

moisture content)
Bulk density
Moisture content

Wood pellets
4.9MWh/t (17.7 GJ/t)

650 kg/m?
<6 % mc

Torrefied pellets
10 % increase:

5.5 MWHh/t (19.9GJ/t)
705 kg/m?
<4 % me
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5.5.2 Logistics and transportation in torrefaction-based supply chains

The storage tests with 4 t torrefied pellets [97] allow first findings on the handling of
the material currently available on the European market. After a 4 month storage
period, a layer of about 50 cm material from the surface of the pile was completely
decomposed and wet. The consistency of the material was loose, crumbly and very
similar to flower pot soil. In contrast, samples from inside the pile shows torrefied
pellets in their original condition. The transition area between wet and dry material
was characterised by a 10 cm layer of pellets contaminated by molds [3,97]. Very
similar storage results have been reported by an anonymous operator of a torrefac-
tion and densification pilot plant.

As a result of these existing storage tests with available pellet samples purchased
from the European market (see [3,97]), it is concluded that these torrefied pellets
have limited hydrophobic properties. Thus their suitability for uncovered outdoor
storage is limited, and they are assumed to require the same means for transportation
and logistics as conventional wood pellets up to conversion plant. This corresponds
to the statement of two interviewed biomass traders and actors (interviews accord-
ing to Appendix . This assumption is based on the fact that in the market
development phase no specific logistic means are available for torrefied pellets, and
the volumes, capacities and frequency of transport routes will be the same as for
conventional pellets. Possibly, the inner part of a big storage pile might still be used
for combustion purposes. Analyses by Wielen et al. (2013) [53] have shown that
the mechanical durability of the torrefied pellets was on average lower than those
of corresponding reference fuels. Both of these latter aspects should be subject to
further storage and fuel characteristic analyses and cannot be further issued in the

present study.

5.5.3 End-use of torrefied pellets

As defined in the Methods Section the torrefied pellets are considered for a
10% co-firing in a 800 MW, coal power plant without major adjustments. That
means, storage site, hammermill, fuel input and combustion unit of the coal plant
are assumed as suitable for handling, feed-in and firing the torrefied biofuel without
any major changes in equipment or any losses in capacity and utilisation of the

power plant.
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5.5.4 Costs along torrefaction-based supply chains
Production costs for torrefied pellets

The torrefaction relevant findings from the technical process and cost assumptions
are transferred to the conventional pellet supply cases as described in Section [5.3.1]
and displayed in economic terms in Figure[5.32l As shown, the production process for
combined torrefaction and pelletisation is 25 % to 94 % more cost-intensive than this
for pelletisation only, when considering input-output ratios between 1.25:1 and 2:1.
Most costs are associated with the cases with high biomass input, as raw material is a
major cost component. Another relevant cost component are the higher capital costs
for the torrefaction process. Instead, heat costs can be reduced when the torrefaction
gas is recovered and used for drying. When the investment costs are variated (see
error bars in Figure [5.32), a 5% reduction or increase of production costs can be
achieved. Nevertheless, these cannot outweigh the general higher specific production
costs for torrefied pellets.

The estimated investment costs and share of operational costs comply with the costs
estimated for the Dutch Ministry [180] and those estimated by Uslu et al. (2008) |24],
taking into account a risen value due to average inflation rate. KEstimations for
the International Energy Agency Bioenergy Task 32 for a 100,000 t/a 23] and by
Svanberg et al. (2013) [69] for a 200,000 t/a torrefaction & pelletisation plant result

in similar costs, considering an upscaling of technology capacities.

Costs for logistics and transportation

As a result of existing storage tests (see Section [5.5.2), for the cost estimations it
is assumed that torrefied pellets should be handled, transported and stored similar
to wood pellets. Concerning the increased net calorific value of torrefied pellets
compared to conventional ones, two main conclusions are made. First, due to higher
bulk density, the supply costs during train and ship transportation can be decreased
(-9% for torrefied pellets with 5.52 MWh/t NCV). For truck transport (relevant
for delivery of premium pellets in specific pellet silo tank trucks), no advantage in
terms of bulk density is expected as the transportation capacity is limited by weight
(as designed for conventional pellets). Second, the supply costs per energy unit are
reduced as the energy density of torrefied pellets is 10 % higher. Furthermore, other
logistic processes such as (un)loading are operated as for conventional wood pellets

in the corresponding quality.
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Production costs of pellets and torrefied pellets
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Figure 5.32: Costs for producing torrefied pellets vs. conventional pellets for the considered origin

countries; error bars indicate the impact of 20 % higher or less production costs on total costs

The resulting transport and logistic costs are shown in Figure [5.33] Corresponding
costs are reduced up to -15% for most torrefied pellet chains. Supply chains with
longer distance from pellet production to end-user have relevant cost advantages.
For long-distance transport from Australia or Canada to Northwest Europe most

cost reduction can be realised with torrefied pellets.

When summarising (torrefied) pellet production and transport & logistics, torrefied
pellets turn out to be still more expensive than conventional pellets, as shown in
Figure5.34] When supplied to an end-user in Europe, the considered torrefied pellet
chains are not competitive to conventional ones in terms of energy density and when
assuming the same utilisation option of both biofuels. These findings are in line
with economics assumed by Koppejan (2012) [23], but are in contrast with early
publications on torrefaction economics by Bergman (2005), Uslu et al. (2008) or
partly Svanberg et al. (2013) ,, which assume much more favourable fuel

characteristics and thus advantages in processing, logistics and end-use.

End-use costs

When 10 % pellets fuel is co-fired in a coal power plant, the use of torrefied pellets
results in slightly lower electricity production costs compared to wood pellets, which

is due to less capital and operation costs during conversion. The respective cost
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Transport and logistic costs of pellets and torrefied
pellets in € MWh fuel
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Figure 5.33: Costs for transport and logistics of torrefied pellets vs. conventional pellets for the
considered origin countries; error bars indicate the impact of 20 % higher or less production costs

on total costs
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Figure 5.34: Costs for both production and supply (transport and logistics) of torrefied pellets
vs. conventional pellets delivered at end-user; error bars indicate the impact of 20 % higher or less

production costs on total costs
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composition is illustrated in Figure [5.35] Here, even torrefied pellets with high
input-output ratio (2:1) can be advantageous compared to conventional ones, as

shown for Australian pellets.

Electricity production costs for 10 % co-firing of pellets
and torrefied pellets in a coal power plant

u CO2 allowances

m Additional O&M
costsdue to co-

.CE firing
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Figure 5.35: Electricity production costs for co-firing torrefied and conventional pellets in a coal

power plant; error bars indicate the impact of 20 % higher or less production costs on total costs
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5.5.5 Environmental balance for torrefaction-based supply chains

The environmental balance for supply chains with torrefied pellets is based on the
input parameter as described for the process parameters of torrefaction-based supply
chains (see Sections to[5.5.3). It is described for the use of biomass residues as
input material only, which is the most common resource for pellets. For direct com-
parison of the performance of torrefaction-based chains, they are directly opposed

to the corresponding cases for conventional pellets.

As presented in Figure [5.36] the direct fossil energy consumption is less for most
torrefaction-based chains compared to conventional pellet chains. This is mainly due
to biomass as input material and process fuel, which is not associated with more
fossil energy demand. In total, up to 6 % fossil energy can be saved, especially in
those chains with less moisture content of the raw material (Australian and Canadian
torrefied pellets to Europe). Due to higher raw material supply efforts and increased
electricity requirements during the production of torrefied pellets, the share of fossil
fuel consumption is higher in these phases. In contrast, the fossil energy consumed
during shipping is reduced, because of the higher energy density and therefore higher
capacity utilisation of vessels. This advantage makes Australian as well as Canadian
torrefied pellets shipped to Europe slightly advantageous against conventional ones.
In contrast, Russian torrefied pellets benefit less from this advantage and have a
slightly higher fossil energy balance than conventional pellets. For Australian and
Canadian pellets, an input-output ratio of 2:1 means that approximately same levels
as for conventional pellets are reached. The fossil energy balance can be much worse
for torrefied pellets, when natural gas use is increased or raw material supply is

associated with higher biomass production or longer transportation efforts.

The primary energy consumption of torrefaction-based supply chains is at least 10 %
higher than this from conventional pellet supply. This balance results from the higher
biomass input ratios during the production of torrefied pellets compared to those
of conventional ones. The associated primary energy demand cannot be outweighed
by the heat recovery of torrefaction gas for drying, the higher energy density of the
produced biofuel, or higher efficiency during transports. In those chains with higher
input ratios (1.5:1 and 2:1), the production processes are characterised by even higher
primary energy uses. When considering 2t input material for 1t produced torrefied
pellets, the primary energy demand is around 200 % higher than for conventional
pellets. Comparable energy balances for torrefaction-based supply chains are not

available.
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Figure 5.36: Direct fossil energy consumption of torrefaction-based and conventional pellet supply
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The greenhouse gas emissions along torrefaction-based supply chains are approxi-
mately on the same levels as conventional pellet chains, see Figure 5.38] During the
production process, more biomass input is required. This results in slightly higher
GHG emissions. These emissions can be compensated by higher transport efficien-
cies during long-distance shipping (as described for fossil energy consumption). The
transportation advantage is less for Russian torrefied pellets to Europe. Here, the
higher production efforts cannot outweigh the benefits during transport. The emis-
sion balance approximately corresponds to the results by Chiueh et al. (2012) [68],
when considering the different framework conditions of assumed biomass supply

cases.
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Figure 5.38: Greenhouse gas emissions of torrefaction-based and conventional pellet supply chains

When converted in a coal co-firing plant (see Figure [5.39)),Canadian torrefied pellets
emit 1 to 5% less upstream GHG emissions than conventional pellets. Russian
torrefied pellets are associated with up to 16 % higher emissions and achieve no

advantage compared to emissions in the corresponding conventional pellet chains.
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GHG emissions of electricity from pellets and
torrefied pellets

mkg
CO2eq/MWhel
BE/UK

mkg
CO2eq/MWhel
DE

kg

CO2eq/MWhel
AT

wood | torrefied | torrefied | torrefied | wood | torrefied | torrefied | torrefied | wood | torrefied | torrefied | torrefied
pellets pellets | pellets | pellets pellets | pellets | pellets | pellets
(biomass)|(biomass) (biomass)|(biomass)|(biomass)|(biomass)|(biomass)|(biomass)
: 21 1.25:1 151 21 1.2511

from Australia from Canada from Russia

Figure 5.39: GHG emissions from electricity of torrefied and conventional pellets
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5.6 Summary of market and policy impacts on international

pellet supply chains

5.6.1 Co-firing subsidies for imported pellets

The present analysis demonstrates that energy balance and CO emissions strongly
depend on the individual supply chain design. This is clearly demonstrated by as-
sessing the supply chains from Australia, Canada, and Russia in Section [5.1, When
using renewable energy for the operations and choosing low emission transportation
modes, imported pellets can have a very favourable energy and CO, footprint, even
with long distance trading. Less favourable chains with high fossil fuel consumption
can cause an upstream energy consumption up to half of the pellets energy content.
The use of primary biomass like plantation logs has a minor effect on the fossil
energy and GHG balance, but choosing roundwood for pellet production leads to
doubled emissions. When applying the Flemish co-firing support model as available
in Flanders, the financial gap in Germany could be reduced from 3.6 (without fund-
ing) to between -2.6 and 2.7€-Cent/kWh,. For Austria, the financial gap could
be reduced from 4.1 to between 3.3 and -2€-Cent/kWh,, with Russian (biomass)
pellets the most advantageous. Under the UK’s RO system, the financial gap would
be between -0.9 to 1.8€-Cent/kWh, in Austria and Germany. This system has a
contrary effect when pellets are made of energy crops, which obtain the most ad-
vantageous revenues. As a result of the subsidy analysis in Section [5.3.2] pellets
transported from Australia to Europe and dried with natural gas are not profitable
under the Flemish co-firing support. Under the UK’s RO support, long distance is
still financially viable when biomass is used for drying the pellets. It can be even
more a cost-effective option when biomass comes from higher granted energy crops.
This is already adopted in biomass power plants fed by overseas plantation wood
like power stations in the UK [181]. In turn, relatively low energy consuming chains
like from Russia and those with high renewable energy input become more profitable
when applying the Flemish subsidy scheme. Though, the supply from Russia has no
advantage against longer distance supply with energy crops in the UK. The results
show explicitly that the design of co-firing support effectively influences supply chain
decisions. So, the available biomass sourcing options will be allocated to the best
suitable support systems.

Furthermore it is shown that, in comparison to different renewable production costs

and subsidies as well as CO, mitigation costs, co-firing is a cost-effective option to
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produce renewable electricity even without or relatively low incentives.

Thus, co-firing is one of the cost-attractive solutions to reach the EU 2020 targets
and can be even attractive for countries with no or less co-firing support.

Finally, it should be noted that the current EU emission accounting does not consider
changes in the carbon stock or (in)direct land use during biomass production, which
is a general weakness of the existing system. Comprising these effects, researchers
like Zanchi et al. (2010) [182] found that, in the long run, specific biomass feed-
stock can effect even higher greenhouse gas emissions than coal, e.g. when dedicated
tree fellings occur or land is converted for bioenergy purposes. Also, the combus-
tion of biomass is only COg-neutral, if the same amount of biomass regrows in the
same period on global scale. In this regard, sourcing options as well as the present
EU emission accounting system have to be treated carefully. However, Zanchi et
al.(2010) [182] did not consider positive effects from fellings or good land manage-
ment practices. A comprehensive evidence of carbon balances for wood production
can be found in publications by EEA (2011) [104], Mitchell et al.(2012) [183] and
Nabuurs et al.(2008) [184]. One approach might be to give priority to energy produc-
tion from biomass residues (as analysed under the ’standard’ biomass cases), except
if those are needed to sustain soil fertility. Also, acknowledged certification systems
as accredited by the Forest Stewardship Council require forest management prac-
tices, which should maintain or restore carbon stocks. Being aware of the need for
certification, electric utilities are already used to purchase certified biomass, which
should origin from integrative forest management practices.

However, a desirable future approach should end up in a common accounting and
certification policy, which should consider these aspects thoroughly. Finally, a cer-
tification scheme should avoid a discrimination in bioenergy use as discussed by
Pelkmans et al. (2012) [185], but enhance sustainable sourcing and utilisation op-

tions.

5.6.2 Price risks in the pellet supply chain

The price risk analysis demonstrates how highly volatile market prices influence
pellet supply costs. When considering a 10-year period and individual price effects,
ocean freight rates affect fluctuations between -17 to +36 % of total supply costs.
Regarding exchange rates of the export country’s currency to Euro, Canadian pellets
costs can vary up to =6 %, Australian pellets up to -12% and Russian pellets up
to -20%. By now, these fluctuations are not fully represented by the EU import

market price of pellets, which varies between -14 and +5 %. Other impacts as from
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natural gas as drying fuel during pellet production or the EU transport price indices
are negligible.

Simulating a 3-year supply period between 2008 and 2011, the strongly increased
dollars to Euro resulted in 12% (Canada) to 21 % (Australia) higher export costs
in € and up to 15% higher total supply costs to the EU, whereas Russia has faced
a 10 % reduction of supply costs due to stronger Euro to rouble. When annual
exchange and shipping rate extremes occur simultaneously, supply costs can vary
from -34% to +57%. Also, prices for more expensive feedstock assortments can
easily lead to a 16 to 30 % rise of total supply costs. Contradictorily, these actual
market fluctuations are not yet reflected by the final EU pellet market price. It has
to be considered that the period under observation overlaps with the recent global
economic recession with strong market fluctuations in many sectors. Nevertheless,
or exactly because of this, great importance should be attached to possible strong
fluctuations in these global market activities.

In respect of the high, individual price fluctuations in the pellet supply chain, both
pellet buyers and producers have to de-risk financial exposure and must take a set of
contractual provisions. Besides obligatory hedging of prices by large utilities, de-risk
strategies are mainly based on personal branch knowledge and individual agreements
between biomass producers, traders and buyers. A mix of longer-term and short-
term contracts — agreed with several producers (buyers) from different countries
— is one of the key measures to de-risk international pellet supply (see Sections
. Anyway, some market actors guess that extreme fluctuations, as occurred
in the Australian dollar - Euro exchange rates, can hardly be hedged (interviews
according to Appendix . Even when long-term contracts exist, the risk remains
that counterparties - especially smaller producers - cannot compete the new market
situation after the contract has expired. Also in terms of occuring fast policy changes,
a diversification of both various sourcing options and allocation of pellets to different
end-use alternatives and locations has proven to be a wise strategy for pellet market

actors.

5.6.3 Advantages of torrefied pellet supply chains

According to the present state of knowledge and present results, there is evidence
that torrefied biomass has suitable properties to be processed and used as biofuel in
existing conversion technologies, especially in large-scale robust combustion plants

(see Sections and [5.5). The economic comparison has shown that the pro-

duction phase for torrefied pellets is much more expensive than for conventional



114 Chapter 5 Results and Discussion

ones, even for larger-scale plants and minimised investment costs. However, when
combusting the fuel without major retrofit efforts on the plant, resulting electricity
costs can be slightly less than those for co-firing conventional pellets. The produc-
tion costs for the pretreatment phase are much higher for torrefied pellets, but these
can be partly compensated by reduced transport and logistics costs. At the end-
user, the delivered torrefied fuel is still more expensive than conventional pellets.
Economic investigations for Sweden have shown that upscaling torrefaction plants
(to more than 120,000 t/a) could result in cost-effective production [69]. Though
the present findings indicate that the conversion costs for industrial torrefied pellets
are on the same cost level as of industrial wood pellets. The environmental balance
for torrefied pellet chains is generally less favourable than for conventional pellet
chains, because of higher energy inputs during the production phase. Nevertheless,
the GHG upstream emissions and the fossil fuel demand can be more advantageous
than for conventional ones. This advantage requires the use of biomass residues as
input material and fuel, a favourable energy balance during fuel production, and
higher transport efficiency due to increased energy density of the fuel. Final techni-
cal evidence of these favourable aspects have to be proved yet in demonstration and
industrial-scale applications.

As a result of the economic and environmental assessments, it can be stated that
torrefaction offers certain opportunities to replace or complement conventional wood
pellet production and supply. With that, torrefied pellets turn out to be a certain
alternative particularly for industrial wood pellets. However, compliance between
the certain fuel quality and the requirements of the conversion plant has to be en-
sured. First steps therefore are made in frame of the draft ISO 17225 standard for
graded torrefied pellets [54]. But still results for large-scale test series and standard-
isation are required for safety issues, hydrophobicity, processing, handling and the
combustion behaviour of torrefied biomass.

A key factor for the success of torrefied biofuels is a continuous operation of industrial-
scale torrefaction plants and thus their still pending market introduction with rel-
evant tradable amounts on the market. Only then, evidence can be given on the
real operating conditions during fuel production, on related energy balances and
consequences for their processing and logistics in the supply chain. These technical
aspects and respective business models will be crucial to define their position on the

biofuel market.
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5.6.4 Decision making aspects for international pellet supply options

In summary of the handled topics, crucial decision making aspects can be determined
for international pellet supply options. The perspective is different for the various
stakeholders involved in the supply chain. That is why these aspects are focussed
on the view by European biomass consumers (energy utilities, end-users, importers,
policy makers), who are searching for suitable international sourcing options. Con-
cluding results are summarised in Table 5.13| The findings are demonstrated in a
generalised form and can be applied as support to mobilise different biomass assort-

ments, chosing suitable sourcing countries and trade routes.
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Table 5.13: Decision making aspects for international pellet supply options with emphasis on

economic viability and supply security from a European consumer’s point of view

Supply Beneficial features and targeted steering of biomass supply
chain chains
pattern
Exporting | ® Plenty of low-cost biomass available, preferably from residues not in competition
country with food, feed and fibre industry
e High future biomass potential from various sources and from different producers
e Low domestic demand for biomass
e Low specific production costs for biomass and pretreatment options
e Implementation of sustainability certification for biomass production valid in the
importing country
e Standardisation and quality assurance for biofuels (starting from production to
end-use)
e Economic stability of the country
e Experienced, skilled and linked biomass actors (biomass producers, harvesting
contractors, technology providers, pellet plant operators, logistic experts,
biomass associations)
Transport | ® Well developed infrastructure specialised on pellet handling and storage
and e Relevant volumes to be handled and shipped between biomass producer and
.. end-user (economies of scale)
logistics o
e Long-term shipping contracts
Importing | ® High prices for fossil and COy certificates to be substituted
country e Subsidies available for biomass use, stable over given period
e High domestic demand for biomass
e Available market places/ exchanges/ data monitoring for biomass
e Low availability of local biomass (though certain regional biomass quantities
should be secured as back-up solution)
e Storage capacities for biomass
e Social and political acceptance of bioenergy
End-use e Allocation of various biomass qualities and volumes to suitable end-utilisation
options with highest added value
e Efficient conversion of biomass to high quality and high value product
Contractuall ® Long-term supply contracts
terms e Bilateral contracts or consortium agreements between supply chain actors
e Indexing and price collars for sensible cost items
between

supplier &

consumer

e One trading currency for the whole supply chain
e Vertical integration of supply chains
e Biofuel quality, handling and fuel properties for end-use meets European

standards
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Conclusions and Outlook

6.1 Environmental impacts of long-distance pellet trade and

policy driven sourcing options

Imported and co-fired pellets are an attractive fuel for producing cost-effective renew-
able electricity and mitigating CO, emissions even when sourced over long distances.
They offer an effective opportunity to quickly raise the share of renewables in the
EU energy system. Nevertheless, in terms of effective sustainability, the assessment
for biomass should follow a more integrated approach, as indicated in Section [5.6.1]
taking into account aspects like carbon stock change and good land management
practices. The assessment of the three supply chains has shown that a sustainable
supply chain is characterised by a high share of renewable energy, high efficiencies
and reduced carbon intensive fuels (using biomass for drying, train or vessel trans-
portation in large volumes instead of truck, electricity generation mix). The distance
itself is not a crucial factor (see Sections and [5.2)).

The preceding analyses show that the co-firing subsidy systems in Belgium and the
UK have a high significance when only supporting the less energy or carbon intensive
supply chains. They could set the direction towards subsidy schemes for imported
biomass in other inland countries like Austria and Germany, and not for industrial
use only. Besides, the requirements of subsidies have a relevant effect on the actual
sourcing options allocated to the countries. In this way, even import chains with
higher emissions can be favoured in the UK when energy crops are used. In turn,
the Flemish system has no biomass preference and grants most green certificates to
the lowest fossil upstream energy use.

Co-firing subsidies are definitely a driver for use of imported biomass, which might be

one of the few possibilities for countries with few land area to reach their renewable
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energy targets. Nevertheless, considering the current European energy consumption
still characterised by heat demand, for the overall energy system a more sustain-
able option remains locally sourced biomass for heat generation and other highly
efficient end-conversion options. Policy makers should respond to the options with
least overall environmental impact. They should make use of the power of their
subsidy instruments and direct sourcing options towards most sustainable biomass

production to end-use.

6.2 Arguments for the efficiency of subsidies for imported biomass

Considering the large amounts of co-fired biomass in Belgium, co-firing subsidies as
market instrument turn out to be efficient and an important driver to use biomass.
For electric utilities, choosing supply regions in closer proximity could be an ap-
proach for getting higher grants. This system is somehow consequent in terms of
reducing the use of fossil fuels, but for the destination, Belgium delimits the utili-
sation of pellets offered on the market. First of all, the choice of the supply chain
will highly depend on where, how much and at which costs biomass is actually
available (see [20,186]). Also, the assessments show that biomass sourced from
intra-continental trade is not necessarily the best economic choice. It can even be
uneconomic under the co-firing support schemes, e.g. when transported by truck.
Furthermore, biomass support schemes should be reconsidered carefully regarding
the use of primary biomass such as roundwood or biomass from plantations.

Co-firing in inland countries like Germany and Austria is a competitive option con-
sidering the much lower production and CO, mitigation costs compared with other
renewables. With a financial gap of 3.6 to 4.1€-Cent/kWh,, co-firing is still more
expensive than in countries with dedicated support. When aiming at a significant
and low cost solution for increasing the share of renewable electricity, co-firing is
a very good option for policy makers as well as electricity generators for fulfilling
their renewable energy targets even without financial support. Biomass co-firing
is just one current example for economic use of imported pellets. Within the next
decades, more coal-fired plants could be closed in Europe [187|. Consequently, facing
the relatively low conversion efficiency in power plants, more efficient technologies
and resulting energy products with even higher added value should be considered
for (industrial) pellet use. Yet, quality management and control according to valid
European standards are increasingly leading to premium pellet imports to Europe,

which can be used in highly efficient biomass boilers and stoves.
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Finally, the investigations have shown that policy can effectively foster the process
and attract sustainable import chains by introducing subsidy schemes as in the UK
or in Belgium. Another influencing factor for co-firing (or in general for energy con-
version) are the prices for coal (fossil fuel) and CO allowances, which are still too
low for making pellets a directly competitive fuel. But in turn, imported biomass
can become cost-competitive against regionally sourced biomass, especially when
the latter is getting scarce (interviews according to Appendix , or compared
to residential fossil fuels (heating oil). In this way, the present findings are impor-
tant beyond the EU’s co-firing market. When transferring the results to the big
residential market and its increasing biomass imports, respective subsidy schemes
or charges for imported biomass with unfavourable environmental footprint could

contribute to fulfil the EU’s energy target in an even more sustainable way.

6.3 Price risks and de-risk strategies in pellet supply chains

Total pellet supply costs are mostly affected by freight rate volatility, the EU mar-
ket price, exchange rate variations and actual changes in the raw material prices.
The exporter’s share can be affected even harder by exchange rate variations when
selling in a foreign currency. Nevertheless, volatility of fossil fuel prices is much
stronger, and pellets can even slightly reduce it during co-firing. Also, due to easy
substitution by coal and minor retrofit efforts, co-firing for electric utilities can be
seen as a relatively riskless way to produce renewable electricity.

Pellet prices vary between -20 % and 36 % in a 10-year-period when considering the
influence of individual price risks on the final supply costs. Recent price variations
occurring simultaneously in the 3-year period 2008 to 2011 (exchange rates and ship-
ping freight rates) were significantly higher with variations from -34 % to +57 % of
a given base price. Main causes are the exchange rate and ocean freight rates in the
last few years. In contrast, the achievable EU market price for imported pellets is
far less subject to fluctuations. The recent experience has shown that pellet coun-
terparties can easily succumb this high uncertainty along with competition and fail
on the market. Another result is that 10-year price developments — in contrast to
the 3-year examinations — hardly reflect critical risks, which occur in the meantime
and can determine the success or failure of a supply project.

As for fossil fuels, pellet supply contracts include a number of provisions with fixed
prices, inflators, specific index-based price adjustments or collars. Large market

players occasionally use their access to currency, freight and fuel financial hedging.
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Besides that, supply agreements are mainly made bilaterally directly between pro-
ducers and traders or buyers. In this way, deep branch knowledge and personal
experiences drive decisions in the complex biomass market. For instance, freight
rates are generally fixed between pellet buyers and vessel operators, thus the price is
effectively uncoupled from the market over this period. Besides, pellet buyers follow
the strategy to diversify supply contracts and use a network of producers from dif-
ferent economies, thus the risk of extreme exchange rate variations is reduced. Vice
versa, pellet producers should diversify their sales markets. Exclusive, even price
fixed supply from one producer to one end-user bears high price risks when market
prices have prohibitively changed after that period.

Exporting countries with developed pellets market benefit from specialised produc-
tion and logistics. This allows market actors to jointly offer larger volumes to the
market, to flexibly re-allocate supply and thus to stabilise prices. For suppliers, also
regional, neighbouring or closely linked trade markets should be considered as this
avoids both expensive and volatile transportation efforts and risks connected with
exchange rate fluctuations. With growth of the global pellet market, a vast pool of
pellet producers and buyers is expected to allow for better allocation and thus to
economics and stability of pellet trade. These networks together with monitoring
of market and price developments will strenghten confidence and reliability in the

supply and thus can effectively contribute to increase the use of sustainable biomass
in the EU.

6.4 Perspectives of torrefaction-based supply chains

For torrefied biofuels available on the Furopean market, there is still no or only little
advantage in economies from production to end-use, compared to conventional bio-
fuels. However, even if the primary energy demand is quite high, the fossil energy
and GHG balance during pretreatment can be favourable when biomass residues
are used and the energy density of torrefied biofuels is increased. In this regard,
the environmental impacts can be less than for conventional biofuels after long-
distance trade. Nevertheless, a lot of technical and scientific questions are still not
answered sufficiently: The relative advantage of torrefied biomass over conventional
biomass has to be demonstrated, especially the higher energy density, connected
with a favourable energy balance along production and the whole supply chain.

For market implementation of torrefied biofuels it seems important that industrial-

scale plants are realised and economic efficiency can be demonstrated in real opera-
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tion. Here, evidence should be provided that technology and economies are viable.
The success of torrefaction also depends on pioneer plant operators, who can demon-
strate this. From a big utility’s point of view, industrial-scale volumes from several
producers are required to have reliable supply of the fuel (cp. Section .

If the mentioned benefits of torrefied biomass exist, torrefaction can play a strong
role for the biomass trade with standardised torrefied biofuels, e.g. for torrefied bio-
fuel from low quality biomass produced in North America, shipped to Europe and
used in suitable applications with high added value for the end-user. Nevertheless,
torrefied biomass will very likely depend on favourable feed-in tariffs and other sub-
sidy schemes for replacing fossil fuels in energy conversion plants.

Considering common lead times for research and for project realisation, it seems
that torrefaction will play a marginal role only for achieving the EU’s 2020 energy
targets. Rather, torrefaction can gain importance for the EU’s longer-term energy

strategy.

6.5 Need for future research and biomass supply chain investi-

gations

The scientific analysis of biomass supply chains and market activities demonstrates
a considerable challenge. First, the biomass market is very complex and is charac-
terised by interactions of numerous branches and actors with different background
and interest. Second, the biomass market is quite young and underlies continuous
changes. Resulting from that, data are scarce or not available for many market
aspects. Many various drivers exist for investing in biomass projects and for in-
creasing the use of biomass. In this respect, quite diffuse questions are, what drives
and determines a certain investment decision and what makes biomass sustainable
and efficient in economic and environmental regards. While this thesis found an-
swers to some issues related to determining a biomass sourcing and supply option,
other research questions are still open.

Related to the environmental impacts of biomass supply chains, further research is
required on comprehensive emission accounting and suitable certification systems
for (forest) land management practises. These systems should take into account
carbon stock balances, land use changes, as well as quantitative and qualitative sus-
tainability aspects for land management to end-use. For using available co-firing
subsidies, more use of alternative biomass such as innovative energy crops produced

on marginal land, biowaste fractions and agricultural and industrial residues should
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be taken into account. Also, even if globally sourced biomass is economic, regional
or intra-continental supply should be the policy priority. Finally, new sustainable
sourcing options will be of high importance facing the worldwide increasing demand
for biomass. With less environmental impact and less costs for raw material, energy,
CO4 balances and supply costs could be optimised. This should finally result in a
better performance in receiving co-firing support and in cheaper production costs

for renewable electricity.

For further investigations of the price dynamics in the pellet supply chain, deep
sector-specific knowledge, setting up indices and continuous price monitoring are
necessary to observe the highly complex, interconnected market and to avoid risks.
In this way, the biomass market would be opened up to nonspecialists too, which
could release more investments into the sector. Anyway yet, the pellet market is
professionalising with a growing number of experienced market actors and increas-
ing investments in production and logistics (interviews according to Appendix .
Thus, further investigations and monitoring in the field of feedstock prices and the
pellets market, analysis of and free access to FOB prices (prices at export harbours)
are desirable. The development and observation of pellet related price indices on

country level could foster confidence in newly emerging markets.

In terms of torrefied pellets, further investigations are necessary to define the fuel and
combustion properties and particularly reliable data on the full torrefaction energy
and mass balances from different producers and different kinds of origin biomass.
Emphasis should be laid on optimising the whole production and supply chain for
low-cost raw material and above all biomass residues. The specific combustion be-
haviour of torrefied fuels in large-scale conversion plants still has to be verified by
scientific data. As result of the current findings, more research and development
should be dedicated to define optimal parameters for producing torrefied biofuels
with higher energy density at favourable energy and mass balances, higher durabil-
ity and better hydrophobicity. Connected to that, there is also need for a common
definition of the torrefaction degree and quality standards for torrefied pellets con-
nected with their specific uses. FEconomics for torrefied biomass have to be proven
for industrial plants in operation. Moreover, the technical feasibility for pelletising
high quality torrefied fuel should be further investigated, above all in terms of re-
quired temperature, residence time, operational safety and life time of equipment.

The specific costs for supply and handling of torrefied biomass can be determined
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once relevant volumes are produced and traded on the market.

Concerning the co-firing of torrefied pellets, important decision factors for their use
are the production in commercial volumes and a competitive market price, which
can be proven when commercial production starts. The total energy input in terms
of primary energy demand during production of torrefied biofuels is particularly
high. Though, with increased energy density of the fuel, the fossil energy and CO,
balances could be improved and therefore mean a better performance in receiving

co-firing support or considering new sourcing options.

Besides the considered chains, there are a lot of other promising biomass produc-
ing regions such as Latin America or Africa, which should be considered further in
specific studies in order to satisfy the growing demand for biofuels. On the other
hand, it should be stated that the extension of biomass sourcing from regional origin
should always be the optimum for environmental and energy policy makers. Never-
theless, the present analyses show that even biomass supply options from the other
side of the globe can be economically and ecologically competitive to alternatives
from closer origins. In this respect, the economics, sustainability requirements, and
the reliability of biomass sourcing should be proved for other emerging biomass

producing countries.

6.6 Concluding summary and policy recommendations

Main aim of this thesis is to investigate the economic influences on pellet supply
chains in terms of environmental policies and subsidies and price risks along the
supply chain. Furthermore, perspectives of the effect of torrefaction pretreatment
on pellet supply chains are given. These analyses follow a case study approach in
demonstrating the various effects on three real-case pellet supply cases: Australian
pellets from plantation wood as well as Canadian pellets and Russian pellets from

sawmill or forest residues shipped to Europe and used in co-firing coal power plants.

The present investigations give insight into the global biomass market developments,
the driving forces of both exporting and importing countries and into the market
dynamics within the supply chain. As intracontinental, but also worldwide trade
with biomass is increasingly growing, this thesis provides insight and supports in

understanding of the complex pattern of biomass market and its actors. The results
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are applicable for a large part of global and regional biomass markets and actors
and can be transferred to other target areas such as premium pellets or emerging
advanced solid biofuels. Particularly, for both biomass end-users and policy makers,
the findings give a valuation basis to chose the right biomass sourcing options, to
consider specific aspects (e.g. exchange rate volatility) and thus to help avoiding
misconduct. Consequently, biomass actors can benefit from concrete guidelines on
how to deal with concrete risks in the biomass supply chain and how to enhance

security of prices and supply.

During the environmental analysis, the energy and carbon footprints of pellet im-
ports from Australia, West Canada, and Russia for co-firing in Europe are inves-
tigated. Their ecologic and economic performances are proven by applying the
Belgian and UK co-firing subsidy systems, which require dedicated sustainability
evaluations. Based on the modelling of different subsidy schemes and price sce-
narios, the investigations identify even favourable conditions for the use of biomass
co-firing in Germany and Austria, which currently do not have dedicated co-firing
incentives. The findings show that under present conditions, co-firing has a narrow
financial gap to coal with 4 to -3 €-Cent/kWhg and has low CO, mitigation costs
compared to other renewables. Moreover, it is shown that co-firing together with
related subsidies is one of the most cost-attractive options to reach the EU targets
for 2020. For policy makers, the support of co-firing is found to be very efficient in
terms of cost-benefit ratio. Also, co-firing allows energy producers to achieve large
amounts of renewable electricity in short time, even if the conversion efficiency is
often far below those of other utilisation options such as modern residential heating
systems. Besides, the investigations have proven that the biomass subsidy schemes
might direct supply chain decisions towards options with low energy and carbon
impacts as shown for the applied policy schemes in UK and Belgium. This decision
force should be further used by policy makers in priorising holistically sustainable
sourcing options, taking into account the full range of biomass resource, production,

pretreatment and end-use alternatives.

For the economical and price risk evaluation, the supply costs for three real case
studies are assessed with Australia, Canada and Russia as exporting countries and
the EU as target market. Based on these, most significant price indicators along
the supply chain are identified and analysed. With these, the impact of several risks

like raw material prices, exchange and freight rates on total prices is investigated.
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Thus the study allows new insight into the interconnections between the sector, the
various supply risks on the market and related de-risk strategies. This allows an
estimation of risk margins in pellet trade and gives insight into crucial mechanisms,
which drive the pellet price. As a result, it is found that coincidently occurring price
fluctuations within the supply chain can effect a -34 % to 57 % variation of import
prices. So, exchange rate volatility with more than 30 % variation between 2008 and
2011 has strongly hit individual pellet exporters to the EU. Nevertheless, the pellet
price bears less risk than hard coal prices.

The assessment of various price data along the supply chain as well as interviews
with pellets market actors allow to conclude how the pellet supply chain can be
de-risked and how price risks are hedged to avoid project defaults.

The results might move policy makers and market actors to consider further actions
to support and steer the market. First, more information is required to monitor re-
gional market prices for biomass assortments (industrial and premium pellets), but
also for suitable raw material and related freight rates. Second, it was shown that
international pellet trade bears tremendous risk of varying exchange rates, which
might turn a promising sourcing option into misinvestments. The investigations
have shown that other relevant prices like freight rates can offset extra supply costs,
but can also enhance inefficiency of trade routes. Simultaneously, the market price
set at Rotterdam is rather on a low level and allows only little margins for suppliers.
Market and policy actors can face this challenge when diversifying both exporting
and sourcing portfolios and enter buyer and consumer networks. A reliable monitor-
ing of price data and available volumes of biomass could stabilise pellet producer’s
and end-user’s decisions. Nevertheless, market failures and trials and errors are
likely in the closer biomass future and can help to learn establishing healthy and

sustainable biomass sourcing and trade pathways.

Many actors in the biomass community expect that biomass upgrading through tor-
refaction can relevantly reduce biomass trade costs and emissions. Thus, it should
provide notable advantages regarding the eco-balance and energy costs for the end-
user. In this framework, the present work has defined up-to-date technical, energy
related and cost parameters for the production, fuel properties, supply and end-use
of torrefied pellets. The findings are used for comparing the three real-case wood
pellet chains with the corresponding torrefied pellet supply chains.

As a result, torrefied pellets turn out to be a certain alternative for wood pellets.

The cost comparison demonstrates that the production of torrefied pellets is still
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much more cost-intensive, but can be partly compensated by reduced transporta-
tion and logistics costs. Co-firing torrefied pellets in large-scale coal plants can be
cost-competitive to industrial wood pellets, when no additional retrofit and opera-
tion and maintenance costs incur.

The environmental analysis shows, that from the current state of knowledge the en-
ergy balance during production of torrefied pellets and from production to end-user
can be slightly advantageous compared to conventional wood pellets. Crucial aspects
are a favourable energy and mass balance along the whole supply chain, together
with favourable fuel characteristics such as higher energy content, hydrophobicity,
durability and suitable properties to convert torrefied biomass to products with high
added value. Nevertheless, best configurations for torrefaction-based supply chains
and their real economics can only be determined as soon as the technology is im-
plemented in commercial scale and real examples exist to prove their performance.
Thus, production and supply costs, energy balances and operation processes highly
depend on the industrial implementation of the technology and their diffusion on
the market. Finally, the availability of large-scale fuel volumes supplied by several
producers will be a requirement to build confidence at end-users.

Policy actors can support torrefaction as advanced biofuel option in facilitating
demonstration activities and diffusion of information on new technology efforts and
their economic implications. Pilot torrefaction plants should be linked to end-users
with most suitable and high value products. As always during the development of
newly emerging markets, pioneers, success stories and failures are necessary to link

technology developments in the most promising direction.

The main conclusions of this thesis can be summarised as follows:

e A sustainable supply chain is characterised by a high share of renewable en-
ergy, high efficiencies, reduced use of primary energy and carbon intensive fuels
(using biomass for drying, train or vessel transportation in large volumes in-
stead of truck, electricity generation mix). The distance itself is not a crucial

factor.

e Energy balance and CO, emissions, but also the amount of connected subsidies
strongly depend on the individual supply chain design. Among evaluated case
studies, e.g. biomass imported from overseas or associated with high primary
energy use partly receives more funding than biomass from much closer origins

or biomass with less energy inputs.
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e Co-firing imported wood pellets and related subsidies are cost-attractive and
efficient options to contribute to the EU-20-20-20 targets. Though, policy
makers could use these instruments even more effective when directing sourc-
ing decision towards options with even less environmental impacts (regional

biomass, high conversion efficiencies, low primary and fossil energy use).

e Price risks in the pellet supply chain can effect strong fluctuations, which
seriously affect the profitability of individual supply chains (e.g. by exchange
rate or freight rate variations). Above all, short term contract periods bear
high risk of price fluctuations. Individual risks are scarcely observed and still
underestimated in the sector, which is a barrier for increased biomass use and

investments.

e A reliable biomass sourcing option is characterised by diversification of biomass
origin and allocation, i.e. on the one hand by access to a large pool of different
biomass assortments supplied by biomass producers from various regions, and
on the other hand by the allocation of various biomass qualities and volumes

to suitable end-utilisation options with highest added value.

e Management and securing of pellet supply chains is still characterised by indi-
vidual experiences and networks. Systematic monitoring, gathering and shar-
ing of joint knowledge and following guidelines for decision making is key for
involving new market actors, achieving more market transparency and thus

release of funding for reliable investments.

e Torrefied pellets can be economically and ecologically competitive to conven-
tional pellets, if evidence on their favourable properties is provided in validised

technical tests and in real plant operation.

e Market success of torrefied biofuels depends on research progress and industrial-
scale demonstration concerning the fuel properties, their processing, handling
and end-use behaviour. The production of potential large-scale volumes and

thus a relevant market share are expected to be reached in the long-term only.
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Appendix

A Technology and cost parameters

A.1 Pellet production costs

Table 7.1: Key technology and cost parameters for pellet production plants
Sources: adapted from [47,51]

Medium-scale pellet Large-scale pellet
production production

Annual pellet production 40,000t /a 120,000t /a

Pellet production rate 5t/a 15t/a

Annual operating hours 8000 h

Total investment costs 3,743,300 € 9,176,200€ (11,286,726 <€
when suitable for wood
chips)

Interest rate 6 %

Average service life of the 17.5a

pellets production facility

Raw material storage Paved outdoor storage

Storage capacity 1.92 % of annual raw material demand

Drying Belt dryer Belt dryer or rotary drum
dryer

Heat demand 1,200 kWh /ty 4. (belt dryer) 1,000kWh/te, 4. (rotary drum dryer)

Required power for drying 140 kW 420 kW o

Grinding/ sieving Hammermill Hammermill (additional
coarse grinding unit for
particle size > 7 mm)

continued on next page
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Medium-scale pellet

production

Large-scale pellet

production

Required power

110kW¢

330kWe

Pellet mill

Ring die technology incl. driving motor for feeding raw material

and mixing screw for hot water conditioning

Required electric power for

pellet mill

300 kW

900 kW

Cooling
Required power for cooling

1 counterflow cooler
12kWq

3 counterflow coolers
36 kW

Storage capacity for pellet

2.3% of annual amount of pellet production

silo
Peripheral equipment Conveying systems, steel construction
Required power for 108 kW, 216 kW
peripheral equipment
Simultaneity factor for 0.85
electric consumptions
Total electricity consumption | 4.56 GWh/a 12.93GWh/a
(15.2 GWh/a for coarse
grinding)
Efficiency of fuel use 90 %
Shiftwork,/ Personnel
Shifts per day 3
Working days per week 7
Persons per shift (incl. 1.25

deputyship)
Personnel for marketing and

administration

2 full time employees
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A.2 Specific costs for export countries
Table 7.2: Specific costs for considered export countries
Australia Canada Russia | Sources
Hourly rate of 30.53€/h 26.82€/h 12.96€/h | [188,189]
technical staff
Electricity costs 51.06€/MWh | 44.40€/MWh | 50.00€/MWh | [164,190,
191]
Natural gas 18.65€/MWh | 18.26€/MWh 7.33€/MWh | [192-194]
costs
Biomass costs 9.06 €/ tyet 24.73€ /tyet 17.42€ /tyer | [10,41,51,
(ex pellet plant) 130,150]

for plantation

chips
with 45 % mec,
purchased by

co-located

sawmill

for saw-

dust /shavings
with 36 % mc,
externally

purchased
and

transported
100 km by

truck

for sawdust

with 55 % mc,
externally

purchased
and

transported
30 km by truck
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B Expert interviews

B.1 Interviewed experts

The following expert interviews have been conducted related to biomass supply
security and de-risk measures along the supply chain. Due to confidentiality reasons,
results are not traceable to individual interviewees and are used in aggregated form
with the reference

Interviews and personal communication with European energy suppliers and oper-
ators of biomass fuelled power plants and related biomass trading departments or

companies:

e Dusan, S., Black pellets manager of Vattenfall Europe AG, 08.08.2011

e Hermes, H.D., Director Business Development Biomass of Vattenfall Europe
GmbH, 29.10.2012

e Mertens, J., Biomass Procurement Officer at GDF Suez, 07.02.2013

e Moser, W., Managing Director Commercial of torrefaction pilot plant Frohn-
leiten (Austria), 24.07.2013

e Pease, H., Senior Biofuel Portfolio Manager for RWE Supply and Trading,
18.04.2013

e Sumetzberger, H., Supply and Logistics Manager of fuel trade company Genol
GmbH & Co KG, 08.02.2012

Interviews and personal communication with representatives of biomass exporters

and pellet producers to Northwest/ Central Europe:

e Kuntze, C., Purchasing Manager of German Pellets GmbH, 28.07.2011

e Moser, W., Managing Director Commercial of torrefaction pilot plant Frohn-
leiten (Austria), 24.07.2013

e Murray, G., Executive Director of Wood Pellet Association Canada, 22.10.2012

e Lugner, M., Sales Manager Max Lugner from pellets producer Schweighofer,
15.06.2012

e Anonymous European pellet producer, 03.09.2013
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B.2 Guidelines for expert interviews

Questions concerning organisation of international pellet supply chains and sup-
ply security raised to interviewed European energy suppliers and biomass trading
departments or companies (see Section [4.5.5)):

e From which regions are you importing biomass for larger power plants?

e What is your preferred biomass supply portfolio? (regional biomass versus
those from overseas, preference regarding exporting countries, short- vs. long-

term supply contracts)
e What are the critical risks in international biomass supply chains?

— during raw material supply
— during pellet production
— during logistics and transportation
— during end-use
e Which price aspects are hedged in frame of supply contracts? (hedging of
complete supply chain or partly hedging, currency of contracts, duration of

contracts, orientation on FOB (prices at export harbour) or CIF (prices at

import harbour))

e Which other hedging strategies are applied from energy suppliers/ biomass

traders?

e How is supply security of biomass imports dealed with in comparison to fossil

energy trading?
e What are the advantages from upstream integration by energy suppliers?
e Which other de-risk measures for biomass imports do you consider as useful?

e How do you estimate the role of sustainability of raw material or biomass

origin?

e Which possible advantages concerning supply security could arise when tor-

refied biomass are traded on the international market?

e What are the challenges concerning torrefied biomass fuels in the supply chain?
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Questions concerning organisation of international pellet supply chains and supply
security raised to interviewed representatives of biomass exporters and pellet pro-

ducers to Northwest/ Central Europe:
e What are the critical aspects concerning possible price volatility in the biomass
supply chains?

— during raw material supply
— during pellet production
— during logistics and transportation (if applicable)

— during end-use (if applicable)

e How are exporters (pellet producers) securing their raw material supply and
related prices? What is the price trend concerning raw material prices (rising/

falling) in the exporting country?

e What is the influence of timber wood or other wood prices on raw material

prices for pellet production?
e Are you trying to diversify your export markets?
e Which role do currency exchange rates play in the export of biomass to Europe?

e How do pellet suppliers hedge the risk of fluctuating exchange rates?
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C Country specific and additional price indices
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Figure C.1: Australian plantation log price index and wood chip index (basis: 1989-90 = 100)

Source:
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Australian natural gas price (real)
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Figure C.2: Australian natural gas wholesale price 2002 to 2011
Source:
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Figure C.3: Canadian raw material price indez, logs and bolts real (basis: 2002 average = 100)

Source:
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Consumer price index natural gas Canada (real)
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Figure C.4: Canadian consumer price index natural gas 2001 to 2011 real (basis: 2002 = 100)

Source:
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Figure C.5: Russian wood and wood products producer price index 2005 to 2011 real (basis: end

of year percentage to end of previous year)

Source:
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Producer price index for natural gas
for industrial use Russia (real)
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Figure C.6: Russian producer price index for natural gas for industrial use real (basis: end of

year percentage to end of previous year)

Source:
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Figure C.7: Industrial pellet prices at exchange APX-ENDEX in €/t (nominal) for sales 1 month
ahead (M+1), 1 quarter ahead (Q+1) and 1 year ahead (Y+1)

Source:
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Figure C.8: German producer price index for freight transportation by train real (basis: I 2006
= 100 (nominal))

Source:
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Figure C.9: Import prices hard coal for Germany (price at crossing border point, real) and
McKlosey for Northwest Europe in €/t and exchange rate US-8/€

Sources:
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D Sensitivity analysis - additional charts

D.1 Supply cost variations due to exchange rate fluctuations

Australia: Total supply costs influenced by
exchange rate AUS-$/€
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Figure D.10: Total supply costs for Australian pellets influenced by exchange rate fluctuations
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Canada: Total supply costs influenced
by exchange rate CAN-$/€
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Figure D.11: Total supply costs for Canadian pellets influenced by exchange rate fluctuations
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Figure D.12: Total supply costs for Russian pellets influenced by exchange rate fluctuations
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D.2 Supply cost variations due to raw material price changes

Australia: Total supply costs influenced by
et raw material prices
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Figure D.13: Total supply costs for Australian pellets influenced by raw material prices
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Canada: Total supply costs influenced by
raw material prices
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Figure D.14: Total supply costs for Canadian pellets influenced by raw material prices
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Figure D.15: Total supply costs for Russian pellets influenced by raw material prices
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